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Abstrakt

Hmyz ¢itajici vice nez jeden milion popsanych diupredstavuje skupinu organisns
ekologickym a ekonomickym vyznamem dispraper vétSim nez je jejichcasto zanedbatelna
télesna velikost. Mezi faktory, které zasadnérou prispely k evolwni Usgsnosti hmyzu, je
paocitdna schopnost produkoviddu sekundarnich metabélifako jsou obranné latky a chemicke
signaly. Tato disertmi prace se &nuje studiu molekularnich mechanisrevoluce jedné Siroce
zastoupené skupiny hmyzich chemickych signal pohlavnich feroman — tedy latek, které
zprostedkovavaji vyhledavani pohlavnich parther p&eni jediné téhoz druhu. Téma préce je
zantieno na membranové desaturasy mastnych kyselin (dale jenrdsgat oxidoreduktasy, které
zavadi dvojné vazby do uhlovodikovyébtezci mastnych kyselin a tak produkuji nenasycené
prekurzory pohlavnich feroménodvozenych od mastnych kyselin. Desaturasy jsou zapojeny v
biosyntéze pohlavnich ferombnnagiklad u mir (Lepidoptera), dvouidlych (Diptera),
blanokidlych (Hymenoptera), Svéba termifi (Blattodea) — tedy jeadch z druho¥ nejbohatSich
hmyzich fadi. Jelikoz pohlavni feromony slouzi jako reproéik bariery u mnohych blizce
piibuznych drub ¢i subpopulaci, odhaleni molekularnich zéklaoiosyntézy feromoin muze
pomoci zodpowdét klicové otazky tykajici se ekologie a evoluce hmyzu. Hmyzi desatwasy
raznorodymi enzymovymi specifitami takérgalstavuji pirozergé dostupny zdroj pro studium
evoluce enzyrin.

Disert&ni prace se &nuje desaturasam blanddlych melaci - Bombus), mar (liSaj
tabakovy -Manduca sexta) a pro srovnani také jednolignych organism (patogenni kvasinka
Candida parapsilosis). Vysledky prace ukazuji, Ze schopnost produkovat Siroké spektrum
nenasycenych mastnych kyselin je sdilena desaturasanii bagogickymitiSemi (Publikace | a
lll). Desaturasy zapojené v biosyntéze ferothamohou ziskat schopnost produkovat nové
nenasycené mastné kyselinyistbdkem substitutce jediného aminokyselinového zbytku -
mechanismus, ktery ma zZmg potencial v evoluci feromonového slozeniirm{Publikace 1I).
Zjisténi, Ze tato aminokyselina se v desaturase liSaje tabakového macigbiu tunelu, ktery vaze
substrat, poskytuje novy vhled do mechariisatujicich desaturasovou specifitu (Publikace 1).
Studium desaturas ieth druli émelaki odhaluje post-transkr§ni regulaci aktivity desaturas jako
mozny alternativni mechanismustujici druho specifické feromonové slozeni u blaniolkych
(Publikace II). Tato disertai prace tak na genetické urovni poodhaluje roli desaturas v evoluci

feromonové komunikace utma blanokidlych.
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Cile prace

1 Cile prace

Odhalit molekularni zaklady evoluce pohlavnich ferothotir prostednictvim identifikace
a charakterizace desaturas mastnych kyselin, které jsoyautibBakovéhoNlanduca sexta)
zapojené v biosyntéze vzacnych feromonovych sloZzek femi tdvojnymi vazbami
(Publikace 1).

Zhodnotit, do jaké miry je druhéwspecifické sloZzeni safith zn&kovacich feromom u
trech evropskych drah¢melaki (Bombus terrestris, B. lucorum a B. lapidarius) ovlivnéno
substratovymi  specifitami hypotetickych desaturas mastnyclseliky zapojenych

v biosyntéze nenasycenych feromonovych slozek (Publikace II).

Identifikovat desaturasy mastnych Kkyselin zapojené v biosyntézeneviasycenych
mastnych kyselin u oportunisticky patogenni kvasi@andida parapisiosis a na zaklad
detailni analyzy desaturasovych produkhodnotit solasnou kategorizaci kvasinkovych

desaturas (Publikace l1l1).
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2.1 Publikacel: Evoluce pohlavnich feromot mir prostirednictvim
substitutce jediného aminokyselinového zbytku v desurase
mastnych kyselin

Uvod

Samtky liSaje tabakovéhoManduca sexta) lakaji samce svého druhu prhi@stnictvim
pohlavniho feromonu (dale jen feromonu), ktery obsahuje &rahdehyd odvozenych od
jednonenasycenych a dvounenasycenych mastnych kyselin (1nMK respakiNg, které jsou
typickou feromonovou strukturou u tm z nadeledi Bombycoidea také unikatni aldehydy
odvozené oditnenasycenych mastnych kyselin (3nMKjit@mnost derivat 3nMK ve feromonové
smesi predstavuje snadno identifikovatelny vzacny fenotyp,doizz liSaje tabakového vhodny, ale
doposud nevyuzity modelovy organismus pro studium mechéreswluce feromonového slozeni
mur. V predchozi praci, ve které se naSe labdratokusila objasnit biosyntetickou drahu, ktera
vede k syntéze 3nMKELOE12FE14-16:3 aE10E12714-16:3), které jsou prekurzory esencialnich
feromonovych slozek liSaje tabakového, byla identifikovana desatiasdd2, kterd vykazuje
Z/E11 desaturasovou a konjugasovou (1,4-dehydrogenasovou) aktivitu a je zapojena v syntéze
1nMK (Z11-16:1 aE11-16:1) a 2nMK E10E12-16:2 aE10Z12-16:2) prekurzdr feromori u
liaje tabakovéHo Koneiny desaturani krok zavadjici tieti dvojnou vazbu aifsludna desaturasa
v8ak nebyly odhaleny.

