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EvyaploTieg

Enetta amno 6 emM0IKodouNTIKOUG UNVEC N TIPAKTIKI) JOU AOKNGN OAOKANPWONKE.
Koitdlovtag miow, Umop® va d1aKpive pia eXAPIoTN Kal EKTAIOEVTIKI TEPI0dO, KATA
TN OIGPKEID TNC OMOiag aTMOKOMIoO OPKETEC YVWOEI( OTO OVTIKEIHEVO NG
BlotexvoAoyiag. H duvatotnta tng mpaydaTtonoinong tng MPOKTIKAC HWOU GOKNoNg
010 €EWTEPIKO, d0BNKE OTa MAaiolo TOU evpwTATKoL mpoypduuatog ‘Leonardo da
Vinci’.

2€ oUTO TO onueio, Ba NBeAa va €uXOPIOTACW TOV MPOTCTAPEVO TOU TUAHOTOC
Oeppoknmiak®v  KaAAlepyelwv kol  AvBokopia¢ tou T.E.l. KoAapdatag Ap.
BAaxomouAo Eudyyelo, o0 omoio¢ pe MOPOTPUVE VO TPAYMATOTOINCW TNV TPOKTIKN
pou aogknon otnv moAn Wageningen tn¢ OAavdiag. Ot umelpieg Kol 01 yVWOEIC TOU
amoKOMIoa aTo QUTH TNV TEPi0dO, Eival TPAYUATIKA TOAUTIMEC.

‘Eva dAAo mpoowmo mou Ba ABeAa va euxoploTiow, gival n Ap. MamnadomnolAov
KoAAIOTn emitnpAtpia pov otnv EAANGGQ, n omoia oe kKaBe mepintwon pe BonbBoloe
Kol pE evBdppuve va cuvexidw TO TEIPAPOTA HOUL, MEXPL VO €Xw Ta €mBupntd
amoTEAETUATO.

KAeivovtag, Ba nésda va euxoploTAow Tnv Kupio Anuntpitadou Xplotiva
vmoyn@ia d1dAKTOPN, N omoia pe BoRbNoe va MPAYUATOTMOINCW TNV TPOAKTIKA HOU
doknon oto Wageningen kal Atav mavta mpoBuun va pe Ponbnoel, omote

AVTIPETOTILA OTIO10dNTOTE MPOBANUA KATA TN JIAPKELA TNC TPOKTIKAC MOV GOKNONG.

Me ektiynon,

Manayewpyiov XpuooBaiaving - lwdvvng
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MEPOZ 1°

NEPINHWYH MNTYXIAKHZ 2TA EAAHNIKA



TitAo¢: “Tpomomnoinon Tou BIOGLVBETIKOU LOVOTIATIOU KAPOTEVOEIdWVY
otn (0un Xanthophyllomyces dendrorhous'

Elcaywyn

H X. dendrorhous eival {0pn KOKKIVOU-pO{ XPWHOTOC KOl OMOPOVWBNKE yia
TPWTN QOopd, OTIC apXEC Tou 1970 amd Ta EKXLAICHATO TWV QUAAOBOAWV OEVEPWVY,
OTIC OPEIVEC TTEPIOXEC TNC lanwviag kal TG ANdokag (Phaff. et ah, 1972; Miller et al.,
1976). H COpn auth, €ival To teAcopop@IKO otddio tn¢ {vung Phaffia rhodozyma, n
omoia avAKEl OTnv ULMOKAdoN Twv Etepofacidiopukitwy (Miller et ah, 1976;
Golubev, 1995).

H X. dendrorhous ouvBétel aotagavlivn wg 10 KOpI1o Kapotevoeldég (Eik. 1)
TO OT0i0 KOl OULYKpOTEi T0 83-87 % TOU GUVOAIKOU TEPIEXOUEVOU KOPOTEVOEIdWY
(Andrewes et ah, 1976). H oacta&avBivn xpnolgomoleital ota TPOQIPA KOl OTn
Brounxavia TPOQiNwV WC XPWOTIKA (T.X. 0Tn odpKa TOU GOAOHPOU KOl TNG MEGTPOPAC)
KOl w¢ avTIoEeldwTIKO (mpoaTaadia ano diagopa €idn Kapkivou) (Johnson et ah, 1977;
Johnson et ah, 1980; Choubert and Heinrich, 1993).

Qo01600, 01 KATOVOAWTEC ATOITOOV amod TIC Blounxavieq va xpnaoiuomnololy ota
@UOIKA TpOTOVTa, acTagavlivn MPOoEPXOPEVN OTIO QUOIKEC TINYEC KOl OX1 OGUVOETIKN
actaéavbivn. Onw¢ avaeépbnke Kol mponyouuévwe, n Coun X. dendrorhous eivai
@uOIKA TNyn actagavBivng, aAAd n ocuykévipwaon acta&avlivng eival mToAD XaunAn
(0.02-0.03 %) vyio eumopiky €@apupoynd. Mo avtd 1o Adyo, €xouv onuiovpynbei
dIOQOPEC METOANGEELG, Ye 0TOXO TNV auvénuévn mapaywyn actaéaveivng otig {OPEC
OUTEC.

210 €PYAOTAPIO pag, umapxouv e€idn tn¢ X. dendrorhous ta omoia umép-
ek@palouv TO Kopotevoyevr) (crt) yovidia crtE (ouvBdon TOL TUPOPWTPOPIKOL
yEPAVUAYyEPaVUAiov), crtYB (ouvBaaon touv Qutogviou / KUKAAGTN TOou AukoTeviou), crtl
(amokopeopaaon Tou @UTOEVIoL) Kal ast (cuvBetaon g actagavbivng). H mapouaia

KOl 0 apIBPOg avTiypd@wv TWV MPOCHETWV avTIypA@WV KOPOTEVOYEVAV yovIdiwy CrtE,



crtYB, crtl koai ast ota avrtiotolxa HETAOXNUOTIOPEVA €idn, KoBopiotnke pe TNV
avdAuon kata Southern.

‘Evag emimAéov otoxocg, Atav n dnuiovpyio evoc Tpomomnolnuévou €idoug tng X.
dendrorhous. To eido¢ tn¢ X. dendrorhous, mou umép-mapdyel cuvvBetdon 1Tng
acta&avlivng, Tto omoio eivar éva éviupo povoo&uyevaong €€apTWUEVNC amd TO
KuTOXpwua P450 (P450 yio ouvtopia) mou PETOTPEMEL TO [B-KOPOTEVIO OF
aotaéavlivn, mapdyel neploocdtepn actagavBivn amnd to €ido¢ paptupa (H. Visser
adnuoacicuta dedopéva). Qatoco, ta éviupa P450 xpetalovtal T ouvepyaaio GAAwY
ev{Opwv, Ta omoia eival avaywydoeg e€aptwpevel and to Kutoxpwupa P450 (cpr-
P450 avaywydoec). Ta P450-avaywydoeg mapEXouy €va NAEKTPOVIO (e') oTa eviupa
P450, T0 omoio €ival amapaiTtNTo yia va evePyoToInael To0 ouydvo mou Ba mpoaTtebei
0TO UOPIO TOU B-KOpoTeviou pe okomo va noapaxBei aotaéavOivn (van den Brink et al.,
1998). Emopévwg, 0 de0TepOC Qopeag Ba eloaybei o autd To €ido¢, TOo omoio mBavo
Ba umép-ekppdoel T0 P450-avaywyaon e&icou KoAd. 100viKO omoTEAEoUO Eival n

au&naon Tou GUVOAIKOU TEPIEXOUEVOL aaTagaveivnc.
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Ewkova 1: Movonatt BiooUvBeong actagavlivng. To TTupo@wo@opikd 100TeVTIEVOAID (IPP)
eival n mpodpopog ovaia GAWV TWV I00TIPEVOEIdWV. TO TUPOPWOPOPIKO PapveclAlo (PPP)
mepiExel 3 popla tou IPP. H ouvBdon Ttou TUPOPWO@OPIKOD YEPAVUAYEPAVUAiIoL (ETIE)
npocbEtel 1 pdpio IPP g1o PPP Kal mapdyetal mupo@wo@opiko yepavuAyepavoAlo (OUPP).
H ouvbdon tou gutoeviou (aliYB), dimAactdlel To poplo Tou OGPP Kal TapdyeTal QUTOEVIO.
H amokopeoudon tou @utoeviou (0Til) gl0dyel 4 SIMAODC deaoC OTO LOPIO TOU QPUTOEVIOU
Kol mopdyetal Aukomévio. H kukAaon Tou Aukomeviou (olYB) kAeivel ta 600 okpaio
OOKTUAIDIO OTO HOPIO TOU AUKOTEVIOU, MPE 2 KUKAOTIOINCEI KOl TOPAYETAl B-KAPOTEVIO.
TéNo¢, n ouvBeTdon NG actagavoivng (aN) TPoabETEl 0ELYOVO OTO POPIO TOU PB-KOPOTEVIOU

Kal mopdyetat aotagaveivn.



YAIKG Kot pedodol

YAKaG

MAaopidia Kat €idn

Awgopetikoi @opei¢ Escherichia coli kat X dendrorhous xpnowomnoménkav
ota mepduata KAwvornoinang ((GEM-T-Easy, pPRcDNAI kot pPR2TNH).

To dypio otéAexoq tn¢ X. dendrorhous (CBS6938) kai ol petaoxnuatioyoi
auTtA¢, KoAAlepynonkav oe péco YEPD otoug 21 °C Kkal xpnolgomoinonkav yia Ti¢

ATMOMOVWUOEI XPWHOOWHIKOU DNA. Ta petaoxnuatioyéva €idn napouvaidlovial gTov

nivaka 1.
o/a Eidoc¢ T KAvel;
1 CBS6938 [pPRcDNA 1crtE\ #1, #2, #3 YTép-ék@paan Tou OFE yovidiou
2 CBS6938 [pPRCcDNAT] Maptupag oto 1
3 CBS6938 [pPR2TNast] #2, #3 YTép-EKQPAaN TOU aui yovidiov
4 CBS6938 [pPRecrtf] YTnép-Ekppaan Tou M/yovidiou
5 CBS6938 [pPRcrtYB] Ymép-ék@paan Tou oviYB yovidiou
6 CBS6938 [pPR2TN] Mdaptupac ota 3, 4 Kat 5

Mivakag 1. Ztov mivoka mopouaiadovTal To JETAoXNMOTIoUEVa €idN IOV XPNOIKOTOINBNKav

0€ OUTH TNV £pEuva.

Méoa Kat dlaAdpaTa

Ta d1aAVPOTO TTOL XPNCIPOTOIBNKAV OE aUTH TNV €PEUVA TAPOVCIALOVTAL OTO
napdptnua | (Appendix 1).
MéBodot

i) Amopévwaon XpwHoowuikod DNA

U Avaiuon katd Southern



iii) ZAuavon Tou avixveutr pe DIG xpnoiyonoiwvtag PCR
v) Mpo-uPBpPISIoHOE Kot LBPIdITHOC

iv) KAwvomoinaon tou yovidiou cpr

AToTEAEOUOTO

AvdAuon Tou aptbuoL avTiypdQwy

To xpwpoowuikd DNA twv €1dwv tTn¢ X dendrorhous, uméotn méyn peE TO
évqupo meplopiopol Sfil otoug 50 °C yia 4 wpec. Xpnowwonowdnke to Sfil yiati
ameAevBepwvel Ta MTAAOUISIa amd TO XPWHUOOWHIKO DNA. To Xpwuoowpik6 DNA
votepa amo tnv méPn, dlaxwpiotnke oe 0.8 % mnxtR ayapdlng, METOQEPBNKE o€
VAIAOV QIATPO Kol oxnudtioe vBpidio pe Tov avixveutr) IDNA mou eixe onuavlei pe
DIG.

010V EPEAVIOTNKE TO QIAY, UTopETape va KaBopiooupe Tov apibud avtypdewv
TWV Tpocbetwy CcrtE, crtYB, crtl kot ast yovidiwv ota avtiotoixa petaocxnuatiopéva
€idn. Avo onuadla avd petaoxnuotiopévo gidog avapevovtav (Eik. 2). 'Eva amd ta
evdoyevy popta rDNA Kol éva ond ta aneAevbepwuéva mAaopidla. Amd to dyplo

OTEAEXOC OVOUEVOTOV £VO PHOVO anuadt, anod ta evdoyevr popla rDNA.

