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INTRODUCTION

1 Introduction

1.1 Secondary metabolites and natural products

Secondary metabolites (SMs) are natur al products (
mai Mflownkac¢mnher i,and fphgmnt s. Usually, SMs are produce:(
and aressrenttdeae Ifoopment al or re'pnedeadi, oSMsr ptaysas j
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asultravyloieht (or the in%¥asion of pathogens.
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phar maceuti cao idhatuestrpumerous studies arreovdedvot e

biologically active compo,amdis bcah&rtieved.from plant s,
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Resources anti-cancer
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Products O=—p immunosuppressive

Microbial | O anti-lipidermic
Resources |

O_ ™ anti-fungal
@)

anti-bacterial
| -
Mineral

Resources ® }/

anti-viral

Figure 1. Natural product resources and pharmacological effects®

NPs are wusually produced through tédmrc cheSiMgheyniec act
clusit'Ehese enzymes cooperate towghdy f lueNPbsi osyghti bhe
catalyzing chemical t +aannds f otr enrad 0 D Mesc i fimiy cax rasaggsiea t h e
complexity of such reactions exceeds thd&?oscdmhe sof
reasofm,asdeRli drug design, along with c¢hgmesatrzuycrhautriad
di verhaivtety emerged as indispensable todlns aiddithenf.i
empl oying plantprnodudermrsobibebéewntahsdiagatraloe sofchemic

andol vienads well as eneamgykredoocedmatéednt o tiét'dl synth
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Due heirt vast array of complex structural featur e
functional mods &€ mc ay idelhme tviad | yiewwe wi th i mproved phar
such as | oinggeresé$f s,iode he fyth ec'tldlchtei vainttili ébsi iott h,rcofroyrc i n

i nstancemet hyl ated derivative ®&fcehgtbpomyspaor @r er
(formearrleypt omyces. le@yitthhaempci n dtarsa tbeede nt od eaomi bi t
stability againat hgaetgrieki ewdvdi laamldi | i t yod dramr itnhge
compo yfmidg R).'Anot her extahmep | €p hiitbphiosipmate receptor m
fingo.l iAfMomMgodémodedysrfirmen m producddabyathbtnfEdagllsi
myr i dil@aisrmmunosuperfdesibwd mal experiments have shown
toxiicmt wYlvtesnalfoigngol i mod, howehviegrh | yacpost etagx i &@nd [
i mmunosupdFieg@raartetductkrseci rcul ati on of | ymphocytes

system and is therefore used as a melutiophre@i’esh i ve

o] OH NH, i
\/\/\)J\/\/\/\/\/WCOOH é
myriocin OH OH
isolated from Isaria sinclairii
OH
OH
NH,

erythromycin 0] clarithromycin o) fingolimod

isolated from higher bioavailability lower toxicity
Saccharopolyspora erythraea

Figure 2. Examples for NPs and derivatives thereof with improved pharmaceutical properties

1.2 Ascomycota as producers of natural products

The f ungalhaksi ndgedroonm sta apreal it foibd @saccu ri‘cieau iR s .ar e f ound
al madeicol ogi sahdnachecoasnhiedeeednd | argest 2Klinegdom a
esti madlednuamber of f unmialll ispre,ciwist h sonlwo appr oxi ma
i sol ated andzet tTendtsatsauggests that a significant g
remai ns unWidtehnetn ffailneglk.i ngd om, stchoemyccleatsess ofepA esent s
amd most diverse grompcefTaei sedmr Afasdoole ami nd es &Ga ,e
which refedd kteo atsicte wdher e t he s e xpuradd sRpeodee s pleaxs €S
of Amyxcota also form asekuad 2&dger dichay.l tuhme AsS@ omycot a
further subdi vi deSd cichmyac @tthirneae, gTragputhprs:nomycot?’? na, ar

While the first two groups mainpegcicesnsitshie otf hiyred sd rs
includes filamentous fungi and acx’®enit 50 mypamoteivirea 9
coloniwiaede aariety of habitats over the past millio
environment ly @ormndiutcinan@®ds offorrvi val ,,apd ot emmiu.minc at i c
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The subpPreyli ammyant ibrea f urt her délivadeeas jamdodearnd 1 ¢ £a)
The Aspergill aceae,hiant@ahk® nomd e raio@umobdnyl i yavirees etriree d t
bl ue and gr eeansnoil tdist @ntdhe most prevalf edots pfofnlgaade .c |
Typical member sPeanriec,Aldlgiewg nd@mda r omyncas current revi
400 speci efss pfeorrqird@eauts c wlelrieumeported, which indicat

within th#s® genera.