Shrnuti vysledka

Pro nalezeni desaturas zapojenych v biosyntéze 3nMK jsme osekvenamakriptom
feromonové ?lazy sarthy lisaje tabékového - organu ktery je mistem biosyntézy femdma také
transkriptomy dalSich orgéra tkani liSaje tabakoveho, které feromony neprodukuji (gdankove
téleso, samii palpy a stdni stevo housenky liSaje tabakového). V transkriptomech jsme
identifikovali 14 iiznych desaturasovych transkfiptz nichz 4 byly vysoce abundattra
preferegné exprimovany ve feromonové zlaze: MsexDZivd popsan&ll-desaturasa/konjugasa
zapojenda v biosyntéze 1nMK a 2nKlKa & dalsi transkripty - MsexD3, MsexD5 a MsexD6.
Kodujici Useky &chto kandidatnich desaturasovych wefsme exprimovali v kvasince
Saccharomyces cerevisiae a pomoci GC/MS analyzy transesterifikovanych kvasinkovych extrakt
jsme identifikovali nenasycené mastné kyseliny produkované hetetolegprimovanymi
desaturasami. MsexD3 a MsexD5 v kvasinkovém systému produkovaly 3BMKEL2 E14-16:3
a E10E12714-16:3) prosednictvim E/Z14 desaturace 2nMKE(Q0E12-16:2) a dalSi minoritni

nenasycené mastné kyseliny, zatimco MsexD6 produkdHlal8:1, pedpokladany prekurzor
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minoritni slozku feromonu liSaje tabakového. Substraty a produkty desatw&se pomoci
kvasinkového expresniho systému byly potvrzémyivo prostednictvim aplikace metabolicky
znaenych mastnych kyselin a methylefterastnych kyselin na povrch saiinieromonové zlazy a
sledovanim jejich inkorporace do feromonovych prekurz@ feromonové Zlaze pomoci GC/MS.
Timto postupem byla potvrzemavivo biosyntéza 3nMK z 2nMK.

MsexD2 a MsexD3, které jsou vysoce podobné na urovni proteinové sekvende, avsa
odliSné svymi desaturasovymi specifitami, byly v naslednyataimich experimentech vyuzity pro
identifikaci sekvetinich determinant desaturasovych specifit. Uvodni sada niwgargaminénymi
Useky mezi MsexD2 a MsexD3 odhalila predikova&tyrty transmembranovy helix jako
determinantu desaturasove specifity. Naslednd mutageneze jediodivjicokyselinovych zbytk
v rdmci tohoto transmembranového helixu ukazala, zerapediného aminokyselinového zbytku
Ala224/lle224 vede k zisk&/Z14-desaturasové specifity u mutované MsexD2 (a naopak mutace
lle224/Ala224 vede ke ztratE/Z14-desaturasové aktivity u mutované MsexD3). Diky nedavno
publikované struktte savi Z9-desaturasy’ jsme vygenerovali homologni modely MsexD2 a
MsexD3, které ukazaly, Ze aminokyselinovy zbytek v pozici 22¥pjva ktvorkk ohybu
v hydrofobnim tunelu véazajicim substrat. Tyto data tak experiméngatrivrzuji hypotézu
formulovanou na zékladkrystalové strukturyZ9-desaturas, dle které ohyb v tunelu vézajicim
substrat je kifovym determinantem specifity desatirasyto vysledky dale ukazuji, Ze mutace
jediné aminokyseliny v desaturase zapojené v biosyntéze fetommitie vést k zisku nové
desaturasoveé specifity, potenci&edouci az k rekrutovani novych feromonovych slozek (Obr. 1).
Rekonstrukce genového stromu desaturag meznguje, Zze MsexD3 byla rekrutovana pro
biosyntézu 3nMK feromonovych sloZzek uegdka liSaje tabdkového prostnictvim genové
duplikace a neofunkcionalizace desaturasového genu, zatimco MsexD5, pkéelstavuje
alternativni desaturasu produkujici 3nMK, byla ptgpatiobrg ziskana pro biosyntézu feromion

prostednictvim aktivace neaktivni ancestralni MsexD5.
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Obrazek 1: Rekonstruovanad biosynteticka drdha nenagenych prekurzoria pohlavnich feromoni liSaje
tabdkového. Samtka liSaje tabakovéh@A) biosyntetizuje pohlavni feromony ve feromonové &léakalizované ve
vychlipitelné Spice zadeku (B). Desaturasy abundastra preferetné exprimované ve feromonové Zlaze itvo
desaturani drahu, kterd vede k biosyntéze nenasycenychnyastkyselin, jez slouzi jako prekurzory majoritmic
minoritnich feromonovych slozek¢etnd aldehydi odvozenych odE10Z12-16:2 aE10E12.714-16:3, které jsou
esencialni pro atrakci safntiSaje tabakovéh@C). Aminokyselinovy zbytek Ala224 respektive lle224|pkalizovan

v predikovanémitvrtém transmembranovém helixu desaturas cajer jestli produktem desaturasy budou jedno- a
dvounenasycené mastné kyseliny nefrienasycené mastné kyseliny. \i@zu modelem MsexD@) a MsexD3(E)
vytvoieném pomoci homologniho modelovani s vyuzitim EdZR-desaturasy jako templatu, je Ala224 respektive
lle224 lokalizovan do ohybu tunelu, ktery vaze sudis(vypaiteny povrch aminokyseliny exponovany do interiéru
vazebného tunelu je zvyrasm cerverg). Vazebny tunel je obsazen uhlovodikovyiettzcem mastné kyseliny

pochazejicim ze struktury lidsk®-desaturasy. Obrazekgat 2.

Mij prispévek k praci
Analyzoval jsem RNA sekvegai data a identifikoval desaturasové transkriptgjaval jsem
kodujici Useky MsexD6 a¢p variant kddujicich UsékMsexD5 a klonoval je do kvasinkovych

expresnich vektdr pripravil jsem ¢ast stuovanych mutantMsexD2 a MsexD3 a spaies
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s vektory obsahujicimi MsexD5 a MsexD6 je transformoval do kvasinkokgeni; kultivoval

jsem kvasinkové kmeny exprimujici vSechny studované desaturasghangjtanty; izoloval jsem,
analyzoval a vyhodnotil obsah methylestenastnych kyselin pragdnictvim GC/MS; aplikoval
jsem izotopow znaené feromonové prekurzory na povrch feromonovych Zlaz liSaje tabakového a
pomoci GC/MS jsem analyzoval vzniklé izotopoznaené mastné kyseliny atipzert se
vyskytujici mastné kyseliny; zrekonstruoval jsem genovy strosatdeas; napsal jsem pracovni

verzi manuskriptu.