Eiwkova 2: Avdluon kata Southern twv €1dwv tng X dendrorhous. To XpwHOCWHIKO
DNA 0otepa omd tnv méYN, OloXwPIoTNKE 0g TNXTA Oyopolng, HETAQEPONKE OE VAIAOV
@iATpo Kal oxnuatioe LPPidlo pe Tov avixveutr) rDNA mou eixe onuaveei pye DIG. 1,
CBS6938, 2, CBS6938[pPRcDNAIlcrtE]#l, 3, CBS6938[pPRcDNAIcrt£]#2, 4,
CBS6938[pPRcDNAIcr&E]J#3, 5 CBS6938[pPRcDNAI], 6, CBS6938[pPR2TN], 7,
CBS6938[pPR2TNas/]#2, 8, CBS6938[pPR2TNatf]#3, 9, CBS6938[pPRcrt/], 10,
CBS6938[pPRcrtTS], To maxy opilovtio BEAOG LTIOSEIKVUEL TO GNUAdL aMO To  EVOOYEVH



popla yYONA Kol To KABeTa BEAN ULMOdEIKVOOLV TO ONUASE amd To OmEAELBEPWUEVA
TAQoioLa.

ZuyKpivovtag TNV €IKOva and TNV mnNXTA ayapolnc Kal Tou @IAW, PITIOPECAME va
umoAoyiooupe TO pEyeboc Twv evdoyevr) YONA Kal 1o péyeboC Twv €100X0EVTWV
nmAaoudinv. 'Etol, BpAkage 0TI Ta evdoyevr) popla TONA, twv e€dwv tng X
dpnarotHoug €xouv upéyeBoc 85 Mn 10 mAaopidlo pPIIOONAI 66 Mn 10
pPIIOONANT/E 7.8 Mn 10 pPI12TN 7.5 Mn 10 pPI12TNa¥ 11.3 Mn t0 pPETTi/ 10.3
M) kat 1o pPlloytYB 11.4 M>.

H évtaon amoé 1o onuddt Twv evdoyevy popiwv TONA, avtioTtoixei oe 61
avtiypaga (\Very Bi ai., 1997). Zuykpivovtac tnv évtacn omd 1o onudadl autd pe
€KEIVO TwV TMAAOMIdIWV, YTOPECAPE va LTOAOYICOUUE Twv aplBuo avtiypdgwv. O
aplbpdc avtiypa@wyv TV TPOCHETWYV KOPOTEVOYEVWOV YOVIdiwv OTa OVTIOTOIXO
peTaoXNUOTIoPEVa €idn eivatl 15 avtiypaga yia 1o OTIE, 1-5 avtiypaga yia to oTiYB,

50 avtiypa@a yio 1o afli kat 1-5 avtiypaga yia 1o oSi.

AvAAuonN Twv MPOCOETWY avTiypd@wV Twv CrtE Kal ast yovidiwv

XPNOIUOTOIWVTAG TOUC AVIXVEUTEG CrtE Kot ast pmopéoape va emIBERAIOCOVUE
TNV Tapouaia Twv MPOcBeETWV avTlypdewy Twv CrtE kal ast yovidiwv ota avtiotolxa
pETAOXNUATIOPEVA €i0N.

To XpwpooWUIKO DNA twv CrtE petacxnUaTIoPEVWY €10V, LTECTN TEYN ME
TI¢ evdovoukAedaoelg ECoRI kat Sstl kal Twv ast petaoxnuatiopyévwy 18wy ue tic Notl
kat Hindlll, atoug 37 °C yia 2 wpec. To dyplo 0TEAEXOG OMWE EMIONE KO TO TAATUIdIN
TOU XPNOIPOTIOIBNKAV YIO TOUC METOOXNUATIONOUG, LNETTNoav TEYN ME TIC idIEC
€VOOVOUKAEAOEIC ooV BeTikoi paptupel. To XpwHpoowuikd DNA Uotepa amod Tnv
meYn, Olaxwpiotnke oe 1 % mnxtn ayapolng, HETAQEPONKE ae VAIAOV @QIATpO Kal
oxnuaTioe vPBpidia pe Toug avixveuTéC crtE kat ast, mou €ixav onuaveei ye DIG.

Zuykpivovtag tnv €IKOVA oMo TNV MNXTH ayapolng PE T0 QIAY, UTIOPECAME vVa
umoAoyiocoupe To pEyeBOC Twv €vdOyeVr YovIdiwv Kal Twv MPOCHETWY avTypd@wy
yovidiwv. Amodeifape 0TI Ta peyEON TWV MPOCOHETWY aVTIypAQwv Twv CrtE Kol ast

yovidiwv Atav ta avapevopeva, 1.2 kb kat 3.8 kb avtiotoixa (Eik. 3).
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Eikdva 3: AvaAuon Kotd Southern Twv €100V UTEP-EKQPACNG Twv CrtE Kot asi yovidiwv. To
XPWHOOWUIKO DNA 0oTtepa amo Tnv mePn, dlaxwpioTnke ag TNXTH ayopoldnc, HETAQEPONKE
o€ VAIAov QIATPO Kal oxnudtioe uBpidlo pe Toug avixveutég crtE (A) kat asi (B) mou gixav
onuavlei pe DIG. 1, pPRcDNAIC/E * EcoRl * Sstl, 2, CBS6938 * EcoRIl * Sstl, 3,
CBS6938[pPRcDNA1] * EcoRI * Sstl, 4, CBS6938[pPRcDNAICrtE]#1 * EcoRI * Sstl, 5,
CBS6938[pPRcDNAIc/7£]#2 * EcoRI * Sstl, 6, CBS6938[pPRcDNAKkr/E]#3 * EcoRI *
Sstl, 1, A DNA * BstEIl (marker), 8, A DNA * BstEIl (marker), 9, CBS6938[pPR2TNav/]#3 *
Notl * Hindlll, 10, CBS6938[pPR2TNay/J#2 * Notl * Hindlll, 11, CBS6938[pPR2T] *Notl*
Hindlll, 12, CBS6938 * Notl * Hindlll, 13, pPR2TNas7 * Notl * Hindlll. Ta avw mox0d
optdovTia BEAN, LTOdEIKVUOULY TO OnUAdI amo Ta evOoyevr) yovidia Kal ta KABeta BEAN TO

onuadi amd ta TPOSBETA avTiypaa yovidiwv.

KAwvomoinon tou @opéa EKppaaong cpr

Onw¢ avaeépbnke mapamdvw, €vac GAAOC OTOXOC NTOV N dnuioupyia €voq
Tpomomolinuévou €idou¢ tng X. dendrorhous, pe okomd va vmép-mapayel v P450-
avaywydaon €€ioou KaAd pe tnv ouvBeTaon tng actagavlivng.

Apxika, 10 2 kb KwdIKA aAAnAouvxia amé T Saccharomyces cerevisiae
dleuplvonke pe aAuoldwtr avtidpaon tng moAvpepaon¢ (PCR), XpNOIMOTOIOVTAC
Xpwpoooulkd DNA amd tn S. cerevisiae gav @opua. To aumAIKOVIO KAWVOTIOINONKE
ot0 @opéa pGEM-T-Easy kol n Tautdtnta TOU E€MIPBEPAIWONKE HE HEPIKO

nmpoadloplopd TnN¢ aAAndovyio¢ (Eik. 4, 1). To yovidio kémnke pe ta €vivpa



neplopiopol Xlaol kot EooKl kat gionxBnke oto @opéa pPiloONAI otig 6¢oelg
peTaéd Tou gpd LTOKIVNTA Kal Tou PPA AnKTikoL. O @opéac pOEM-T-Eaey unéatn
méYn pe T mpoava@epBévta éviupa meploplopoy, emeldn ot EooKlI kai X}oi givat ot
poveg B€aelg kKAwvomoinang ato @opéa pPIA0ONAIL (?gpd - EooKlI - XXiol - ‘Igpd).
To opv yovidio mepiéxel n 8éan EooKI Kal emopévwe ATav avamo@eVKTO VO XWPIOTEI
oe OVLO TUAWOTa Twv 15 A0 kot 0.5 Mh TMpwta KAwvomolnBnke oT10 @QOpEa
PpPIIoONAI 10 1.5 Ad tunua tou opl yovidiou (Eik. 4, 11) kat €neita 10 0.5 36 (EIK. 4,
11).

TéNog, 0 @opéac pPKoONAI unéotn néyn pe Tig evdovoukAedaoelg Noil kot
Hinalll kot n kaoéta ék@paang tou opl yovidiov (Pgpd - opl - Tgpd) kKAwvomoiiénke
010 @opéa pPI12TNH (Eik. 4, 1V). O @opéac pP112TNH, nepiéxel 1o O€ikTn €KAOYNC
UYPOMUKIVN yla To yovidlo opl Kol To PeTaoynuatiopévo €idoc tng X. apndiOrixoul
EB86938[pPI12TNav]#3, mepléxel yevetiaivn oav deiktn emAoyn¢ yia 1o yovidio 33i.
Mg tov TPOMO QUTO, GTOUC KOIVOUPIOUG PETACXNMATIOPOUG Ba eMIPBIOCOUY POVO TO

KOTTOPO TTOU TEPIEXOLV Kal T 00 TAACpidia (EMIAOYR).
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Eikova 4: Zynua kAwvomoinon¢ tou yovidiov cpr. 1) To dieupupévo 2 kb cpr yovidio
KAwvorolrénke oto @opéa pGEM - T - Easy. 1) To 1.5 kb cpr (EcoRI - Xhol) tuiua

KAwvoroibnke oto @opéa pPRcDNAIL 1) To 05 kb cpr (EcoRI - EcoRIl) tuiua



KAwvoroirbnke oto @opéa pPKoONAICPN.S. Ze autd TO 0TAdI0, Ta 600 TUAWATO TOU
yovidiov opl” evabnkav . 1V) H koaoéta ékgpaonc tou opt (Pgpd - opt - Tgpd)

KAwvoToInonke ato popéa pPP2TNH.

EmniAoyoc

H Xanthophyllomyces dendrorhous eivat {0un KOKKIvou-pol XPWHOTOC KOl
ouvBétel aotagavlivn oav Kopla Kapotevoeldr) (Phaff et al.,, 1972; Andrewes et al.,
1976). H aota&avlivn xpnolyomnoleital oTo TPO@IYA Kal aTn Blopnxavia Tpo@ipwy wg
XPWOTIKA KOl ¢ OVTIOEIWTIKO. QO0T000, Ol KOTAVOAWTEC OTAITOUV QTO  TIG
Blounxavie¢ TpO@iuwvV va xpnolgomololv QUOIKEC Tnyé¢ oaotagavlivne. H X
dendrorhous gival ano Ti¢ KOPIEC QUOIKEC INYEC aoTagavlivng, aAAd To TEPIEXOPEVO
acgta&avlivng eival moAL XapnAo yila €umopikr €@appoyn. Mo autd 10 AGYy0o, €X0ULV
dnuiovpynbei  dlapopeC UETAAAAEEL, WE OTOXO TNV  ovénuévn Tmopaywyn
actaéavbivng otic {OpeC aUTEC. 2TO €PYOOTAPIO Mag umdpxouv €idn g X
dendrorhous mou unép-ek@pdadouv Ta Kapotevoyevn (crt) yovidia crtE, crtYB, crtl kat
ast.

XpNoIPOoTOoIWVTaC TNV avaAuon KoTd Southern, umopéoape va emMIBERAIOTOVHE
TNV Topoudia TwWv MPOCHETWYV KOPOTEVOYEVWV YovIdiwv Kol va Kobopiocoupe Tov
aptbpd avtypdewv Ttoug. Me Tn xprion Ttou avixveut rDNA, pmopécape va
UTOAOYioOUpPE TOV OpPIBUO avTlypd@wyv Twv TpocBetwv crtE, crtYB, crtl kol ast
yovidiwv, ota avTiotolxa petaoxnuatiopéva €idn. MNvwpidovtag 0TI n évtacn amoé 1o
onuadl twv evdoyevr) popiwv rDNA avtioTolxei o€ 61 aviiypa@a, PUTOPECOUE VO
uToAoyicoupe TOV apPIBUO avTiypdewv Twv TAacpdiov (Wery et al., 1997).
ZUYKpPIvVOVTaC TNV €vTacn amod To GNUAdl auTO PE EKEIVO TwV TAACUIdIWY, dEiape OTI
0 apIBUOC avTiypdewv Twv mpocBetwy crtE yovidinv cival 15 avtiypaga, twv crtYB
1-5 avtiypaga, twv crtl 50 avtiypaga kol twv ast 1-5 avtiypaga ota avtiotolxa
petaoxnuatiopéva €idn. O Verdoes kal ol ouvepydteg Tou, €Xouv 1dn dei&el v

Tapousia Twv mPOaBETWV avtiypdewv twv crtYB kot crtl yovidinv, ota crtYB kat
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crtl eidn vnép-ékppaonc (Verdoes et al.,, 2003). Ot crtE kor ast avixveuteg,
Xxpnodomondnkav yia va emPBERAIWOOLVY TNV TOPOUTIa TwWV MPOCHETWV AVTIYPAPWV
TwV CrtE kat ast yovidinv, ota avtioTolxa yeTooxnUatiopéva €ion.