1.2.1 The genus Penicillium

The g®€ewns$ ci lalmountghe mosti Wi ver me of number of speci
habi%®a®sni csplicuims ar ebuglbieqgwimi moapdoyi h, decaying o

substances uemlnadnta rwd died vadiThetr ¢ f adthefoe gladl. as common
causoef osgoi llmgpardercadlas, ,ainde pawhegt but al so meat
driedardfdudair yampe odwsdespti bl e Penicoiphofitbueda itoon tbhye
enor mowmber ofwishgewcitehse genus, the tCtAxomomerr e maif@as

t he di foneroefntiReaniioepecums, a atugrtodalctwas wheeloped
botmh ccand macromochlaolacgiec alstSiMs pf,afoeweltlakaes®®i nt o a
As a result of significant advancesPdmi csielghueme i ng
sequenepssidted in public databases, such as the Nat

(NCBl) datitaba®asing at .aNVedkdnnotw nn uroeupsr ersaetnet ati ves wi

arRenicilli,umestabd&mown for the preoddwidm.omr @oduedfhaer ta
anB. cameummbedtfior cheese e %Hening processes.
Peniccltbubsustisruam n2, PRVBIi ch was mainly wused in this th

Ant ar ctdea deedi’mMmemu st otsuai mi quiet ously occurring an
cause for spoilage of food and faeed, €8&lgng.adofi tderne
Pcrustiosuknowmpredocemous amounts-goteydapbrgseeAi sbéce
compared the sporwékahi dnPfebnei hcaamhfBosrp efregtit I A s and pr o
thBcrustwasgmnsi sttheentfliyr st t o. sMar ¢Pocw qurs,it wia & tmif @ n d

to proHachi ghest number acof abpormasgpeof cbémpgratur e

conidia

phialide/
metula

R

vesicle phialide

conidiophore .
aiop conidiophore

Penicillium Aspergillus

Figure 3. Schematic illustration of conidial heads from Penicillium and Aspergillus*®
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1.2.2 The genus Aspergillus

Anot heknowh | representative of the Aspenrgiilcloamegneae f ¢
mor pholfoegaitcwrsep er giplelcairees coni di ophores that terminat
coveredhmhwiitdes. The phialides are either directly a
cel | | ayer ¢ @l Iceodnh t Rnearsitid ialnddi uomt h er related gener a,
Asper giplelcises are for med esaidmunlgt atnoe badn iydeisaelmbHh eea dasa t te
canBi gBr*®Al t hough Abpeggimimk@s ns as maPRg¢nme,mbkkerissmas
not wadesprienkeper giplelcaues grow mainly on foods with
cakes,d, bthe @ ef?tlawe vlesper giplelchsese bHheeamd ol elmiag eer

temper ahdmeed mi | Th artehfeoyr ea,r e predomi napol Yy agesslponsr b
zonelsTypical repr eslsnpertdialmlisihglfAuatrdyezaaneh ni gehi ch

arwet i liinzneddu storyi afaeicmenamthenproducti onrespe@hievel pac
fact ottkhapebaginBeoscal i kmown pr oduncgeer so fofs tav ewd sdeer a lal
SM&highlights the i mportance to further investigate

1.3 Fungi as cause for diseases

To mankntéayvef been a curse and a blessing at the sa

cure diGreeascisos heprfewmg efngct i ons 45shicsa ncdd ndd iatsiiosn i s
caused by an ex€asdida ahdtédwemmalfs daci es, | eading to
in the skin and mucous.‘®mafmbranessoftathed bbgydres cor
Pneumocystiassjpici atedi, ipmiecubmomame i ndihwiadlt dantys been

assocwhatbhbda high mortality rate among those with we
i nf ewittemman i mmunode (Hil 3i’2ena d ¢ i vei xoaonapl bsep ersgi | | osi s, ¢

byt hienhal ati on of mol d As per espleffcd seiran odA f di imiir geanrt di s

Afl a%ms mmunodeficient paAsppeeartgiplolicesna lr &tsiudrt dfn pul
i nfl ammati on, aansd wieelclr oassi spote@it v al s dwhynscighe mmtaoy tntaeni f ¢
aseizures ‘*WNotstombdlkefungal ceflurs§dBrepoapabl bubf at s
di seasaes.ecdhked mpecet ooxmeg SMs that apecpmeldiied b
espechwlhoy tghraotwcopnps arddrf dadiasump’Of o®nti mes, t he
my cot oxi nsstarbed evearnyd even surNotvadXfanpd feepmyces ©ixm ag.s
deri vedAsfpreomgsipdcuisas | afdlead, ewhiimh produceAlf | bapand

Apar as,atnidc ags e regardmdstasponenbdfnatheddheexcaanrpcsien o g en
the nepbcbhraRipaioduckdchyaFEe gsd)te

Figure 4. Mycotoxins produced by Aspergillus species
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1.4 Fungi as producers of bioactive compounds