2.2 Publikacell: Role desaturas v biosyntéze z@kovacich feromoni
samai ¢melaku

Uvod

U vétSiny druhii ¢melaka (Hymenoptera: ApidadBombus) je nalezeni pohlavniho partnera a
paeni sprosedkovano zn&govacimi feromony (ZF), které samci produkuji a nanaseji na vyrazne
objekty (napiklad vysoké byliny, ¥tve stroni a ket) za &elem filakani samiky’. ZF jsou
produkovany a akumulovany v hlavow@sti sanii labialni zZlazy, ktera vyplje velkou ¢ast
hlavové kapsufe®, co? ji odliSuje od labialni Zlazymel&sich samiek™® nebo labidlni Zlazy saric
véely medonosnéApis mellifera), které neakumuluji v labiélni Zlaze pohlavni feromony

ZF jsou obec# sloZzeny z latek odvozenych od terpea mastnych kyselin. fRomnost
slozek ZF, odvozenych od nenasycenych mastnych kyselin liSieich jednotlivyché¢mel&ich
draht délkou uhlovodikovéhdetzce, vedla k hypotéze, podle které k mezidruhovym roadil
v obsahu d&chto feromonovych slozekiigpivaji desaturasy s druhowspecifickou substratovou
specifitod?. Tento biosynteticky mechanismus vedouci k dréhspecifickému sloZeni ZF byl
postulovan na zaklgdopsanych rozdilve specifi¢ desaturas zapojenych v biosyntéze feraimon
mir'?,

Studium desaturas zapojenych v biosyntéze Z&melaki bylo motivovano snahou o
zavedeni¢melaka jako doposud nevyuzitétho modelu pro pochopeni molekularnich aaklad
biosyntézy feromain a evoluce feromonové komunikace. Jakmel&i druhy reprezentujici
diverzitu sloZeni ZF byly vybranyitv Evrops béZni ¢meléaci -i) Bombus terrestris (¢melak zemni),
ktery je vyuzivan také kom&w jako opylové ve sklenicich a jehoZz ZF jsou teny gevazr
terpenovymi latkami a do mensi miry alkoholy odvozenymi od mastnysklik, ii) blizce
piibuzny druhB. lucorum (¢meldk hajovy, stefhjako ¢meldk zemni zastupce podro&ombus

s.s.), ktery pouziva ethyl ester odvozeny 4@14:1 jako majoritni slozku ZF, ié) B. lapidarius
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(¢meldk skalni), zastupce podrodiielanobombus, jehoz ZF obsahuje jako dominantni slozky
alkoholy odvozené od9-16:1 a 16:0. V Gvodni studii byl Usek kédujici predikovateci ramec
desaturasy, pojmenovany jako BIUCNPVE, vyizolovan z cDNAravené z RNA labialni zlaz.
lucorum. Funkéni charakterizace BIUCNPVE v kvasinkovém expresnim systému ptakéza
BlucNPVE koduje Z9-desaturasu, kterd v kvasinkovém expresnim systému préaferen
produkovala kyselinu palmitovouZ9-16:1) a stearovouZ9-18:1) a stopové mnoZstvi kyseliny
myristolejové Z9-14:1). Akumulace pouze malého mnozst@14:1 v kvasinkovém expresnim
systému nazrida, Ze BIUCNPVE prawpodobre neni zodpo¥dna za akumulaciz9-14:1,
prekurzoru majoritni slozky ZF v labialni ZlaBe lucorum. Bylo navrZzeno, Ze tato desaturasa je
zapojena v primarnim metabolismu mastnych kyselin a Ze v biosydtiézge pravépodobrg
zapojen jiny desaturasovy homotdgPostulovana desaturasa zapojend v biosyntéze B u
lucorum a také desaturasy zapojené v biosyntéze B terrestris a B. lapidarius tak cekaly na
svou izolaci, charakterizaci a zhodnoceni, do jaké miry jejich stibsir&pecifita mize gispivat
ke druho¥ specifickému slozeni ZF.

Shrnuti vysledka

S pomoci RNA sekvenovani séich labialnich Zldz a tukovychkeles (slouzicich jako
refereni tkai, jenz neprodukuje ZRymelaki B. lucorum a B. terrestris jsme v transkriptomech
obou druli predikovali gt paralogi desaturas. Dva desaturasové paralogy byly na zaklad
normalizovanych expresnich hodnot vyfamych z RNA sekveraich dat (RPKM hodnoty)
vyrazreé vice exprimovany v labialni Zlaze nez v tukovéstese u obou druh — BIucNPVE
(identick& s kodujicim Usekentide popsanym Matouskovou et'd).a BlucSPVE B. lucorum a
BterNPVE a BterSPVE \B. terrestris. Preferetini exprese é&chto predikovanych desaturas
v labialni Zlaze byla potvrzena pomoci qRT-PCR. Kodujici Useky gpaddbnych ortholod
téchto desaturas B. lapidarius byly vyizolovany z cDNA z labialni Zlazy prdstnictvim PCR
s degenerovanymi primery navrzenymi proti konzervovanym desatyrassekvetnim motivim
a pojmenovany BlapNPVE a BlapSPVE. Desaturasy studovanych &mdiaki patici do skupin
NPVE a SPVE, pojmenovanych na zaKlagritomnosti konzervovaného aminokyselinového
motivu NPVE respektive SPVE, sdilely vice nez 97% identitu proteaiowsekvenci v ramci
skupin a piblizn¢ 60% identitu nafi¢ skupinami. Funéni charakterizace desaturas v kvasinkovém
expresnim systému ukazala, Ze desaturasové specifity NPV&uides vSech studovanych
¢mel&ich druhi jsou prakticky identické. NPVE vykazug9 desaturasovou regioselektivitu a
nejvysi stupg konverze (vypéteny jako pondr relativniho zastoupeni udané nenasycené mastné

kseliny ku celkovému mnoZstvi nenasycené mastné kyseliny a odpovidagycené mastné
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kyseliny) pro 18:0, nasledovany 16:0 a 14:0. SPVE desaturasy produkuji stopaXstviz4-14:1
a E4-14:1 jako jediné detekované produkty, které se vS&kozere nevyskytuji (nebyly
identifikovany) v labialni zlazémel&ich samé ani u jiného hmyzu (Obr. 2).