‘Evag GANOC 0TOX0C TNC €peuvag auThc, NTAv n dnuiovpyia evog TPOTOTOINUEVOU
eidouq tn¢ X. dendrorhous. To €idog tng X. dendrorhous CBS6938[pPR2TNa.s7]#3,
umép-napdyel ouvBetaon ¢ actagavlivng TO omoio eivar éva  év{uuo
povoo&uyevdong eEopTwHEVNC amd TO KULTOXpwpa P450 (P450 yio ouvtopia).
Qo1600, Ta évlupa P450 xpetalovtal T cuvepyacio AAAwY evlOpwv, Ta omoia gival
avaywyaoeg EEAPTWHEVEC aTO TO KLTOXpwHa P450 (cpr- P450 avaywydaoeq).

To 2 kb kwdIk aAAnAouyia and tn Saccharomyces cerevisiae d1evpOvOnKe pe
PCR, xpnolpomolovta¢ Xpwpoowuikd DNA oamdé 1 S. cerevisiae ooav @opua.
EmiAéxOnke autd 1o yovidlo, €MeIdr n aAAnAouxia Tou €ival yvwoTh Kal dev TEPIEXEL
IVTPOVIQ, TO oTmoio dIEVKOADVEL TNV €k@pacn atnv X. dendrorhous. H aAAnAouyia tou
yovidiou cpr tn¢ X. dendrorhous givat dyvwaotn. To 2 kb apmAikévio kKAwvomnoionke
ot0 @opéa pGEM-T-Easy Kol n ToutdtnTa Tou EMIBEBalwONKE pE HEPIKO
mPoadlopioud TN¢ aAAnAovxiog. To yovidlo cpr KAwvoTolnbnke oto @opEa
pPRcDNAI pe okomd va ufpididovv pe TIC aAAnAoUxieg TOU LTOKIVNTH Kal TN
ANKTIKAC akoAouBiag Tou yovidiou mou KwOIKOTOIED yia TNV agudpoyovdon g 3
PWOQOPIKNG YAUKEPaAdEDONC (gpd), oxnuatiovtag tnv KOOETO €KPPACNC TOUL CPr.
TéNoC, n Kaosta umEp-ékepaonc (Pgpd - cpr - Tgpd) kKAwvomolBnke 010 @opéa
petaoyxnuatiopol tng X. dendrorhous pPRZTNH, o omoiog mapExel avtiotaon otnv
VYPOMUKIVN.

Onw¢ avaeépinKe Kal mponyoupévwe, 0 @opeac umEp-Ekppaonc pPPR2TNHcpr
€xel kKataokevaoBei kal Ba eloaxBei oto €ido¢ CBS6938[pPR2TNas7]#3, mou umép-
napdyel ouvbetdon tn¢ actagavlivng. Autd avapévetal va OuENOEl TO OULVOAIKO

neplexopevo aotagavlivng Tou gidouc.
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Abstract

Xanthophyllomyces dendrorhous is a red-pink yeast that produces the carotenoid
astaxanthin. Astaxanthin is applied in the food and feed industry both as a colorant (pink, e.g.
salmon and trout flesh) and as an antioxidant. X. dendrorhous is genetically being engineered
e.g. over-expression of carotenogenic (crt) genes in order to produce more or different
carotenoids. The crt genes are cloned in vectors that integrate in multiple copies in the host's
rDNA locus after transformation and they are transcribed from a strong constitutive promoter,
thus enabling over-expression. Genes, that are over-expressed this way are, e.g. Crtk
(geranylgeranyl-pyrophosphate synthase), crtYB (phytoene synthase / lycopene cyclase), crtl
(phytoene desaturase) and ast (astaxanthin synthetase). The presence and copy number of the
extra carotenogenic gene copies in the transformants was determined by Southern analysis.
Verdoes et al. (2003, Appl. Environ. Microbiol. 69:3728-3738) have already shown the
presence of extra crtYB and crtl gene copies in the crtYB and crtl over-expression strains. By
using the crtk and ast probes we could confirm the presence of extra crtE and ast gene copies
respectively in the corresponding transformants. An rDNA probe was used to determine the
copy number of the extra crte (15 copies), crtYB (1-5 copies), crtl (50 copies) and ast (1-5
copies) genes in the respective transformants.

Another item was the construction of an engineered X. dendrorhous strain. The X
dendrorhous strain that overproduces astaxanthin synthetase, which is a P450 enzyme that
converts P-carotene into astaxanthin, produces more astaxanthin than the control strain does.
However, P450 enzymes need the cooperation of other enzymes, which are the cytochrome
P450-reductases (cpr). Therefore, a second vector will be introduced in this strain, which will
cause the over-expression of a P450-reductase as well. Ideally, this would result in a further
increase in the astaxanthin content. The 2 kb cpr coding sequense from Saccharomyces
cerevisiae was amplified by PCR using chromosomal S. cerevisiae DNA as template. The
amplicon was cloned in pGEM - T - Easy vector and its identity was confirmed by partial
sequencing. Subsequently, the cpr gene was flanked by the A dendrorhous glyceraldehyde-3-
phosphate dehydrogenase promoter and terminator sequences. This expression cassette was

cloned into a X. dendrorhous transformation vector, which confers resistance to hygromycin.



1 INTRODUCTION

1.1 Carotenoids

In nature there is a wide range of colours and almost all living organisms, which
surround us, have one or more colours. The question is how all these living organisms
obtained these colours? With a few exceptions, natural pigments are the answer to this
question. The role of natural pigments is not only the coloration, but also a variety of
important biological functions. Among the most common and most important natural
pigments are the carotenoids.

Carotenoids are a class of natural lipid-soluble pigments and are present in plants, algae,
bacteria and fungi. They play a critical role in the photosynthetic process and protect
organisms against damage by light and oxygen. Since animals are unable to synthesize
carotenoids de novo, they incorporate carotenoids from their diet. Carotenoids provide
animals mainly with bright coloration; serve both as antioxidants and source for provitamin A
activity (Johnson and An, 1991; Lorenz and Cysewski, 2000; Fraser and Bramley, 2004).

More than 600 different carotenoids are known and therefore they are considered to be
the most widespread group of pigments in nature. They are responsible for many of the red,
orange and yellow hues of fruits and flowers, as well as the colours of some birds, insects,
fish and crustaceans (Fraser and Bramley, 2004). Some familiar examples of carotenoid
coloration are the red of tomatoes and watermelon and the pink of salmon and flamingoes
(Bramley, 2000; Guerin et al., 2003).

Carotenoids are isoprenoid compounds and are hydrophobic molecules. The majority of

carotenoids are derived from a 40-carbon polyene chain. This chain may be modified by



cyclic end-groups and may be complemented with oxygen-containing functional groups. The
hydrocarbon carotenoids are known as carotenes, and the oxygenated derivatives of these
hydrocarbons are known as xanthophylls. A typical example of a carotene is P-carotene, the
principal carotenoid in carrots. Astaxanthin, the major red-pink pigment of salmon flesh is a
common xanthophyll. The trivial names which carotenoids have, relate usually with the
original source from which they were isolated (Britton, 1995).

Several studies have shown that carotenoids play an important role in human health.
Carotenoids due to be strongly antioxidants, prevent human of chronic diseases such as cancer
and heart disease (Young and Lowe, 2000; Cooper, 2004). Human get carotenoids mainly
through his diet from vegetables and fruits (Fraser and Bramley, 2004). Table 1 shows the
typical amounts of carotenoids in crop plants. Some of the most potent antioxidants
carotenoids are lycopene, P-carotene and astaxanthin. Lycopene in comparison with P-
carotene (Fig. 1) does not have provitamin A activity. Beta-carotene derives from lycopene
after cyclisation (Bramley, 2000; Rao and Agarwal, 2000; Arab ant Steck 2000). Astaxanthin

is the product of four oxidations of p-carotene.

ZA0LAM ,M&Tm n& m
Senta tm

Lycopene
Molecular Weight: 536.89
Molecular Formula: C40H 56

~
\\\\\\\\T/\/

Beta-carotene

Figure 1. Chemical structure of lycopene and p-carotene.



Species Carotenoid (pg/g fresh weight)

Total Zea Lutein a-Carotene  B-Carotene Lycopene
Brussel 1163 - 610 - 553
sprout
Green bean 940 494 70 376
Broad bean 767 . 506 . 261 -
Broccoli 2533 - 1614 . 919 )
Green 139 - 80 - 59 -
cabbage
Lettuce 201 110 91
Parsley 10,335 : 5812 : 4523 -
Pea 2091 - 1633 - 458 -
Spinach 9890 - 5869 - 4021 -
Watercress 16,632 - 10,713 - 5919 -
Apricot 2196 31 101 37 1766 -
Banana 126 4 33 50 39 -
Carrot (May) 11,427 : 170 2660 8597 -
Carrot (Sept) 14,693 - 283 3610 10,800 -
Orange 211 50 64 Nd 14 -
Pepper 2784 1608 503 167 416 -
Peach 309 42 78 Tr 103 -
Sweet com 1978 437 522 60 59 :
Tomato 3454 - 78 - 439 2937

Table 1: Carotenoid contents of raw leafy green vegetables, fruits, roots and seeds. Zea: zeaxanthin;
Nd: not detected; Tr: traces (Scott and Hart, 1994).

1.2 Astaxanthin

Astaxanthin is a red-pink pigment found in a wide variety of living organisms. This
carotenoid is present in salmon, trout, shrimp, lobster and fish eggs. The colours in various
birds like flamingoes, scarlet, ibis, roseate spoonbill and guails, derives from astaxanthin
(Kanemitsu and Aoe, 1958; Fox, 1962; Weedon, 1971; Schiedt et al., 1981; Schiedt et al.,
1985; Johnson and An, 1991; Johnson and Schroeder, 1995; Guerin et al., 2003). In the
marine environment phytoplankton and microalgae form the primary sources of astaxanthin
for these animals (Johnson and Schroeder, 1995; Lorenz and Cysewski, 2000).

The molecular formula of astaxanthin (3, 3 '-dihydroxy-(3,(3-carotene-4,4'-dione) (Fig.

2) is C4AH5204 and the molecular weight is 596.86. Isolated crystalline astaxanthin has a



powder form and a fine dark violet-brown colour. In this form, the melting point is
approximately 224 °C. In the benzenoid rings on either end of the molecule of astaxanthin,
there are two asymétrie carbons located at positions 3 and 3'. Accordingly the way that
hydroxyl groups are attached to the carbon atoms at the centres of asymmetry, different
enantiomers arise. Thus, the R configuration' results when the hydroxyl group is attached to
protrude above the plane of molecule and 'S configuration' when the hydroxyl group is
attached to protrude below the plane of the molecule. In nature, astaxanthin has three
configurational isomers: (3S, 3'9S), (3S, 3'R) and (3R, 3'R) (Johnson and An, 1991; Lorenz
and Cysewski, 2000).

Astaxanthin
3,3'-dihydroxy-44’-diketo-§-caroiene)

Figure 2: Chemical structure of astaxanthin.

Several studies have shown that astaxanthin has a strong antioxidant activity and it
protects the skin from UV-light photooxidation, several kinds of cancer, inflammation, ulcer's
Helicobacter pylorii infection and ameliorate age-related macular degeneration (Lorenz and
Cysewski, 2000; Guerin et al., 2003).