Al t hdwohgit yprieal | yasr epqpdrhdbege ns ofimad d c & pwe\$ edrgesl,g a |
stmnshiavel contri buted to the treadmeént hdwefredmesdiradaledc
beneficial effectBieomi samaer W@ & F oHm e ic dérilullblielnys

Al exanderi nFlle®a2ft8kgd t he beginning offha icopoi hamaoaes of
as a source of bi oact? Tar oaghoat tsgudosmnenagtheesr @ f
resear ch grdoeudpisc ah ®@vde t hehe iefliéoatisont ood$t rnaeiw sf uanngda

met abol whéeésh are then scre*ned for their bioacti vi

- -

lovastatin simvastatin pravastatin

Figure 5. Examples for fungal secondary metabolites or derivatives thereof with antibiotic (A),
antifungal (B), or cardiovascular effects (C)

In addition ttchepeHdiemiglaleidn aG,t i oni d aathe pahl a | a0Gsegpnotr s n

antibiotic Acsrodnaotneidu nf rconnf yosiagpembuan o 99°gri smof @winvi n
antifungal f&geéemtnidedilvead®’gntdbeofaoteicththmgaBawhdicrh

wabsnitisallay Asipér giml | (Fs gnB)Pdeld vaenvser , t he scope of bio
exhibited bfyaf ueaxyaé¢e SMati te eidaf i@ ea ndtiiscovery of | ova
|l ate 1970fserimentbd Apetlgi of tonserteusadi lae sftuornteh eir n
phar maceut i cTahle rneescehaarncihs.mo v & s @ atviomw ncear pt éhtieinthii vbd t i on
oft hehyddr oxymet-bgbkgkumar-@bo A HMGe dwicitals epl| agls ilamlpe v ot
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cholesterol 8 hesycrmtodl emites.i miga pdibdelgga me a bl ockbuster
ented the marlknetl aitrerl Y8&7.rs, derivatives of | ovast a
and atorWwiag®bradeirre (devel oged,sit idysaintgenbiyf i cant advancem

phar macatlroegait ment of hyperfehol esterol emi a.

H 0O
(@) (0]
N
"//N ) l'///,,'
a7 N
H T |§|
ergotamine dihydroergotamine
0O
N H Nb/ A g % A\
o / H S NH N

/ H MR _NH

ergometrine

Figure 6. Examples of ergot alkaloids and derivatives thereof

Anot her major group of fungal NRshergat aékade oa st pe

byCl avispecsi es. I n the Middle Ages Cl izxregesistt p wbreedadf gr
to a disef@asient afbhtd@idonneywhi ch ergot al kaloids caused
resulting in hallucinations and feelings of i nt en:
necrosis in h@ahdsramddéeef. action is based on the
(Fi gy ewhich is structurally related to endogenous

serotonin, 5600 ndsoepgauneientep pt al kal oi ds exhi bit affinit

neurotransmitters, r es uwlhtairmoa cion oagficraol @ delf sf peeccttsd o % e o |

al kal oi ds-damidv ed godtewr gsf oc &@&n bteh applied for a wide r
exampl e, earngdo tdai nhiynder cheardymdé ma mi meed t o treat .Oehere mi
er gloeri ved drugs include bromocriptine and cabergol
of ogprreossi ve br aiimc | diPdaiionkgdse sdinsease, or ergometrine,
excessive bleedi®*hg after childbirth.

1.5 Biosynthetic genes, gene clusters, and enzymes

Bi oactive compounds produced by fungi canimel didvind:
pol yket irde&w,s omath peptides,amad kat,eippbdemdis ngr penn dihdes r
structure. The structural diver swihtiwadital dwee ttd edif fofra
of a chemi.cahseasgmddioflidcati ons abg vhenousttadlboeddn:¢
The enzymes of &aigi pan hiwagsamtehencogdgpdecbydygened 1t h

close proximitgalaned flmirons gt et i ¢* gene clusters (B
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1.5.1 Polyketide synthases
Polyketides are generally f or,mevihibyh podry kled i adlea ssginft

typ@dbhi ypet | PKSs are lazgememuelomiydpemaidn PKSs consi st
i ndiai enzymes thapeefadticctsieovei m t he pb3nkee hoitcheerbi o
hand, type |11 PKSs are ,whmphecbamadinmentdy T@r st @ig
date, type | PKSs® vrad maitn atmbengmd.£LH apmens eluyg, fuomgfi ung
and only a smal/l number of fung®lntlypet drila,PK&8Isl hta