Tyto vysledky naznauji, Ze i ges to, Zze substratové specifity desaturas NPVE neodpovidaji
slozeni ZF u studovanych diuhtmelaka, jsou tyto desaturasy s n&Si prav@podobnosti
zodpowdné za biosyntézu Z9-nenasycenych slozek ZF, jelikoZ jsou jedidgg9miesaturasami
vysoce exprimovanymi v labialni zlaze. BterNPVE na zakRNA sekvenanich dat pedstavuje
piekvapiw jeden z nejzastodp¢jSich transkripi v labialni zZlazeB. terrestris, coz spoléné s velmi
nizkym obsahemipdpokladanych produkiBterNPVE ¢Z9 nenasycenych slozek ZF) nazne, Ze
aktivita BterNPVE je regulovana posttransknp. Dohromady provedené experimenty ukazuiji, ze
enzymové specifity desaturas u studovanych wrirheldki nedivergovaly v pibéhu evoluce a
tedy Ze druho¥ specifické slozeni ZF nenfisledkem rozdilnych substratovych specifit desaturas a
tedy neni kontrolovdno stejnym mechanismem jako u mnohaudmir. Jako alternativni
biosyntetické vysétleni rozdilného sloZzeni ZF u studovanych drupiedpokladame, Ze druhév
specifické slozeni ZF je ovliwno i) postranskripni regulaci desaturas &) mnozstvim a
dostupnosti mastnych kyselin gitwu délkoutetzce v labialni Zlaze,ifpadre iii) substratovou
specifitou enzym jako jsou reduktasy mastnych kyselin nebo enzymy katalyzujiefifdsici,
které vyuZivaji nenasycené mastné kyseliny jako substrat a transf@gmaijfinaini slozky ZF.

V experimentech, které navazuji na tuto praci, nyni usiluieme acizal charakterizaci
¢mel&ich reduktas mastnych kyselin, které mohou redukovat nenasycené rhgstfi@y na
alkoholy, jenZ jsou u gkterych druli ¢melaki majoritnimi feormonovymi sloZzkami, a déale
analyzujeme relativni a absolutni zastoupeni mastnych kyselintgaekurzol ZF, v labiélnich

Zlazéach jednotlivych druh
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Obrazek 2: Specifita desaturas abundant& exprimovanych v labialni zlazeémelaki Bombus terrestris, B. lucorum a B.
lapidarius. Ve studovanych druzichmelaki (A) jso abundanth exprimovany dva orthology desaturas, NPVE a SPkEré
vykazuiji Z9 a E/Z4 desaturasovou specifitu, respekd substratovou preferenci pro 14:-18:0 a l#€pektive. Obrazekigjat 2.

Muj prispévek k praci

Analyzoval jsem RNA-seq data a identifikoval desasové transkripty; potvrdil jsem
expresni profil desaturas BIuCNPVE a BlucSPVE vébi Zlaze a tukovénklese pomoci qRT-
PCR; klonoval jsem vSechny kédujici Useky desatwlaskvasinkovych expresnich vekioa
transformoval je do kvasinkovych kmerkultivoval kvasinkové kmeny a proved! izolacimaéyzu

mastnych kyselin; napsal jsem pracovni verzi maripigk

2.3 Publikace I11: A12 desaturasa z kvasinkyCandida parapsilosis je
multifunk ¢éni desaturasa, ktera produkujefadu vicenenasycenych
a hydroxylovanych mastnych kyselin

Uvod

Vyzkum desaturas mastnych kyselin izolovanych zskek a vicebuttnych hub je do
znané miry motivovan hledanim desaturasovychig&teré by mohly byt vyuzity v metabolickém
inZenyrstvi mikroorganistnza &elem produkce viceneneasycenych mastnych kyseWNMK) a

W

dalSich nutdné, ¢i technologicky hodnotnych nenasycenych mastnychseky (NMK)

v primyslovém natitku'>*e

Regulace nenasycenosti mastnych kyselin v memby&hovipidech prosednictvim aktivity
desaturas byla také prokadzana jaka:diyy krok pro @ist a morfogenezi patogenich kvasinek

napadajicich rostliny i lidské hostitele. Proto ybydesaturasy navrzeny jako potencialni cil

| 12
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antifungalnich fipravka®% Siroké spektrumh12, A15 a multifunknich desaturas zapojenych
v biosyntéze VNMK bylo jiz z hub izolovano a fuimk charakterizovdno pomoci kvasinkového
expresniho systémtr>> Byla popsanarada tyfi desaturasovych regioselektivit ligicich se
mechanismem, jakym desaturasa rozeznava pozici, na kterou bude zahkegjedarazba. Dvojné
vazby mohou byt zavédy mezi utité uhlikyi) vzhledem ke karboxylovému konci acylu mastné
kyseliny (AX), ii) vzhledem k methylovému konciwX) neboiii) urity pocet (nefastji tii)
uhlikovych atomd od existujici dvojné vazbyv{3)**. Jednotlivé typy regioselektivit se vsak
vzajemr nevylwiuji a Meesapyodsuk et al. navriiifadit desaturasam primarni a sekundarni typ
regioselektivity pro jejich fesr¥jsi charakterizaéf. Pro takovyto popis desaturas jsou nezbytné
detailni informace o majoritnich i minoritnich desaturasovych satestt a produktech. AvSak u
vétsiny desaturas izolovanych z hub byly popsany jen majoritni VNWddukty a studie, které
detailré studovaly nenasycené produkty jiz charakterizovanych desZtitrakazuiji, Ze minoritni
produkty mohou @stat nerozpoznany a regioselektivita desaturas jéastio neuplé ¢i nepgesré
popséna jen na zaklkadhajoritnich produkt®®”.

Shrnuti vysledka

Pro detailni popis regioselektivit desaturas kvasinek jsme u oportlgisgiatogenni
kvasinky Candida parapsilosis identifikovali a izolovali desaturasové geny homologni
s houbovymi desaturasami produkujicimi VNMK. Exprese izolovanych desawych gef
CpFAD2 a CpFAD3 L. parapsilosis v Saccharomyces cerevisiae expresnim systéma detailni
analyza desaturasovych prodiultomoci GC/MS spojenaradou pedkolonovych derivatizmich
technik ndm umoznily identifikovat VNMK a hydroxylované produkty, kteréyhelpopsany u
ortolognich desaturas z blizchuzného druhu patogenni kvasirBgndida albicans'®.

Exprese CpFad3 v kvasinkad&accharomyces cerevisiae v kultivacnim médiu dopléném
kyselinou hexadekadienovou (Z9,Z12-16:2) a linolovou (Z9,Z12-18:2) vedla k akumN&tKV
s dvojnou vazbou v pozidl5 - kyseliny hexadekatrienové s termigalmis&nou A15 dvojnou
vazbou (Z9,212,Z215-16:3) a kyselinylinolenové (Z29,212,Z215-18:3).fRomnost ¢échto VNMK
ukazuje, Ze CpFad3 vykazujl5-regioselektivitu se substratovymi VNMK obsahujicinii2
dvojnou vazbu a Zze CpFad3 dokaze zatv&tminalni dvojnou vazbu.