Astaxanthin cannot be synthesized by animals and must be acquired from the diet.
Astaxanthin is applied in food and feed industry both as a colorant (e.g. salmon and trout
flesh) and as an antioxidant (Johnson et al.,, 1977; Johnson et al.,, 1980; Choubert and
Heinrich, 1993). However, consumers demand from industries to use astaxanthin derived
from natural sources and not synthetic astaxanthin to be applied in natural products. Such
natural sources of astaxanthin are the green microalga Haematococcus pluvialis, the yeast

Xanthophyllomyces dendrorhous, krill oil and meal, crawfish and some bacteria like
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Brevibacterium sp. and Mycobacterium laticola (Johnson and Lewis, 1979; Johnson and An,
1991; Kobayashi et al., 1991; Kobayashi et al., 1993; Lorenz and Cysewski, 2000).
Haematococcus pluvialis produces a high concentration of astaxanthin (0.5 to 4 %) and
is the richest natural source of astaxanthin (Steinbrenner and Linden, 2001).
Xanthophyllomyces dendrorhous has a low concentration level of astaxanthin (0.02 to 0.03 %)
but it is preferred in industrial application because it has a rapid heterotrophic metabolism and

produces high cell densities in fermentors (Johnson and An, 1991).
| TEIl KAAAMATAZ 1
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1.3 Xanthophyllomyces dendrorhous

The yeast Xanthophyllomyces dendrorhous has a red-pink colour and it was isolated for
the first time in the 1970s by Herman Phaff and colleagues from exudates of deciduous trees
in mountainous regions of Japan and Alaska (Phaff et al., 1972). It is a teleomorphic form of
the heterobasidiomycetous yeast Phaffia rhodozyma (Miller et al., 1976; Golubev, 1995). This
heterobasidiomycete is "unique™ with regard to its ability of both producing carotenoids and
fermenting sugars (Miller et al., 1976).

Astaxanthin is the major pigment in X. dendrorhous and comprises 83-87 % of the total
carotenoid content (Andrewes et al., 1976). The predominant isomer in X. dendrorhous has
the (3R, 3'R) configuration (Andrewes and Starr, 1976). Haematococcus pluvialis produces
astaxanthin the (3S, 3'S) isomer (Guerin et al., 2003). The role of carotenoids in X.
dendrorhous is to protect it from oxidative damage (Johnson and Schroeder, 1995).

As referred above, there is great interest by the feed industry for X. dendrorhous.
However, the content of astaxanthin in this yeast is too low for commercial application. Thus,
several mutants have been created in order to produce more astaxanthin or different
carotenoids. Metabolic engineering in this yeast became easier when Andrewes et al.
proposed the carotenoid biosynthetic pathway (Fig. 3) (Andrewes et al., 1976). Isopentenyl
pyrophosphate (IPP) is the general precursor of all isoprenoids. Famesyl-pyrophosphate (FPP)
contains 3 molecules of IPP. Geranylgeranyl pyrophosphate synthase (crtE) adds 1 IPP
molecule to FPP and produces geranylgeranyl pyrophosphate (GGPP). Phytoene synthase
(crtYB) links two GGPP molecules and produces phytoene. Phytoene desaturase (crtl)

introduces 4 double bonds to the phytoene molecule and produces lycopene. Lycopene



cyclase (crtYB) closes the terminal rings of lycopene with 2 cyclizations and produces p~
carotene. Astaxanthin synthetase (cist) adds oxygen to P-carotene molecule and produces

astaxanthin. Four oxidations take place in this step. Astaxanthin is the terminal product in X.

dendrorhous.

N N N 0pp Farnesy! PP

GGPP synthase (crtE)

Geranylgeranyl PP
N N X X" 0pp

Phytoene synthase (crtYB)

cis Phytoene

(crtl)

W\Q Lycopene

l Lycopene cyclase (crtYB)

l Phytoene desaturase

AN Beta carotene

l Astaxanthin synthetase (ast) ©
OH

"N Vo U U G Astaxanthin

HO

O

Figure 3: Astaxanthin biosynthetic pathway. Isopentenyl pyrophosphate (IPP) is the general precursor
of all isoprenoids. Famesyl-pyrophosphate (FPP) contains 3 molecules of IPP. Geranylgeranyl
pyrophosphate synthase (crtE) adds 1 IPP molecule to FPP and produces geranylgeranyl
pyrophosphate (GGPP). Phytoene synthase (crtYB) links two GGPP molecules and produces
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phytoene. Phytoene desaturase (crtl) introduces 4 double bonds to the phytoene molecule and
produces lycopene. Lycopene cyclase (crtYB) closes the terminal rings of lycopene with 2 cyclizations
and produces [3-carotene. Astaxanthin synthetase (Cist) adds oxygen to P-carotene molecule and

produces astaxanthin.

Several X. dendrorhous carotenoid biosynthesis genes have been isolated (Verdoes et
al., 1996; Verdoes et al., 1999; Verdoes et ah, 1999; Hoshino et al., 2000). Furthermore, a X.
dendrorhous transformation system has been developed (Wery et al, 1998). The
carotenogenic (crt) genes are cloned in vectors that integrate in multiple copies in the host's
rDNA locus after transformation and they are transcribed from a strong constitutive promoter,
thus enabling over-expression. Genes, that are over-expressed this way are, e.g. crtg
(geranylgeranyl-pyrophosphate synthase), crtYB (phytoene synthase / lycopene cyclase), crtl

(phytoene desaturase) and ast (astaxanthin synthetase).

1.4 Aim of project

X. dendrorhous is genetically being engineered e.g. over-expression of carotenogenic
(crt) genes in order to produce more or different carotenoids. The presence and copy number
of extra carotenogenic gene copies of crtg, crtYB, crtl or ast in the corresponding
transformants was determined by Southern analysis.

Another objective was the construction of an engineered X. dendrorhous strain. The X.
dendrorhous strain that overproduces astaxanthin synthetase, which is a P450 enzyme that
converts P-carotene into astaxanthin, produces more astaxanthin than the control strain does
(H. Visser unpublished data). However, P450 enzymes need the cooperation of other
enzymes, which are the cytochrome P450-reductases (cpr). The cytochrome P450-reductases
provide an electron (e') to P450 enzymes. This electron is necessary to activate the oxygen
that will be added to the P-carotene molecule in order to produce astaxanthin (van den Brink
et al., 1998). Therefore, a second vector will be introduced in this strain, which will probably
cause the over-expression of a P450-reductase as well. Ideally, this would result in a further

increase in the astaxanthin content.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Plasmids and strains

Different Escherichia coli and X. dendrorhous vectors were used in cloning experiments
(PGEM - T - Easy, pPRcDNAI and pPR2TNH).

The X. dendrorhous wild strain (CBS 6938) and transformants were cultivated in YEPD
medium at 21 °C and were used for chromosomal DNA isolations. The transformants are

listed in Table 2.

Entry Strain What does it do?
1 CBS6938 [pPRcDNAI crhE] #1, #2, #3 Over expression of crtE gene
2 CBS6938 [pPRcDNAI] Control to entry 1
CBS6938 [pPR2TNasf] #2, #3 Over expression of ast gene
4 CBS6938 [pPRcr/7] Over expression of crtl gene
5 CBS6938 [pPRcrtYB] Over expression of crtYB gene
6 CBS6938 [pPR2TN] Control to entries 3, 4 and 5

Table 2: In this table the transformants, which have been used in this project, are listed.

2.1.2 Mediums and solutions

14



The composition of the mediums and solutions, which have been used in this project,

are presented in Appendix I.

2.2 Methods

Standard molecular biological methods were used (Sambrook et al., 1986).

2.2.1 Isolation of chromosomal DNA from X. dendrorhous

For every strain (wild or transformant), a fresh colony was take from an agar plate and
added in a 250 ml erlenmeyer shake flask, which contained 30 ml of YEPD medium and
G418 Geneticin as selection marker (in case of transformants). This culture was incubated for
48 hours at 21 °C with 225 rpm. After 48 hours, cells were harvested by centrifugation at
10.000 rpm for 5 min at 4 °C and washed once in cold sterile water. The final cell pellet was
resuspended in a minimal volume of cold sterile water. This cell suspension was transferred to
a mortar containing liquid nitrogen and 1 gr Alumina (Sigma). Cells were broken by grinding
the frozen cell suspension. The broken cells were added to a centrifuge tube containing 5 ml
DNA-Extraction buffer. Chromosomal DNA was isolated from this mixture by repeated
phenol / chloroform extractions and repeated centrifugations at 15.300 rpm, for 10 min at 4 °C
(three times). After the last centrifugation, the volume of the water-phase was measured and
0.1 * V (Volume) of 3M NaAc pH 5.4 was added. This was mixed by vortexing and
subsequently 2 * V of EtOH 100 % were added. This was mixed again by vortexing and
stored at -20 °C during the night (ethanol precipitation step). The cell pellet was harvested by
centrifugation at 15.300 rpm, for 15 min at 4 °C and it was washed in cold 70 % EtOH. The
pellet was air dried for 15 minutes and 500 pi sterile water was added and mixed gently. To
this solution 10 pi RNAse (1 mg/ml) were added and mixed gently. This was incubated at
room temperature for 15 min to degrade co-purified RNA. After 15 min, 250 pi phenol was
added. This solution was mixed by vortexing for 20 sec. Then 250 pi chloroform was added
and the solution was vortexed again for 20 sec. The liquid-phases were separated by

centrifugation for 10 min and 14.000 rpm at room temperature and the upper phase (water

15



phase) was transferred to a sterile eppendorf tube. The volume was measured and an ethanol
precipitation step was performed. Chromosomal DNA was harvested by centrifugation in the
cold room (4 °C) for 15 min and 14.000 rpm. After centrifugation the pellet was washed in
cold 70 % EtOH and then dried in the air. When the pellet was dry, it was dissolved in 200 pi
TE pH 7.5 and stored at - 20 °C. The concentration of DNA was calculated by the formula:

[DNA] - A2 * 50 * 100

Where: A260 the absorbance at 260 nm in the spectrophotometer
50, from A260=1=50 pg/ml
100, the dilution factor
The spectrophotometer was set at 260 nm and the UV light was switched on. For each
sample 5 pi of chromosomal DNA were diluted in 495 pi sterile water and this solution was
added in a quartz cuvette. The spectrophotometer gave the extinction absorbance for each

sample.

2.2.2 Southern blot analysis

2.2.2.1 Chromosomal DNA digestion and electrophoresis

For digestion, chromosomal DNA of X. dendrorhous was cut with an appropriate
restriction enzyme or enzymes in the corresponding reaction buffer in a sterile 1.5 ml
eppendorf tube. Restriction enzymes were only removed from the -20 °C freezer for as short
as possible periods and always kept on ice. These reactions were carried out at 37 °C for 2 - 4
hours. The different fragments were separated to their size accordingly in agarose gel
electrophoresis.

For the preparation of an agarose gel, 1 gr of ultra pure agarose was used and this was
dissolved in 100 ml of 1 * TAE by gentle heating until all the agarose was dissolved (in
micro-wave oven). The solution was cooled to approximately 60 °C and then 50 pi ethidium
bromide (EtBr) were added and gently mixed. The gel was poured in a plastic tray and let to

solidify for 1 hour. After 1-hour, the combs and gel dams (tape) were removed from both ends
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of the plastic tray. The tray was inserted into the electrophoresis cell. The electrophoresis cell
was filled with 1 * TAE buffer. The buffer level was checked to ensure that the gel was
covered with about 2 -3 mm of buffer and the lid put on the electrophoresis cell.

When digestion was completed, 2 pi of loading buffer were added in each sample. Then
20 - 40 pi of each digestion were loaded per well in the agarose gel. The current was
regulated at 50 mA till the DNA had entered the gel and then the current was increased to 100
mA. When electrophoresis was completed, the gel was placed in a UV transilluminator to
visualize the DNA. The EtBr, which was added in the agarose gel during the preparation of
the gel, is the cause that DNA can be visualised in UV light. The gel was photographed before

blotting with a ruler alongside the gel.

2.2.2.1.1 Copy number analysis

Five micrograms of chromosomal DNA of X. denrorhous strains were digested (per
strain) with the restriction enzyme Sfil, at 50 °C for 4 hours. Sfil releases the plasmids from
the chromosomal DNA. In each 1.5 ml eppendorftube the amounts that are presented below

were added.
x pi DNA (5 pg)
1pi SV
3 pi NE Buffer 2
3 pi IOXBSA
23 - x pi sterile H2

Total volume: 30 pi

The densitometer (BioRad Quantity One software) was used for the estimation of copy
number. This software is capable to estimate the signal intensity. Thus, if the signal intensity
from the endogenous rDNA units is known that corresponds to x copies, by comparison of

this signal intensity to that of the plasmids, the copy number could estimate.

2.2.2.1.2 Analysis of extra crtE and ast gene copies
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The chromosomal DNA of crtE and ast transformants were digested with the
endonucleases EcoRI and Sstl and Notl and Elindlll respectively at 37 °C for 2 hours. The

wild strain as well as the plasmids, which were used for the transformants, was digested with
the same endonucleases as positive controls. Each sample of strains calculated to have 15 pg

DNA and added in 1.5 ml eppendorftube the amounts that are presented below.

In case of crtE strains

x pi DNA (15 pg)

4 pi Reaction buffer N° 2
2 pi EcoRlI

2 pi Sstl

32 - x pi sterile H20

Total volume: 40 pi

3 pi pPRcDNAI crfE

2 pi Reaction buffer N° 2
0.5 pi EcoRl

0.5 pi Sstl

14 pi sterile H20

Total volume: 20 pi

In case of ast transformants:

x pi DNA (15 pg)

4 pi Reaction buffer N° 2
2 pi Notl

2 pi Hindlll

32 - x pi sterile H20

Total volume: 40 pi
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3 plpPR2TNa.s7*

2 pi Reaction buffer N° 2
0.5 jizNotl

0.5 pi Hindlll

14 pi sterile H20

Total volume: 20 pi

2.22.2 Capillary blotting of DNA

A picture of the gel, with a ruler alongside the gel, was made. The DNA was denatured
in approximately 300 ml (to ensure that solution covers the gel) denaturing solution for 45
minutes with constant gentle agitation. After 45 minutes, the gel was rinsed briefly in demi
water and neutralised by soaking the gel in 300 ml neutralising solution for 30 minutes with
constant gentle agitation. The solution was refreshed and the gel was incubated for another 15
minutes.

At the same time, a piece of Whatman 3MM paper (12.5 cm x 30 cm) was cut and
wrapped around a gel tray. The wrapped support was placed in a large dish and the dish was
filled with approximately 600 ml of 10 * SSC (till the liquid reached the top of the support).
When the paper was completely wet, all air bubbles were removed using a glass rod. Two
pieces of Whatman paper as well as a piece of nylon filter with the same size of the gel were
cut. The nylon filter was not touched with bare hands because greasy spots in the filter will
inhibit the DNA binding. The nylon filter was placed in a dish with demi water and Whatman
paper pieces in a dish with 2 * SSC. It was ensured that liquids covered the filter and the
papers. Finally, a stack of paper towels (10 - 12 cm high) with approximately the same size of
the gel was cut.

The gel was removed from neutralising solution and inverted, using a glass plate. The
inverted gel was placed in the centre of the support and all air bubbles between the paper and
the gel were removed. The nylon filter was placed on top of the gel so that the cut comers
were aligned, using forceps and the air bubbles between the filter and the gel were smoothed
out. The pieces of Whatman paper were placed on the filter, the air bubbles were removed and

the stack of paper towels was placed on the 3 MM paper. It was ensured that the paper towels
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did not droop over the edge of the gel touching the support. Finally, a glass plate as well as a
weight with approximately 500 gr was placed on top of the stack for 8-24 hours (Fig. 4).

The next day, the paper towels and 3 MM Whatman papers were removed from the
nylon filter. The filter was removed with forceps and placed on a paper towel with DNA side
up. The filter was let dry for 30 minutes and then placed in the UV transilluminator with DNA

side down and it was exposed for 3 minutes to UV light to cross link the DNA to the filter.
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Figure 4: Schematic representation of transfer of DNA to nylon filter.

2.2.3 Probe DIG labelling using polymerase chain reaction (PCR)

2.2.3.1 Introduction

Polymerase chain reaction (PCR) is a laboratory technique, which is used to amplify a
specific DNA sequence. PCR requires as starting material very small amounts of DNA that
contains the sequence to be amplified. The double stranded DNA molecules separate
completely at 94-95 °C for 3-5 minutes. These single strands become the templates for the
primers and DNA polymerase. The primers are chosen to flank the region of DNA that is to
be amplified so that the newly synthesized strands of DNA starting at each primer extend

beyond the position of the primer on the opposite strand. The annealing temperature varies
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and depends from the sequence to be amplified. This generates the primed templates for DNA
polymerase. After this, the temperature increases to 72 °C for 1 min / 1000 bp for DNA
synthesis to proceed. Seventy-two degrees is the optimal temperature for the heat stable Taq
DNA polymerase. The reaction mixture is again heated to separate the original and newly
synthesized strands, which are then available for further cycles of primer hybridization, DNA

synthesis and strand separation (Watson et ai, 1996).

2.23.2 DIG-labelled rDNA probe for the determination of copy number

Polymerase chain reaction (PCR) was carried out in an automated thermal cycler. For
the determination of copy numbers of the extra crtgE, crtYB, crtl and ast genes in the
respective transformants, an rDNA probe was used. The reaction conditions were as follows:
3 min at 95 °C, followed by 30 cycles of 1 min at 95 °C, 1 min at 52 °C, 2 min at 72 °C,
ending with 5 min at 72 °C. A 0.5 kb ribosomal DNA fragment was used as template. The
primers Pr DNA1 and Pr DNA4 were used to amplify the DNA. Two PCR tubes were
prepared with a total volume of 30 pi in which the amounts that are presented below were

added.

Labelling PCR: Control PCR:
0,5 pi rDNA 0,5 pi rDNA
1pi PrDNAI 1pi PrDNAI
1pi PrDNA 4 1pi Pr DNA4
3 pi DIG dNTP's 3 pi ANTP’s

3 pi 10 x PCR buffer
0,5 pi Super Taq plus
21 pi sterile H20

3 pi 10 x PCR buffer
0,5 pi Super Taq plus
21 pi sterile H20

The control PCR tube was prepared to check if the DIG was integrated into the rDNA

probe.

2.23.3 DIG-labelled crtE probe for the presence of extra gene copies
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For confirmation the presence of extra CcrtE gene copies in the corresponding
transformants used the crtE probe. The reaction conditions were as follows: 3 min at 95 °C,
followed by 30 cycles of 1 min at 95 °C, 1 min at 45 °C, 2 min at 72 °C, ending with 5 min at
72 °C. A crtE encoding DNA fragment was used as template and the primers crtE R and crtE
F were used for the amplification. Two PCR tubes were prepared with total volume 30 pi. The

amounts that added in each of two tubes are presented below.

Probe lebelling PCR:
0,5 pi crtk frament
lpicrtER
1picrtE F
3 pi DIG dNTP’s
3 pi 10 x PCR buffer
0,5 pi Super Taq plus
21 pi sterile H20

Control PCR:

0,5 pi crtE fragment
lpicrtER
lpicrtEF
3 pi ANTP's

3 pi 10 x PCR buffer

0,5 pi Super Taq plus

21 pi sterile H20

The control PCR tube was prepared to check if the DIG was integrated into the probe.
For confirmation of extra ast gene copies, an ast probe was used which was already

present in the laboratory.

2.2.4 Prehybridisation and hybridisation

The hybridization oven-rotor was prewarmed at 68 °C and the filters were transferred to
sealed glass tubes. Forty millilitres hybridization buffer were added per glass tube and placed
for incubation at 68 °C for 4 hours. The rotor was balanced by inserting a dummy tube
opposite of the hybridization tube and it was ensured that it turns because the filters may not
dry between prehybridization and hybridization.

Before hybridization the DNA probe was denatured by boiling at 100 °C for 5 minutes
and then immediately stored on ice for further use. After 4 hours the prehybridization solution
was replaced with about 20 ml of hybridization buffer containing 1-5 pi denatured probe
DNA. The denatured DNA probe was rapidly added to the hybridization buffer. The filter was
incubated at 68 °C during the night.
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The next day, the hybridization mix was carefully poured out of the tube into a 50 ml
plastic tube and after cooling it was stored at - 20 °C. In the hybridisation tube 50 ml of 2 *
SSC; SDS 0.1% (w/v) were added and the filters were washed 2 times for 5 minutes at room
temperature by gently rolling them manually. The wash buffer was poured into a liquid waste
container and in the glass tube 50 ml of prewarmed 0.1 * SSC; SDS 0.1 (w/v) were added.
The glass tube was placed into the oven-rotor and washed twice at 68 °C for 15 minutes.

The filter was transferred in a sealed glass tube and 100 ml of blocking solution were
added. The glass tube was placed in an oven-rotor and incubated at 20 °C for 30 minutes.
After 30 minutes, 80 ml of blocking solution were poured out into the liquid waste container
and 2 pi of anti - DIG - AP conjugate were added in Blocking solution. The filter was
incubated in 20 ml antibody solution at 20 °C for 30 minutes. Furthermore, the antibody
solution was poured into a liquid waste container and in sealed glass tube, 100 ml of washing
buffer were added. The glass tube was placed in the oven rotor and the filter was washed 2
times for 15 minutes at 20 °C.

Subsequently the washing buffer was poured into a liquid waste container and the film
was equilibrated for 5 minutes in 20 ml detection buffer. At the same time, 2 ml detection
buffer were added in 2 ml eppendorf tube and 10 pi of CSPD were diluted in this buffer.
Then, the filter was sealed and incubated in a hybridization bag for 5 minutes in 2 ml CSPD
solution at room temperature. After 5 minutes, the excess of liquid was dripped off and the
filter was blotted briefly with DNA side up on Whatman 3 MM paper. The filter was not
completely dried. The filter was placed in a hybridization bag and it was incubated with DNA
side up at 37 °C for 15 minutes to enhance the luminescent reaction.

Afterwards, the hybridization bag was placed in Kodak cassette and transferred to a
dark room where the Kodak film was added. The film was exposed at room temperature for
25 minutes and then developed in a dark room. If the picture was not clear a new film was
added and exposed at room temperature for 3 hours or overnight. After 3 hours or the next

day, the film was developed in a dark room.
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Labelling and Detection by the DIG System. I, DIG is incorporated in probe. Il, DIG-

labelled probe hybridized to target DNA. Ill, The anti-DIG antibody conjugates is binded in hybrid.
IV, The CSPD reacts with the AP (alkaline phosphatase) and the reaction product is light. The
detection accomplishes by capturing the emitted light, from the hybridized probe, on a film.
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ure  Southern blot analysis. Schematic representation. Chromosomal DNA of X dendrorhous
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were separated during agarose gel electrophoresis according to their sizes and transferred to a nylon
filter in single stranded (denatured) state. The filter was hybridised to the DIG non-radioactive probe
homologous with gene x to form double stranded molecules (hybrids). The detection was
accomplished by capturing the emitted light, from the hybridized probe, on a film. The sizes of bands
could be estimated from the size marker in the gel.
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2.2.5 Cloning of the cpr gene

2.2.5.1 Polymerase chain reaction (PCR)

Polymerase chain reactions (PCR) were carried out in an automated thermal cycler. The
2 kb cpr coding sequence from Saccharomyces cerevisiae was amplified by PCR using
chromosomal S. cerevisiae DNA as template. The reaction conditions were as follows: 5 min
at 95 °C, followed by 30 cycles of 1 min at 95 °C, 1 min at 50 °C, 3 min at 72 °C, ending with
5 min at 72 °C. For the amplification the primers PCPRF 5'- CTC GAG ATG CCG TTT
GGA ATA GAC AAC - 3 '"and PCPRR 5 CTC GAG TTA CCA GAC ATC TTC TTG
GTA TC - 3 > were used. Two PCR tubes were prepared with total volume 30 pi. The

amounts that added in each of two tubes are presented below.

In the 1 PCR tube: In the 2nd PCR tube:
1pi DNA 5 pi DNA

1pi PCPRF 1pi PCPRF

1pi PCPR R 1pi PCPRR

3 pi 10 x PCR buffer 3 pi 10 x PCR buffer
5 pi dNTP's 5 pi dNTP's

0.5 pi Super Taq plus 0.5 pi Super Taq plus
18.5 pi sterile H20 14.5 pi sterile H20

When PCR was completed, the size of the amplicon was checked by agarose gel
electrophoresis. When the correct size of the amplicon was ascertained, the DNA fragment
was isolated using the QIAEX Il Gel Extraction Kit. For cloning experiments, the cpr

fragment of 5 pi S. cerevisiae DNA was isolated from the gel.