S cerevisiae kmen exprimujici CpFad2 akumuloval jako majoritni VNMEiegpokladané
A12 nenasycené VNMK, jako je kyselina hexadekadiena@A(2-16:2) a linolova. Detekovali
jsme vSak také doprovodné&l5-VNMK: kyselinu hexadekatrienovou (Z9,Z212,Z215-16:3),
linolenovou a dale jsme identifikovali kyselinu ricinolejovou (kyselinu $@rbxy-9-

oktadecenovd) jako produkt CpFad2. Na zakladentifikovanych VNMK tedy vyplyva, Ze
| 13
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primarni typ regioselektivity pro CpFad2 y¢3 a sekundarni typ12, tedy Ze existujici dvojna

vazba slouzi jako referéni bod pro uteni polohy druhé dvojné vazby\ 2 je preferovana poloha

zavaané dvojné vazby.

Basidiomycota

Zygomycota

Ascomycota:
Saccharomycotina

Ascomycota:
Pezizomycotina

92

94

73 LenEdo A12
ool Cersub A12

b CopCin A12>A15
MucRou A12

100
55

MorAlp A12

87

90 1001

100 e AspP ar A12
— ASPNid A12

100
100

MorAlp A15>A12
77 CanPar A15 (CpFAD3)

100§ CanAlb A15

LipKon A12/A15

p— SACKIU A15

— KluLac A15

PicPas A15

e CanPar A12>A15 (CpFAD2)
— CanAlb A12

PicPas A12

SacKlu A12

KluLac A12

FusMon A12>A15
— ClaPur A15>A12
100k=m ClaPur A12>A15

100}

AspNid A15>A12
FusMon A15>A12
MagGri A15>A12

CaeEle A12>A15

2

100

—
0.

CaeEle A15

Obrazek 3: Genovy strom znazoiiujici sekvertni pribuznost houbovychAl12 and A15 desaturas.CpFAD2 a

CpFAD3 desaturasy identifikované v této praci jgeyrazrény tuné. Rodové a druhové jméno zdrojového organismu

je zkraceno a je nasledovano experimegtéiitenou desaturasovou regioselektivitou. U multitnikh desaturas je

preferovand specifita znazeéma prostednictvim ,>" pokud jsou tyto Udaje v literaidostupné (ndfklad A12>A15

ukazuje preferovanonl2 desaturasovou regioselektivit)12 a A1l5 desaturasy z hlisticBaenorhabditis elegans

(CaeEle) byly idany jako vijsi skupina.Cisla podél ¥tvi udavaji procentuéini podporu dané topolodieppuZiti

1000 bootstrap replikéit Méfitko udava poet aminokyselinovych substituci na jednu aminokysebu pozici.

Obrazek byl pejat 7%,
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Tyto vysledky dale ukazuji, Ze CpFad2 i CpFad3 dokaZzi produkovat spektrivikK \&N
hydroxylovanych MK, které nebylyitve identifikovany u pedpoklddanych ortholdgz jinych
pravych (puéicich) kvasinek (Ascomycota: Saccharomycotina) (Obr. 3). Tategek naznaije,
Ze detailni analyza minoritnich prodiktdesaturas dokadze odhalitadu nepopsanych

desaturasovych selektivit u desaturas, které jsou ¢lwrr&ovany jakoA12 aAl5 desaturasy.

Muj prispévek k praci

Izoloval jsem kodujici useky CpFAD2 a CpFAD3, klonoval je do kvasinkovéhcesmibo
vektoru a expresni vektory transformoval do kvasinkovychélkukultivoval jsem kvasinkové
kmeny heterologh exprimujici CpFAD2 a CpFAD3; izoloval jsem celkové Bme lipidy a
analyzoval obsah mastnych kyselin v poflobodpovidajicich  methylesigr 4,4-
dimethyloxazolinovych a trimethylsilylovych derivaprostednictvim GC/MS; analyzoval jsem

GC/MS data; napsal jsem pracovni verzi manuskriptu.
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Abstract

Insects account for more than one million of described speciesanitacological and
economic impact disproportional to their minute body size. Among thersaevhich have
contributed to their evolutionary success, insect secondary meé&tabauch as defensive
compounds and chemical signals are regarded to play a major rdeh@&sis aims at uncovering
the molecular mechanisms underlying evolution of ubiquitous insect segamé#abolites — sex
pheromones (SPs), i.e. chemical signals mediating mate findthghating between individuals of
the same species. The thesis focuses on a class of oxidoredenzyses, membrane fatty acid
desaturases (MFADs), which introduce double bonds into hydrocarbon chaatty adclyls and
thus produce precursors of unsaturated fatty acid-derived SPs. mHA&Dmwvalved in SP
biosynthesis in e.g. moths (Lepidoptera), flies (Diptera), cockesaemd termites (Blattodea),
wasps and bees (Hymenoptera) - some of the most species-rich anders. Since SPs are
principal to species reproductive isolation, uncovering the molecus& bhinsect SP biosynthesis
holds promises to contribute to answering fundamental questions imgckTe insect ecology and
evolution. The insect mFADs with diverse enzymatic specificiaés represent a naturally
available resource for study of enzyme function evolution.

This thesis explores mFADs in Hymenoptera (bumblebeBsmbus) and Lepidoptera
(tobacco hornworm moth Manduca sexta) as well as in non-insect organism (yeastandida
parapsilosis). We demonstrate that the ability to produce a wide range ofunatal fatty acids is
inherent to mMFADs across kingdoms (Publications | and IIl). We shaipheromone-biosynthetic
mFADs can synthesize novel unsaturated SP precursors as & aksulsingle amino acid
substitution, a mechanism which might have a high potential in gergeraivel SP components in
moths and represents thus a possible molecular mechanism of SRoav(uiblication I). Our
finding that the amino acid residue which contidissexta mFAD specificities resides in the kink
of the mFAD substrate binding channel provides novel insights intbanesm of mFAD substrate
specificity determination (Publication 1). By study of mFABem three bumblebee species we
show that post-transcriptional regulation of mFAD activity repneés an alternative possible
regulatory mechanism of pheromone composition in hymenopterans (Haoblitdt Together,
these findings expand our knowledge on determinants of mFADs eneyspecificities and
contribute to our understanding of the role which mFADs play in SRriiussis and evolution of

SP communication in moths and bees.
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Research aims

1 Research aims

* To explore the molecular basis of the moth sex pheromone evoligiedentification and
characterization of the tobacco hornworkha(iduca sexta) fatty acid desaturases involved

in biosynthesis of unusual triunsaturated sex pheromone components (Publication I).