2.2.5.2 lIsolation of the DNA fragment from the gel
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When electrophoresis was completed, the gel was placed in the UV transilluminator and
a sharp sterile scalpel was used to cut the piece of gel that contained the correct DNA
fragment. The piece of gel was placed in a sterile 1.5 ml eppendorf tube and 300 pi of QXI
and 10 pi of Qiaex Il suspension were added and this was vortexed. The QXI dissolves the gel
and the Qiaex Il suspension binds the DNA fragments.

The tube was placed in a water bath for 10 minutes at 50-55 °C and it was mixed every
2 minutes. After this, the tube was placed in a centrifuge and cells were harvested by
centrifugation at 14.000 rpm for 10 seconds. The supernatant was discarded and the giaex
pellet was resuspeded in 500 pi of PE buffer. The PE buffer was used to wash the pellet. The
giaex pellet was harvested by centrifugation at 14.000 rpm for 10 seconds. The supernatant
was discarded and the cell pellet was resuspeded in 500 pi of PE buffer. The giaex pellet was
harvested by centrifugation at 14.000 rpm for 10 seconds. After centrifugation the supernatant
was taken out and the pellet was dried in the air until it becomes white.

When the pellet was completely white 10 pi of EB buffer were added in the tube, this
was mixed in the vortex to dissolve the pellet and placed in water bath at 50-55 °C for 5
minutes. The EB buffer releases the DNA from Qiaex Il suspension. The giaex pellet was
harvested by centrifugation at 14.000 rpm for 10 seconds and the supernatant was added in a
new 1.5 ml eppendorf tube. The pellet was dissolved in 10 pi EB buffer by vortexing and it
was placed in a water bath at 50-55 °C for 5 minutes. The qiaex pellet was harvested by
centrifugation at 14.000 rpm for 10 seconds and added to the initially eluted DNA solution
tube. The tube with DNA solution was stored at-20 °C.

2.2.5.3 Preparation of E. coli cells for transformation

Escherichia coli (DH5a) was cultivated at 37 °C in 30 ml LB medium during the night.
Two hundred pi from this mixture were added to 50 ml LB medium in shake flask and
incubated at 37 °C with 225 rpm for 3 hours. After 3 hours this mixture was divided over two
centrifuge tubes. Cells were harvested after centrifugation at 8.000 rpm for 5 minutes and 4
°C. The supernatant was discarded and the pellet was resuspeded in A tube volume sterile
H20 In 1centrifuge tube the content of each tube were combined and cells were harvested by

centrifugation at 8.000 rpm, for 5 minutes and 4 °C.
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The supernatant was discarded and \z tube volume of 10 % glycerol / H20 was added.
The tube was mixed by vortexing to resusped the cells and also vz tube volume of 10 %
glycerol / H20 was added. Cells were harvested by centrifugation at 8.000 rpm for 5 minutes
and 4 °C. The supernatant was discarded and the pellet was resuspeded in 250 pi 10 %
glycerol / H20. The cell suspension was distributed in 1.5 ml eppendorftube (100 pi per tube)

and frozen at-70 °C or used directly.

2.2.5.4 Ligation

The cpr gene was cloned in pGEM - T - Easy vector. For the ligation in a 1.5 ml

eppendorf tube the amounts that are presented below were added.

5pi 2 x Rapid Ligation Buffer

1pi pGEM - T - Easy vector (50 ng)
3 pi cpr

1pi T4 DNA Ligase (1 unit/pl)

Total volume: 10 pi

The ligation took place at room temperature for 3 hours. Two microliters from this
mixture were used for electro-transformation. One day later, more than 100 colonies were
visible at 37 °C on LB medium + Xgal + ampicillin selected agar plate. On this plate there
were both blue and white colonies. Ten single white colonies were selected for mini - preps.
The plasmid was isolated from E. coli cells and digested with the restriction enzyme Xhol at
37 °C for 2 hours to check if the cpr gene was cloned in pGEM - T - Easy vector.

Due to the cpr gene contains the EcoRI site, it was unavoidable to cut the cpr in two
fragments of 1.5 kb and 0.5 kb. Thus, the pGEM - T - Easycpr was digested with
endonucleases Xhol and EcoRI at 37 °C for 2 hours. For this in 1.5 ml eppendorf tube the

amounts that are presented below were added.
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3 jilpGEM - T - Easycpr
2 pi Reaction buffer N° 2
0.5 \AXhol

0.5 filEcoRlI

14 pi H20

Total volume: 20 pi

After 2 hours, the DNA was run on 1 % agarose gel electrophoresis. When
electrophoresis was completed the cpr fragment of 1.5 kb was isolated from the gel by
QIAEX.

The isolated cpr fragment of 1.5 kb was ligated into the pPRcDNAI vector resulting in
pPRcDNAIcpr1.5. The vector was digested before ligation with restriction enzymes Xhol and
EcoRI. For this ligation two 1.5 ml eppendorf tubes were prepared with total volume 10 pi
each one. The ligation accomplished at room temperature during the night. The contents of

each tube are presented below.

In the 1 tube added: In the 2rd tube added:

3 pi cpr fragment (1.5 kb) - cpr fragment

i pi PPRCDNAI i pi pPRcDNAI

2 pi  5x Reaction buffer 2 pi 5 x Reaction buffer

1l pi T4 DNA ligase (1 unit/ pi) 1l pi T4 DNA ligase (1 unit/ pi)
3pi h2o 6pi h2o

The next day, 2 pi per ligation were used for electo-transformations. Approximately 500
white colonies from first ligation and 50 from the second were grown at 37 °C on LB medium
+ ampicillin selected agar plates. Ten single white colonies were selected from the first plate
for the mini - preps. The plasmid was isolated from E. coli cells and digested with the
restriction enzymes EcoRI and Xhol at 37 °C for 2 hours.

When the presence of cpr 1.5 kb fragment was proven, which means that the cpr (1.5
kb) fragment was integrated into the pPRcDNAI, the plasmid of 10 samples was digested by

endonuclease EcoRl at 37 °C for 2 hours.
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The pPRcDNAIcprl.5 vector was isolated from the gel using the QIAEX gel extraction
kit. The plasmid was isolated from the 3rd sample, which had the band with the strongest
intensity.

Furthermore, the pGEM - T - Easycpr vector was digested with the same endonuclease
as above. The DNA was separated on agarose gel and the cpr 0.5 kb fragment was isolated
from the gel by QIAEX.

Before 0.5 kb cpr fragment was ligated with pPRcDNAIcprl .5 vector, the EcoRI ends
were necessary to dephosphorylate by CIAP (Calf Intestine Alkaline Phosphatase) to prevent
self-ligation (self-closure). For this ligation prepared two 1.5 ml eppendorf tubes with total

volume 10 pi In each epppendorftube the amounts that are presented below were added.

In the 1sttube: In the 2rd tube:

2 picpr 0.5 kb

1plpPRcDNAIcprl.5 1 pi pPRcDNAIcpri15

2 pi 5 x Reaction buffer 2 pi 5 x Reaction buffer

1pi T4 DNA ligase (1 unit/ pi) 1pi T4 DNA ligase (1 unit/ pi)
4 pi sterile H20 6 pi sterile H20

The ligation took place during the night. After electroporation 9 white colonies were
visible from the 1¢ sample and 2 from the 2nd on LB medium + ampicillin selected agar
plates. All of 9 colonies were selected for the mini-preps. The pPRcDNAIlcpr vector was

isolated from E. coli cells and digested by restriction enzymes Notl and Hindlll at 37 °C for 2

hours.

2.2.5.5 Electroporation

E. coli cells were thawed at room temperature and placed on ice. Two microlitres DNA-
ligation product was added to 100 pi cell suspension, mixed by pipetting and stored on ice for
5 minutes. The cell-DNA mix was transferred to a cold electroporation cuvette (0.2 cm), and
the suspension was tapped to the bottom of the cuvette. The cuvette was placed in the safety

chamber slide. The slide was pushed into the chamber until the cuvette was seated between
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the contacts in the base of the chamber. Electroporation was performed on the BioRad
electroporator with the following settings:

- 2.500 Volt

- 200 Ohm

-25 pF

Both red pulse buttons were pressed once and were holding until a continuous tone was
sounded. This should produce a pulse with a time constant of 4 to 5 msec. The cuvette was
removed from the chamber and immediately 1 ml of SOC medium was added to the cuvette
and quickly the cells were resuspended with a pasteur pipette. This rapid addition of SOC
medium after the pulse is very important because it maximizes the recovery of transformants.
The cell suspension was transferred to a sterile 1.5 ml eppendorftube and then placed directly
in a water bath at 37 °C for 1 hour. Cells were harvested by centrifugation for 25 seconds.
Most of the supernatant was discarded, while in the tube approximately 200 pi supernatant
remained. The tube was mixed by vortexing to resuspeded the pellet and then the cell
suspension was spread on fresh LB + ampicillin + Xgal selective agar plates and these were
incubated during the night at 37 °C. After incubation, the single white colonies were selected
and each one were added in test tubes which contained 5 ml LB medium + ampicillin. The
colonies were picked up with sterile tips using forceps. Forceps were disinfected by flame
before use. The test tubes were placed in an incubator at 37 °C and shaken at 225 rpm during

the night.

2.2.5.6 Isolation of plasmid from E. coli

From each test tube 1.5 ml culture of E. coli were added to a 1.5 ml eppendorf tube.
Cells were harvested by centrifugation at 14.000 rpm for 1 min. The supernatant was
discarded and the pellet was resuspended in 100 pi TGE (Pl). TGE makes the cellular
membrane permeable. Then 200 pi of NaOH / SDS (P2) were added to the tube and the tube
was inverted 5 times to lyse the cells. One hundred fifty microlitres of KAc (P3) were added;
the tube was inverted 5 times and placed in a centrifuge at 14.000 rpm for 10 minutes. The P3
precipitates proteins chromosomal DNA. During centrifugation 1 ml of absolute EtOFi

(100%) was added in a new 1.5 ml eppendorf tube. After centrifugation the supernatant was
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added to the EtOH tube. This was mixed by vortexing and incubated at room temperature for
10 minutes.

After 10 minutes, plasmid DNA was harvested by centrifugation at 14.000 rpm for 10
minutes. The supernatant was discarded and the pellet was washed with 1 ml 70% EtOH. The
pellet was dried. When the pellet was completely dry, 50 pi of TE were added to dissolve it
and then the plasmid DNA was stored at-20 °C.
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3 RESULTS AND DISCUSSION

3.1 Isolation of chromosomal DNA

X. dendrorhous wild strain (CBS6938) and transformants thereof with over-expression
of carotenogenic genes were cultivated in 30 ml YEPD medium at 21 °C and 225 rpm for 2
days. After cultivation, the cells were harvested and then the DNA was isolated from each

strain. The concentrations of DNA, which was isolated from these strains, are listed in Table

T
Strain DNA (pg/pl)
CBS6938 2,7
CBS6938[pPRcDNA1] 15
CBS6938[pPRcDNAIcr/£] #1 1,0
CBS693 8[pPRcDNA 1crtE] #2 2,2
CBS693 8[pPRcDNA 1crtE] #3 1,8
CBS6938[pPR2TN] 2,7
CBS6938[pPR2TNasf] #2 3,4
CBS6938[pPR2TNas/] #3 2,2
CBS6938[pPRecrtl] 0,6
CBS693 8[pPRcr/KS] 1,8

Table 3: Concentration of DNA 0iX. dendrorhous strains.



The isolated DNA was used for the determination of the presence as well as the copy

number ofthe extra carotenogenic gene copies in the transformants by Southern analysis.

3.2 Southern blot analysis

3.2.1 Probe labelling by PCR

3.2.1.1 DIG-labelled rDNA probe

For the determination of the number of the extra carotenogenic genes in X. dendrorhous
transformants, a DNA probe was designed using ribosomal DNA from pPR2TN vector as
template. Two PCR tubes were prepared, one with DIG and one without DIG (control). The
control PCR tube was prepared to check if the DIG was integrated into the rDNA probe. After
30 cycles, the PCR products were analysed by agarose gel electrophoresis. The picture of the

gel after electrophoresis is presented below (Fig. 7).
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Figure 7: The rDNA probe was analysed by agarose gel electrophoresis. 1, X DNA * BstEIl (marker),
2, DNA with DIG (arrow), 3, rDNA without DIG (discontinuous arrow).