* To elucidate the contribution of differential enzymatic seleatisiand expression patterns
of fatty acid desaturases to the species-specific compositié-alerived male marking
pheromones in three European bumblebee speBadb(s terrestris, B. lucorum, andB.

lapidarius) (Publication II).

* To identify fatty acid desaturases involved in biosynthesis of padyureted fatty acids in
the opportunistic pathogenic yeasandida parapsilosis and based on a comprehensive
analysis of the fatty acid desaturase products revise threntuclassification of yeast

desaturases (Publication III).
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2.1 Publication I: Evolution of moth sex pheromone composition by a
single amino acid substitution in a fatty acid dedarase

Background

Tobacco hornworm mothiManduca sexta) females attract males by releasing a sex pheromone (SP)
containing in addition to mono- and diunsaturated aldehydes, which aral tsfoucctural themes in
SPs of Bombycoidea mothsalso uncommon conjugated triunsaturated aldehydes. The production
of triunsaturated SP components represents an easily tracaablphenotype, thus making.

sexta a convenient yet unexploited model organism for unraveling the megisawis chemical
communication evolution via novel SP component recruitment. In our previoosgdt® decipher

the desaturation pathway leading to triunsaturated SP precursors 1IEHLE16:3 and
E10,E12,714-16:3 (3UFAS), we identified thsexD2 desaturase, which exhibits Z/E11-desaturase
and conjugase (1,4-dehydrogenase) activity and participates in isgepowvoduction of
monounsaturated SP precursors Z11-16:1 and E11-16:1 (1UFAs) and diundebirgiescursors
E10,E12-16:2 and E10,212-16:2 (2UBAYhe terminal desaturation step resulting in the third

conjugated double bond and the respective enzyme remained, however?2lusive

Summary

In the search for FAD genes involved in pheromone biosynthesis, iegmped RNA sequencing
of M. sexta female PGs, the site of pheromone biosyntfieas well as nonpheromone-producing
tissues (female fat body, female labial palps, and larval midyudé identified 14 desaturase
transcripts, of which 4 were abundant and enriched in the PG: Msexid@yiausly characterized
Z11-desaturase/conjugase involved in sequential biosynthesis of HAd8A2UFA pheromone
precursor§ and three FAD gene products, MsexD3, MsexD5 and MsexD6. We s@grése
candidate pheromone-biosynthetic FADsSatcharomyces cerevisiae and using GC/MS analysis
of transesterified lipidic yeast extracts we determinedctirgent of novel UFAs produced by the
heterologously expressed FADs. MsexD3 and MsexD5 biosynthesized\s3Wk E/Z14
desaturation from diunsaturated fatty acids (along with additionabr FA products) whereas
MsexD6 produced Z11-18:1, a tentative precursor of mihaexta SP component. The substrates
and products ofM. sexta SP-biosynthetic FADs determined in yeast expression system we
confirmedin vivo by application of metabolic probes in the form of FAs and FAKEgmaleM.
sexta PGs, particularly demonstrating the biosynthesis of 3UFAs frdf,BL2-16:2in vivo.
Sequentially highly similar yet functionally diverse MsexD3 and Msexere used in site-directed

mutagenesis experiments to uncover their specificity determsinémitial set of mutagenesis
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experiments highlighted the predicted fourth transmembrane laslixcritical for desaturase
specificity and subsequent mutagenesis of nonconserved aa residbestriansmembrane helix
demonstrated that swapping of a single amino acid residue AlaZZllintroduced E/Z14-
desaturase specificity to mutated MsexD2 (and reciprocallyishledl E/Z14-desaturase specificity
in mutated MsexD3). In protein structure models of MsexD2 and MsewDigh we generated
employing recently available structures of mammalian Z®§A as a template in homology
structure modeling, we showed that the residue Ala224/lle224 contribui@sration of a kink in
the substrate binding channel, which was hypothesized to be involvedpaditiening of the fatty
acyl substrate with respect to the di-iron active cénfdrese results demonstrated that a change as
small as a single amino acid substitution in a pheromone-biosynth&D might result in the
acquisition of novel desaturase specificity potentially leadiogrecruitment of novel SP
components (Fig. 1). Reconstruction of FAD gene phylogeny indidadéédvisexD3 was recruited
for biosynthesis of 3UFA SP components . sexta lineage via gene duplication and
neofunctionalization, whereas MsexD5 representing an alternativa-putfelucing FAD has been

acquired via activation of a presumably inactive ancestral MsexD5.
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Q) /’}E11-16:1 F—p E10,212-16:2
_/MsexD5 E10,E12,Z14-16:3
+

16:0%/\459)@3 Z11-16;1—— —)E£10,E12-16:2 MsexD3
, ~_E10,E12,E14-16:3

MsexD6
18:0—/ 9211181

Figure 1: Reconstructed biosynthetic pathway oManduca sexta UFA precursors of SP.M. sexta females(A)
biosynthesize sex pheromones in the pheromone dtaatized in the evertible abdominal {iB). We have identified
pheromone-biosynthetic FADs and reconstructed timeptete desaturation pathway leading to unsaturafedwhich
serve as precursors of minor and major pheromon®oaoents including E10,212-16:2 and E10,E12,2148 L¢hich
are essential for attractind. sexta males(C). By site-directed mutagenesis of MsexD2 and Msewdave identified
a single amino acid residue Ala224 and lle224, eesyely, localized to the predicted fourth transmbeane helix of
the FADs, which determines whether the desaturatidgnome will be E10,Z712-16:2 or E10,E12,214-16r8the cut-
through model of MsexD#D) and MsexD3E) generated by homology modeling using human Z9-BfthDcture as a
template, Ala224 and lle224, respectively, is laeal to the kink of the substrate binding chanma #s surface
exposed to the binding channel interior is highiéghin red. The channel is occupied by a hydrocadiwin of fatty

acyl substrate derived from the FAD structure used template for structure homology modeling. Aeagron?.

My contribution

| have analyzed the RNA-seq data and identified désaturase transcripts; isolated the coding
regions of MsexD6 and five variants of MsexD5 aihahed them into yeast expression vectors;
prepared part of the MsexD2 and MsexD3 mutantsiteydsrected mutagenesis and transformed

them along with MsexD5s and MsexD6 into yeast sf;atultivated the yeast strains expressing all

|8



Publications

FADs and their mutants; isolated and analyzed FAME products bM&Glpplied the isotopically
labeled metabolic probes . sexta PG and analyzed the resulting isotopically labeled FAs and
naturally occuring FAs iM. sexta PG by GC/MS; performed the phylogenetic analysis of moth

FADs; wrote the draft of the manuscript.

2.2 Publication I1: The role of desaturases in the biosynthesis of
marking pheromones in bumblebee males

Background

In the majority of bumblebee species (Hymenoptera: Apidienbus), the mate-finding and
mating is mediated by so-called marking pheromones (MPs) wdrehdeposited by males on
prominent objects to attract conspecific femaldtPs are produced by the cephalic part of the male
labial gland (LG) which fills large part of the male’s h&adnd contrasts thus with female
bumblebee LGS or male honey beeApis mellifera) LGs which do not accumulate cephalic LG
secretion’. MPs generally consist of terpenoids and fatty-acid-derivihatic compounds. The
presence of unsaturated fatty-acid-derived MP components of variouscidtghain lengths which
differ among bumblebee species led to hypothesis that these &reminlebees produced via
pheromone-biosynthetic FADs that exhibit species-specific subgirafierences, i.e. a pheromone
biosynthetic route analogous to that in m&th®ur laboratory initiated efforts to establish male
bumblebees as new model organisms for study of molecular bgshemmone biosynthesis by a
search for MP-biosynthetic FADs expressed in LG of threenommEuropean bumblebee species
which differ substantially in their MP composition. That ilsBombus terrestris, an established
greenhouse pollinator, which uses MP composed mainly of terpenoid compajnts,sister
speciesB. lucorum (both Bombus s.s.), which uses Z9-14:1-derived ethyl esters (ethyl tetradec-9-
enoate), andii) B. lapidarius, representative of further related subgeMetanobombus, which
uses predominantly Z9-16:1 and 16:0-derived alcohols (hexadecanol and hexambdc-8-single
putative FAD coding region termed BlucNPVE was identified amshed fromB. lucorum LG
cDNA. The functional characterization of BIuCNPVE in yeagiregsion system demonstrated, that
it codes for Z9-FAD which produces preferentially palmitic{#21) and oleic acid (Z9-18:1) in
the yeast expression system along with trace amounts of Z9Préduction of only trace amount
of Z9-14:1 in yeast expression system suggested that BlucNPMEssmably not responsible for
accumulation of Z9-14:1 which serves as a precursor of Z9-14:lestbry the majoB. lucorum
MP component. Instead, it was proposed to be involved in primary metaboli$ie pheromone-
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biosynthetic FADs and the contribution of their distinct specifigitie the species-specific MP

composition remained elusive.

Summary

By employing RNA sequencing @&. lucorum andB. terrestris male labial glands and fat bodies
(selected as a reference tissue), we identified five paraldgabslike genes. Two FAD paralogs
were substantially more expressed in LGs than FBs of both speciesling to the RNA-seq data -
BlucNPVE (identical to the FAD previously identified by Matouskev&l'®) and BlucSPVE irB.
lucorum, and BterNPVE and BterSPVE B terrestris. The differentially high abundance in LGs
was confirmed by gRT-PCR analysis. BlapNPVE and BlapSPVE codgigns were isolated from
B. lapidarius LG cDNA by PCR using combination of degenerated and specific @ridesigned
against conserved FAD regions. FADs from all three investiggiedies belonging to the NPVE
and SPVE groups (hamed according to the presence of four-aminogeaduse motif) shared
over 97% protein sequence identity within the groups and approximatelydedsy between the
groups. Functional characterization of FADs in yeast demonstreetiPVE FADs from the three
species were almost identical, all exhibiting Z9-desaturag@selectivity and highest conversion
rate (calculated as ratio of relative abundance of unsaturatedd~the total relative amounf
saturated and unsaturated FAs) with 18:0 (98%), followed by 16:0 (88%) and 14:0 (62% -
63% in BterNPVE and BlucNPVE, respectively; 47% in BlapNPVE). EPADs produced traces
of Z4-14:1 and E4-14:1 as sole products, naturally not present in the th® sfudied bumblebee
species and previously not detected in any other insect species. Tlaeiselidate that although the
desaturase substrate specificities of NPVE FADs does nohrfaccomposition of FA-derived
MPs, these FADs are the most probable candidate enzymes involbeambymthesis of Z9-MPs
since they are highly abundantly and specifically expresseG& Notably, BterNPVE was one of
the most abundant transcriptsBnterrestris LG which contrasts with the low abundance of Z9-MP
components irB. terrestris LG, indicating that the activity of BterNPVE is posttransaooipally
regulated. Together, the experiments indicate that FAD’s enkyrspécificities in the studied
species did not diverge in the course of evolution and that the sppem@BesMP composition is
not underlined by distinct FAD substrate specificities (Fig.i.2), a mechanism of pheromone
composition determination common to many moth species does not apply teebaeshlRather
MP composition is controlled in a species-specific mannei) Ippsttranscriptional regulation of
FADs andii) amount and availability of FAs of particular chain lengths whietves as FAD

substrates, oiii) substrate specificity of downstream MP-biosynthetic enzymels as fatty acyl
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reductases or fatty acyl ethyl ester biosynthetizymes which can transform UFAs to final MP
components.

In ongoing experiments we aim at isolating andratigrizing substrate specificities of
bumblebee fatty acyl reductases and at comprerermnalysis of fatty acid content in the
bumblebee LGs.

SPVE
Z/E4

(o] CH3
ORJ\/\/\/\/\/\/\CH3

Bombus lucorum &

Figure 2: Specificities of mFADs abundantly expresd in labial glands ofBombus terrestris, B. lucorum and B. lapidarius. (A)
In the investigated specig®) two mFAD orthologs, NPVE and SPVE, exhibiting 280aZ/E4 desaturase specificity and substrate
preference for 14:0-18:0 and 14:0, respectively,amundantly expressed. Adapted ftdm

My contribution

| have analyzed the RNA-seq data and identifiecethe=AD coding regions; validated LG-specific
expression of BIucNPVE and BlucSPVE by qRT-PCRnebb all FAD coding regions into yeast
expression vectors and transformed them into yeak$, performed all the yeast cultivation

experiments, lipid isolations and FA analyses; @itbe draft of the manuscript.