According to the picture from the gel it is clear that the size of rDNA increased due to
the integration with DIG by PCR. The size of rDNA fragment is 500 bp (discontinuous arrow)
and the size of rDNA with DIG is 700 bp (arrow).

3.2.1.2 DIG-labelled crtE probe
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The crtE and ast probes were used to confirm the presence of extra crtE and ast gene
copies in the corresponding transformants respectively. The crtE probe was designed by using
crtE fragment as template. Two PCR tubes were prepared, one with DIG and one without
DIG (control). The control tube was prepared as above, to check the presence of DIG into the
probe. After 30 cycles, the PCR products were analysed by agarose gel electrophoresis. The
picture of the gel after electrophoresis is presented below (Fig. 8). In the picture it is clear that
the size of the crtE fragment with DIG is higher (700 bp arrow) than that without DIG (500
bp discontinuous arrow). For confirmation of extra ast gene copies, an ast probe was used

which was already present in the laboratory.

Figure 8: The crtE probe was analysed by agarose gel electrophoresis. 1, X DNA * BstEIl (marker), 2,

crtE fragment with DIG (arrow), 3, crtE fragment without DIG (discontinuous arrow).

3.2.2 Chromosomal DNA digestion and hybridization

3.2.2.1 Copy number analysis

The chromosomal DNA of X. dendrorhous strains were digested (per strain) with the
restriction enzyme Sfil. The digested chromosomal DNA was separated on a 0,8 % agarose
gel (Fig. 9), transferred to nylon filter and hybridised with the DIG-labelled rDNA probe.
When the film was developed, we could to determine the copy number of the extra crtE,
crtYB, crtl and ast genes in the respective transformants. Two signals per transformant were

expected, 1 from the endogenous rDNA units and 1 from the released plasmids. In the film
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both signals were present. In case of the wild strain CBS6938 only one signal from the
endogenous rDNA units was expected (Fig. 10).

By comparison of the picture from the gel and the film we could estimate the size of
endogenous rDNA and the size of introduced plasmids. Thus, we found that the endogenous
rDNA in Al dendrorhous strains is 8.5 kb, the pPRcDNAI 6.6 kb, the pPRcDNAI cr/T? 7.8 kb,
the pPR2TN 7.5 kb, the pPR2TNast 11.3 kb, the pPRcr/7 10.3 kb and the pPRcrtYB 11.4 kb
large. According to these results it is clear that the sizes of pPPRcDNAI and pPR2TN vectors
were increased when the genes were introduced into them. The increase in the size of vectors
could be low or high and it depends from the size of the gene. In case of crtE gene, the size of
pPRcDNAI vector was increased by 1.2 kb and in case of crtYB gene, the size of pPR2TN
vector was increased by 3.9 kb.

The signal intensity from the endogenous rDNA units corresponds to 61 copies (Wery
et al.,, 1997). By comparison of this signal intensity to that of the plasmids, we could estimate
their copy number. The estimation was carried out using the densitometer (BioRad Quantity
One software). The copy number of the extra carotenogenic genes in the respective

transformants is 15 copies of crtg, 1-5 copies of crtYB, 50 copies of crtl and 1-5 copies of ast.

123456789 101

2323 bp-
1929 bp-
1371 bp-
1264 bp-

702 bp- -

Figure 9: The chromosomal DNA of A, dendrorhous strains were digested with endonuclease Sfil and
separated on 0,8 % agarose gel. 1, ADNA * BstE Il (marker), 2, CBS6938, 3,
CBS6938[pPRCDNAICTE]#, 4, CBS6938[pPRcDNAICI/£]#2, 5, CBS6938[pPRcDNAICI/£]#3, 6,
CBS6938[pPRcDNAI], 7, CBS6938[pPR2TN], 8  CBS6938[pPR2TNatf]#2 .9
CBS6938[pPR2TNas/]#3, 10, CBS6938[pPRcrt7], 11, CBS6938[pPRcr/T6].
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Figure 10: Southern blot analysis of X. dendrorhous strains. The digested DNA was transferred from
the gel to a nylon filter and hybridised with the DIG-labelled rDNA probe. 1, CBS6938, 2,
CBS6938[pPRcDNAICrtE]#1, 3, CBS6938[pPRcDNAIcrt£]#2, 4, CBS6938[pPRcDNAICrt£]#3, 5,
CBS6938[pPRcDNA 1], 6, CBS6938[pPR2TN], 7, CBS6938[pPR2TNos/]#2, 8,
CBS6938[pPR2TNast]#3, 9, CBS6938[pPRcri/], 10, CBS6938[pPRcrtYB], The fat horizontal arrow

indicates the signal from the endogenous rDNA units and the vertical arrows indicate the signal from

the released plasmids.

3.2.2.2 Analysis of extra crtE and ast gene copies

Verdoes et al. have already shown the presence of extra crtYB (3.9 kb) and crtl (2.8 kb)
gene copies in the crtYB and crtl over-expression strains (Verdoes et al., 2003). By using the
crtE and ast probes we analysed the presence of extra crtE and ast gene copies respectively in
the corresponding transformants.

The chromosomal DNA of crtE and ast transformants was digested with the
endonucleases EcoRI and Sstl and Noil and Hindlll respectively. The wild strain as well as
the plsasmids that were used for the transformants, was digested with the same endonucleases
as positive controls. The digested chromosomal DNA was separated on 1 % agarose gel (Fig.
11), transferred to nylon filters and hybridised with the DIG-labelled crtE and ast probes.
When the film was developed, we could confirm the presence of extra crtE and ast gene
copies in the corresponding transformants (Fig. 12). By comparison of the picture from the
gel to the film, we could estimate the size of the endogenous genes and extra gene copies. In
the film it is clear that the copies of the extra crtE gene (Fig. 12A arrows) are high and less for
the extra ast gene (Fig. 12B discontinuous arrows). We proved that the sizes of extra crtkE and

ast gene copies were the expected, 1.2 kb and 3.8 kb respectively. These sizes can also be
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confirmed from the film for the copy number analysis (Fig. 10). In that film, the size of
pPRcDNAI vector was increased by 1.2 kb when the crtE gene was inserted and the size of
pPR2TN vector was increased by 3.8 kb when the ast gene was inserted. We have estimated
that the copy number of crtkE gene is 15 and the copy number of ast gene 1-5. By comparison
the signal intensity of the endogenous crtE gene (Fig. 12A, 3.5 kb) to that of extra crtE gene
copies (Fig. 12A, 1.2 kb) and the signal intensity of the endogenous ast gene (Fig. 12B, 6.1
kb) to that of extra ast gene copies (Fig. 12B, 3.8 kb) we can ensure that the estimation of
copy number was correct. The signal intensity of each endogenous gene has 1 copy so, the
signal intensity of extra crtE gene is clear that is 15 times to the endogenous gene (Fig. 12A)
and the signal intensity of the extra ast gene is 1-5 times to the endogenous ast gene (Fig.
12B). One signal was expected from the wild strain CBS6938 and the CBS6938[pPRcDNAI]
and CBS6938[pPR2TN] transformants (Fig. 12). This signal was from the endogenous gene.
The plasmids that were used for the transformants were used as positive controls for the extra

gene copies. Thus, one signal was expected with the same size of the genes (Fig. 12).

1234567 8§ 910111213
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Figure 11: Plasmids and chromosomal DNA of X dendrorhous strains were digested with the
endonucleases that were referred above. The DNA separated on 1% agarose gel and then transferred
to nylon filter. 1,  pPRcDNAlcrrE * EcoRl * Sstl, 2, CBS6938 * EcoRl * Sstl, 3,
CBS6938[pPRcDNA1] * EcoRIl * Sstl, 4,CBS6938[pPRcDNAICrtE]#1 * EcoRl * Sstl, 5,
CBS6938[pPRCcDNA IcrtE]#2 * EcoRI * Sstl, 6, CBS6938[pPRcDNAIcr/£]#3 * EcoRI * Sstl, 7,
XDNA * BstEIIl (marker), 8 X DNA * BstEIl (marker), 9, CBS6938[pPR2TNa.s/]#3 * Notl * Hindlll,
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10, CBS6938[pPR2TNas/]#2 * Notl * Hindlll, 11, CBS6938[pPR2T] * Notl * Hindlll, 12, CBS6938
*Notl *Hindlll, 13, pPR2TNasf * Notl * Hindll.
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Figure 12: Southern blot analysis of crtE and ast over-expression strains. The blots were hybridized
with a DIG-labelled crtE (A) and ast (B) probes. 1, pPRcDNAIcrlA * EcoRI * Sstl, 2, CBS6938 *
EcoRI * Sstl, 3, CBS6938[pPRcDNA1] * EcoRI * Sstl 4, CBS6938[pPRcDNA 1crtEJ#1 * EcoRI *
Sstl, 5, CBS6938[pPRcDNAIcrt£]#2 * EcoRI* Sstl, 6, CBS6938[pPRcDNAIcr/£]#3 * ECORI* Sstl,
7, ADNA * BstEIl (marker), 8 ADNA * BstEll (marker), 9, CBS6938[pPR2TNas/]#3 * Notl *
Hindlll, 10, CBS6938[pPR2TNast]#2 * Notl * Hindlll, 11, CBS6938[pPR2T] * Notl * Hindlll, 12,
CBS6938 * Notl * Hindlll, 13, pPR2TNas7 * Notl * Hindlll. The upper fat horizontal arrows indicate
the signal from the endogenous genes and the vertical arrows indicate the signal from the extra gene

copies.

3.3 Cloning of cpr expression vector

As mentioned before, another objective was the construction of an engineered X
dendrorhous strain in order to over-produce a P450-reductase as well as astaxanthin
synthetase. For this, firstly the cpr gene from Saccharomyces cerevisiae was amplified and
then the amplicon was cloned in pGEM - T - Easy. The gene was cut by adequate restriction
enzymes from pGEM - T - Easy and was inserted into pPRcDNA 1 in the site between the
gpd promoter and gpd terminator. The cpr expression cassette (Pgpd - cpr - Tgpd) was
cloned into pPR2TNH vector (Fig. 12). The pPR2TNH vector includes the selection marker
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hygromycine for the cpr gene and X  dendrorhous transformant strain
CBS6938[pPR2TNast]#3 already contains G418 Geneticin as selection marker for the ast
gene. Thus, new transformants will survive only when the cells contain both plasmids
(selection).

S. cerevisiae was selected because its genome includes a cpr gene and the sequence is
already known. X dendrorhous has also a cpr gene but the sequence is unknown yet.
Moreover, the cpr gene from S. cerevisiae, compared to other fungi like Aspergillus niger,
does not include introns. This makes the transcription of the S. cerevisiae cpr in X
dendrorhous possible.

The 2 kb cpr coding sequence from S. cerevisiae was amplified by PCR using
chromosomal S. cerevisiae DNA as template. Two PCR tubes were prepared, one with 1 pi S.
cerevisiae DNA and one with 5 pi. After 30 cycles, the PCR products were analysed by
agarose gel electrophoresis. The picture of gel when electrophoresis completed is presented
below (Fig. 13). For cloning experiments, the cpr fragment of 5 pi S. cerevisiae DNA was

isolated by Qiaex Il gel extraction Kit.

2323 bp
1929 bp---—

1371 bp
1264 bp--—

702 bp

Figure 13: PCR products were analysed by agarose gel electrophoresis. 1, X DNA * BstFAI (marker),
2, DNA of S. cerevisiae 1pi, 3, DNA of S. cerevisiae 5 pi.
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Figure 12: Cloning scheme of cpr gene. 1) The amplified 2 kb cpr gene was cloned in pGEM - T -
Easy vector. 1l) The 15 kb cpr (EcoRI - Xhol) fragment was cloned in pPRcDNAI vector. 11l) The 0.5
kb cpr {EcoRI - EcoRIl) fragment was cloned in pPRCDNAIc/?H .5 vector. In this step the two
fragments of cpr gene were united. 1V) The cpr expression cassette (Pgpd - cpr - Tgpd) was cloned
into pPR2TNH vector.
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The amplicon was cloned in pGEM - T - Easy vector and its identity was confirmed by
partial sequencing. After ligation more than 100 colonies were visible on LB medium + Xgal
+ ampicillin selected agar plate. Ten single white colonies were selected for mini - preps.
The pGEM - T - Easycpr vector was isolated from E. coli cells and digested with the
restriction enzyme Xhol. The endonuclease Xhol was used to separate the cpr gene from

pGEM - T - Easy vector. The picture from the gel as it was analysed after electrophoresis is

presented in Figure 14.

123456178 910 1n

2323 bp
1929 bp
1371 b
1264 b

702 bp

Figure 14: The isolated pGEM - T - Easycpr vector was digested by restriction enzyme Xhol and
analysed on 1% agarose gel. 1, ADNA * BstEll (marker). 2-11, pGEM - T - Easycpr * Xhol.

According to the picture the pGEM - T - Easycpr vector was digested correct from the
restriction enzyme Xhol. Two bands were expected, 1 from the 3 kb pGEM - T - Easy vector
and 1 from the 2 kb cpr gene. The 2 kb cpr fragment of the 4th sample (it is indicated with the
arrow) was isolated from the gel using the QIAEX gel extraction kit. The cpr fragment was
selected from the 4th sample because it had the strongest intensity.

Because the cpr gene contains the EcoRI site, it was unavoidable to cut cpr in two
fragments of 1.5 kb and 0.5 kb. The pGEM - T - Easycpr vector was digested with
endonucleases Xhol and EcoRI. The vector was digested with these endonucleases, because
EcoRI and Xhol are the only cloning sites in pPRcDNAI vector (Pgpd - EcoRI - Xhol-
Tgpd). The DNA as was analysed by electrophoresis is presented in Figure 15.
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1.5kb

Figure 15: The pGEM - T - Easycpr vector was digested with restriction enzymes Xhol and EcoRl.
The DNA was analysed on 1% agarose gel and the cpr fragment of 1.5 kb was isolated from the gel.
1, 7, DNA * BstEIl (marker), 2, pGEM - T - Easycpr * Xhol * EcoRl.

The isolated cpr fragment of 1.5 kb was ligated into the EcoRIl and Xhol sites of the
pPRcDNALI vector resulting in pPRcDNA 1cpr1.5 (Fig. 12, 1I). After ligation, approximately
500 white colonies were observed on LB medium + ampicillin selected agar plates. Ten
single white colonies were selected for the mini - preps. The plasmid was isolated from E.
coli cells and digested with the restriction enzymes EcoRIl and Xhol to check if the 1.5 kb cpr
fragment was ligated into the pPRcDNAI vector. Two bands from each sample were
expected. One from the 6.6 kb pPRcDNAI vector and 1 from the 1.5 kb cpr fragment. The

plasmid DNA fragments were analysed by agarose gel electrophoresis (Fig. 16).

12345 6 789 1011

2323 bp
1929 bp
1264 bp

702 bp

Figure 16: The pPRcDNAI cpr 15 from the 10 samples was digested with the endonucleases Xhol and
EcoRI. The picture from the gel proves that the cpr had integrated into pPRCDNAI vector except for
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the lines 6 and 8 because the sizes of the bands were not the expected. 1, ADNA * BstEIll (marker), 2-
11, pPRcDNAIc/wl.5 * Xhol * EcoRl.

The picture was shown that the cpr 1.5 kb fragment had integrated into the pPRcDNAI
vector, except for the samples 6 and 8 because the sizes of the bands were not the expected.

The plasmid of 10 samples was digested by endonuclease EcoRI, because in this plasmid the
0.5 kb cpr fragment will be integrated. (Fig. 17).

12 345 67 8 9101

2323 bp-—
1929 bp-—
1371 bp-—
1264 bp—

702 bp—

Figure 17: The pPRcDNA Icprl.5 vector from the 10 samples was digested with the restriction

enzyme ECORI. The plasmid from the 3rdsample was isolated for further use. 1, ADNA * BstEIlI
(marker), 2-11, pPRcDNA 1cpr\ .5 * EcoRl.

The pPRcDNA\cpr\ .5 plasmid was isolated from the 3rd sample, which had the band
with the strongest intensity (arrow).

Furthermore, the pGEM - T - Easycpr vector was digested with EcoRI as well and the
cpr 0.5 kb EcoRI fragment was isolated from a gel by QIAEX (Fig. 18).
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Figure 18: The pGEM - T - Easycpr vector was digested with endonuclease EcoRI and analysed on
agarose gel. The 0.5 kb cpr fragment was isolated from the gel for further use. 1, XDNA * BstEll
(marker), 2, pPGEM - T - Easycpr * EcoRl.

The isolated cpr fragment of 0.5 kb was ligated into the pPRcDNAIc/?rl.5 vector
resulting in pPRcDNAIlcpr (Fig. 12, IlI). After ligation, 9 white colonies were observed on
LB medium + ampicillin selected agar plate. The orientation of the 0.5 kb EcoRI fragment in
the 9 pPRcDNAIlcpr vectors were analyzed and the correct plasmid was used and digested
with restriction enzymes Not! and Hindlll (H. Visser personal communication). The
pPRcDNAI cpr vector was digested with these endonucleases because the expression cassette
Pgpd - cpr- Tgpd contains the sites of Notl and Hindlll.

The pPR2TNH vector was digested with the same restriction enzymes as above. The
over-expression cassette Pgpd - cpr - Tgpd was ligated into the pPR2TNH vector (Fig. 12,
IV). After ligation, more than 2.000 white colonies were observed on LB medium +
ampicillin selected agar plate. One single colony was selected for the mini-prep. The
pPPR2TNHcpr vector was isolated from E coli cells and digested with the restriction enzymes
Notl and Hindlll (Fig. 19). Two bands were expected, 1 from the 7.5 kb pPR2TNH vector and
1 from the 2 kb over-expression cassette. According to the picture the pPR2TNHc/?r vector

was digested correct from the endonucleases Notl and Hindlll.
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Figure 19: The pPR2TNHcpr vector was digested with the restriction enzymes Not! and Hindffl and
analysed on agarose gel. 1, X Gene ruler DNA ladder (marker), 2, pPR2TNI \cpr * Notl * Hindlll.

The pPR2TNHc/?r over-expression vector has been constructed and will be introduced
in CBS6938[pPR2TNav/] #3 X. dendrorhous strain, which will probably cause the over-

expression of a P450-reductase as well.
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4 SUMMARY AND CONCLUSION

Xanthophyllomyces dendrorhous was isolated during the early 1970’s from exudates of
deciduous trees in mountainous regions of Japan and Alaska (Phaff et al., 1972; Miller et al.,
1976). X. dendrorhous synthesizes astaxanthin as its principal carotenoid (Andrewes et al.,
1976). Astaxanthin is applied in food and feed industry both as a colorant and as an
antioxidant. There is a growing demand for astaxanthin from natural sources and not synthetic
astaxanthin to be applied in natural products. Therefore, there has been considerable
commercial interest in using X. dendrorhous as a source for natural astaxanthin. However, X.
dendrorhous has a too low astaxanthin content (0.02 to 0.03 %) for commercial application.
For this reason, several mutants have been created in order to produce more astaxanthin. In
our laboratory there are X. dendrorhous strains, which over-express the carotenogenic (crt)
genes crtE (geranylgeranyl-pyrophosphate synthase), crtYB (phytoene synthase / lycopene
cyclase), crtl (phytoene desaturase) and ast (astaxanthin synthetase).

The presence and copy number of the extra carotenogenic gene copies in the
transformants was determined by Southern analysis. By using the rDNA probe we could to
determine the copy number of the extra crtE, crtYB, crtl and ast genes in the respective
transformants. Knowing that the signal intensity from the endogenous rDNA units is more or
less equal to 61 copies we could estimate the copy number of the plasmids (Wery et al.,
1997). By comparison of this signal intensity to that of the released plasmids, we shown that
the copy number of the extra crtE gene is 15 copies, of crtYB is 1-5 copies, of crtl is 50 copies
and of ast is 1-5 copies in the respective transformants. Verdoes et al. have already shown the
presence of extra crtYB and crtl gene copies in the crtYB and crtl over-expression strains
(Verdoes et al., 2003). The crtE and ast probes were used to confirm the presence of extra
crtE and ast gene copies respectively in the corresponding transformants.

Another objective in this project was the construction of an engineered X. dendrorhous

strain. The X. dendrorhous strain CBS6938[pPR2TNos/]#3 overproduces astaxanthin
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synthetase, which is a P450 enzyme. However, P450 enzymes need the cooperation of other
enzymes, which are the cytochrome P450-reductases (cpr). The 2 kb cpr coding sequence
from S. cerevisiae was amplified by PCR using chromosomal S. cerevisiae DNA as template.
We have chosen this gene because its sequence is known and it does not contain introns,
which facilitates expression in X. dendrorhous. The sequence of the X. dendrorhous cpr gene
is unknown. The 2 kb amplicon was cloned in the pGEM-T-Easy vector and its identity was
confirmed by partial sequencing. The cpr gene was cloned in the pPRcDNAI vector in order
to flank it with the promoter and terminator sequences of the X dendrorhous glyceraldehyde-
3-phosphate dehydrogenase (gpd) encoding gene, thereby creating a cpr expression cassette.
Finally, this over-expression cassette (Pgpd - cpr - Tgpd) was cloned into a X dendrorhous
transformation vector pPR2TNH, which confers resistance to hygromycine.

As mentioned before, the pPR2TNHcpr over-expression vector has been constructed
and will be introduced in the astaxanthin synthetase overproducing strain
CBS6938[pPR2TNas7]#3. Analysis of these future transformants will reveal whether the

astaxanthin content is further increased by the over-expression of the two genes.
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APPENDIX |

1)
2)

3)
4)
5)
6)

7)
8)

9)
10)

11)

12)
13)
14)
15)
16)
17)
18)
19)

20)
21)
22)
23)

24)

25)

26)

27)
28)
29)

YEPD
DNA Extraction buffer

3 MNaAc

70 % EtOH
100 % EtOH
RNAse solution (1 mg/ml)

TE
6 * Loading buffer

1% Agarose
50 * TAE

Maleic acid buffer

Liquid nitrogen
Alumina (Sigma)
Phenol

Chlorophorm

EtBr

Denaturing solution
Neutralising solution
DIG Easy hyb solution

2 * SSC; SDS 0.1 % (w/v)

0.1 * SSC; SDS 0.1 % (w/v)

20 * SSC
Washing buffer

Blocking stock solution (IOx cone.)

Blocking solution

Detection buffer

QXI
Qiaex Il
PE buffer

10 gr Yeast Extract, 20 gr Bacto
peptone, 20 gr Glycose

50 mM Tris, 10 mM MgClI2 50 mM
NaCl, 1% SDS

70 ml EtOH

100 ml EtOH

0.01 M NaAc pH 5.2, 100 mg RNAse
A, 1mlof 1M Tris pH 7.4

10 mM Tris-Cl, 1mM EDTA, pH 7.5
0.25 % Bromophenol blue, 0.25 %
Xylene cyanol FF (optional), 40 %
Sucrose in water (or 15 % Ficoll in
water)

1 gr Ultra pure agarose

242 gr Tris, 57.1 ml Glacial acetic acid,
100 ml 0.5 M EDTA (pH 8.0)

0.1 M Maleic acid, 0.15 M NacCl,
adjusted to pH 7.5 (20 °C) with solid
NaOH

10 mg/ml EtBr
1.5 M NaCl, 0.5 N NaOH
1M Tris (pH 7.4), 1.5 M NaCl

100 ml of 20 * SSC, 10 ml of 10 * SDS
5ml of 20 * SSC, 10 ml of 10 * SDS
175.3 gr NaCl, 88.2 gr Sodium citrate
Maleic acid buffer with Tween 20, 0.3
% (viv)

Blocking reagent, 10 % (w/v) in Maleic
acid buffer

Ix cone. Working solution by diluting
the stock solution 1:10 in Maleic acid
buffer

0.1 M Tris-HCI, 0.1 M NaCl, pH 9.5
(20 °C)
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30)
31)

32)

33)
34)

35)

EB buffer
TE (P1: Resuspension buffer)

NaOH / SDS (P2 : Lysis buffer)

KAc (P3 : Neutralization buffer)
SOC medium

LB medium (Luria-Bertani)

10 mM Tris-Cl pH 8.0

50 mM Tris-Cl pH 8.0, 10 mM EDTA,
100 pg/ml RNAse A

200 mM NaOH, 1% SDS (w/v)

3.0 M Potassium acetate pH 5.5

2 % Bactotryptone, 0.5 % Bacto yeast
extract, 10 mM NaCl, 2.5 mM KC1, 10
mM MgCh, 10 mM MgSU4, 20 mM
Glycose

10 gr Bacto tryptone, 10 gr NaCl, 5 gr
Y east extract

54