2.3 Publication [Il1l: Al2-fatty acid desaturase from Candida
parapsilosis is a multifunctional desaturase producing a rangeof
polyunsaturated and hydroxylated fatty acids

Background
Fungal FAD research is largely motivated by therdedor novel FADs that could be used in
metabolic engineering of microorganisms to produulgunsaturated fatty acids (PUFAs) and other

valuable unsaturated fatty acids on an industdalés*® Additionally, desaturation, as a part of
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fungal fatty acid metabolism, has been shown to play a crucial ioléhe growth and
morphogenesis of pathogenic yeast species in plants and humans. Thérafosehave been
suggested as potential targets for antifungal dftds Numerous fungalAl2-, A15- and
multifunctional membrane fatty acid desaturase genes (FADs)ved in biosynthesis of PUFAs
have been already isolated and functionally characterized emplpgast expression syst&m-

A range of desaturase regioselectivities dependent on therreéepoint used by FADs to position
the introduced double bond has been described. The main regioselectiveaneod&} the double
bond is introduced between specific carbon atoms counted from the caebmiyus AX) or (2)
methyl terminus ¢X) of the fatty acyl substrate, and (3) a subsequent double bondoduoéd a
specific number of carbon atoms (usually three) counted frompréiexisting double bond+3)*.
These FAD regioselectivities are not mutually exclusive, aneskigyodsuk et al. suggested
assigning FADs with primary and secondary modes to more gsecidescribe their
regioselectivity”. Detailed information on both major and minor FAD diagnostic substeates
products is principal for comprehensive description and cladsficaf these FADs. However,
only major PUFA products were analyzed for many of the fungdds-and studies which re-

examined PUFA-producing FAB%® indicates that minor products can be easily negléttéd

Summary
To comprehensively describe enzymatic specificities of PUAuyring FADs, we identified and
isolated gene homologs of fungal FADs from opportunistic pathogeaist@andida parapsilosis.
Expression of theC. parapsilosis FADs termed CpFAD2 and CpFAD3 in Saccharomyces
cerevisiae expression system and detailed analysis of novel minor and majqrdélicts via
GC/MS coupled with a range of FA-derivatization techniques edahls to identify
polyunsaturated and hydroxylated products which were previously notibgesdor Candida
albicans homologs of CpFAD2 and CpFADB3

Overexpression of CpFad3 8accharomyces cerevisiae strains supplemented with linoleic
acid (A9, A12-18:2) and hexadecadienoic ack®(A12-16:2) led to accumulation afl5-PUFAs,
i.e.,a-linolenic acid A9, A12,A15-18:3) and hexadecatrienoic acid with terminal double bafd (
A12, A15-16:3), respectively, which jointly indicate that CpFad3 exhihii®-regioselectivity
requiring a preexisting12-double bond and is capable of introducing a terminal double bond.

CpFad2-expressing yeast strains accumulated expeci@dPUFAs, i.e. linoleic and
hexadecadienoic acid9, A12-16:2), as the expected major PUFAs. However, accompanyg
PUFAs were also detected, nameHinolenic acid and hexadecatrienoic acA®(A12, A15-16:3)

and we identified ricinoleic acid (12-hydroxy-9-octadecenoic acgdjpm@ additional product of
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CpFad2. Based on the PUFA products detected weopedpthat the primary regioselective mode
of CpFad2 isv+3 and the secondary modeA42, in accordance with the FAD regioselectivity
classification proposed by Meesapyodsuk €t,dle. that the preexisting double bond serves as a
reference point for positioning of the newly intumeéd double bond and that th&2-position is the

preferred position of the double bond introduction.

73 LenEdo A12
Basidiomycota 190 ': CerSub A12

94 CopCin A12>A15
MucRou A12
Zygomycota 1004 MorAlp A12
55 MorAlp A15>A12
77— CanPar A15 (CpFAD3)
100 f ke CanAlb A15
87 LipKon A12/A15
p— SaCKIu A15
— KluLac A15
PicPas A15
CanPar A12>A15 (CpFAD2)
CanAlb A12
PicPas A12
SacKlu A12
o 100 KluLac A12
100 g ASpP ar A12
e ASPNid A12

Ascomycota: 100f FusMon A12>A15
Pezizomycotina 100 e ClaPur A15>A12

(filamentous yeast) 100k=m ClaPur A12>A15
AspNid A15>A12

_lso FusMon A15>A12

MagGri A15>A12

CaeEle A12>A15
100 CaeEle A15

92

Ascomycota:
Saccharomycotina
(budding yeast) 190

—
0.2

Figure 3: Neighbor-joining gene tree showing relatgness of fungalA12- and A15-FADs based on their protein
sequenceCpFAD2 and CpFAD3 identified and characterizedhis work are highlighted in bold. The source spsci
name is abbreviated and followed by experimen@ditermined desaturase regioselectivity. For muitfional FADs,
preferred regioselectivity is indicated by “>" Hvailable in the literature (e.g\12> A15 indicates preferentiall2-
desaturase regioselectivityd12-FAD andA15-FAD from the nematod€aenorhabditis elegans (CaeEle) were added
as an outgroup. Numbers along branches indicatéstrap percentage support from 1000 replicates. Sdade bar

shows number of amino acid changes per site. Addpier®,
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These results also demonstrate that both CpFad2 and CpFad3 are chpatdiiction of
multiple PUFAs or hydroxylated FA products which were previously detected as products of
the putative CpFAD2 and CpFAD3 orthologs from budding yeasts (Ascomycota:
Saccharomycotina) (Fig. 3). This work indicates that detailed sisaly minor FAD products has a
potential to uncover a range of otherwise undescribed enzymatatiages of A12-FADs and
A15-FADs.

My contribution

| have isolated the coding regions of CpFAD2 and CpFADS3; cloned CpFADZaFAD3
into yeast expression vectors and transformed themSnterevisiae yeast strains; cultivated the
yeast strains heterologously expressing CpFAD2 and CpFAD3taddlze total cellular lipids and
analyzed their fatty acid methyl ester-, 4,4-dimethyloxazgliaed trimethylsilyl-derivatives using
GC/MS; analyzed the GC/MS data; wrote the draft of the manuscript.
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