have been THeperlichbdeidSise further subdivided into iter
Modul ar PKSs contain mulodiupwehsi,c hl iancetardwn i rrte g fée danre
assembly IIni meoduivhr ciPK&s e mai nly efacthn dnoidrul b a ctoenmir
di ffeaeantdpmacns that are only used onflen i cmontthrea spto,
iterative PHKSondgnoinet momdongkeke demavbBsbédar spenataedl vy
cyclic 5flasahiioonre PKSs are maidnlay ef d nvad | ive dfi usmgoitf h@&n &
diverse bioaofiovashNRs, neom.ut biereFI{Gtoea roaxtiinve ctaynpe | F
be& urther icntaos sndoinc € d g, p aratnida lhliyg hrleyd ureeidugecri chign ¢ KtSes t
domain architectur e, in particulllare ariee mpir®esencec i
of a nonredompngsBKSan acyl transfserl asda i (0AT )o fd ocnoaei nn
(CoA¥sociatedclsi | dinng@aclylocarrier protein (ACP) do
polyketide intermediate, and a ketolBegnethesnegat K®)n
react?Partially reducing and highly reducing PKSs
including ketoreduct asaend/KRr) ,e mdaeyly drir ead wdAeaddedd HO)EiRnN g d
characteristic ofs nprneeseedrucce nogf PKiSs mastf er asei { SAT Yy |
which is responsibleihoti ahebslehéigegebEbdkadet Nl
preferred hsovaervteerr, utnhietr;e are almabd oc@ykeppor8y foaport s
hexaxXloAs star.t’¢emMhenpobyketide biosynt lodshies sitsaritreirt
unit to the PKS. During each el ongation cycle, the
mal oc@yA or metpyAmatonyheh®A@8P damander unit is then
thewgng pol yketdiedar bhhaCyraawieane condensati on catalyze

Subsequently, the polyketide chain can be further |
or ER domains, and is finally reail/®d3%éd% i bywsthailabr
enzymes, i ncludi ngamidetdhyy geagmasdxe,r aca&rs modi fy the m

upon rel easeeastihnegr etbhye isntcrruct ur al 8di¥ersity of poly

1.5.2 Nonribosomal peptide synthetases

| mnfgbnr hbosomal peptides are mainly formeds)by nontr
which can incorporat eagdriofwpenmme ntdes cthat mat é pcif mttld pg
acidisydr oxyamikkieddso acids. The mini mal NRPS modul e c
condensati pegtaiCde er prottdiml @PCBN3HiTr)stdomahen.subst
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selected and activat ealdeéryostihree At Awiloptadishpehuastien gle act i
substradedi sntoe the PCP/ T domain and transported t
catalyzes an amide or ester bond formation between
Lastl vy, the final pepti de caledaiurct as e,r ecDyeceal saksuea, nory e
thioester @%airddmai modi fications during or after th
be catalyzed by additional Ndnemaiyd sa,t i omngh oas®oepidmdri

1.5.3 Polyketide synthase-nonribosomal peptide hybrid enzymes

In addotB@€6®hly one typenmay,mbaeckbane al so biosynth

in whAK8® and weRRSS n a coll aborative -mmnmeraciodglewnler
mol ecules with striking structur al features. Many
contai ni-\MRgP SP KOS -PKREP Shy br i d enzymes, e. g. peni phen

equi SBfTihrebemodhuyhbarri d sys&wimpri se two gene sections
either a PKS or an NRP S enpoadrualtee,d rbeys ga& €l%iinvkeelry s equen

upstream downstream downstream
PKS module NRPS module NRPS module
KS: ketosynthase

KS | AT ACP © A 'PCP —— | C A PCP AT:  acyltransferase
ACP: acyl carrier protein

éH é é é C:  condensation
A:  adenylation
RUNQ:O RZQ:O PCP: peptide carrier protein
R NH
2 0~

R1

Figure 7. Schematic illustration of amide bond formation catalyzed by a PKS-NRPS hybrid
enzyme.5” Depicted are the minimal domain architectures of a PKS and NRPS module, respectively.

To date, a consiPdKeXRBS$ eh ynhumibahrapvaetff hbweaeyns i dent i fi ed i
furfglin these hybri d has sugpmnshtireg &lkiBnveaso,dul e i s connect
downstream NRPSan mp#dmlidai|l By°°Ad nkment i esepedl .ofm 1t he

bi osynatheshe pol ykethi dé eb PKiSh anodiullirkaded gbpyf a st ar
whi ch i s c¢onndeelnes@eydh wixtrtsn Gvliaai sen coadéedn satbisemuent |
modi fied, e. g. byA rcdhduatcitwee idamai NRESuhgbof df enggh
is the absence of aiftihnitih@glminy | PERUud@dgdioonsegqbhent | vy,
maj orityl omMNKRPSNnhybrid pat hwayasctdiep@ nEBRed nwdan d¢emnacnosd e d
within theflsmmeh@&GERPS modul e, the A domaiowr aact i va
derivati,yvewhihtadhdemwdde d dErCtRbomali€nhseucceastaembly of ¢t
pol ykamdmieno naceirdnesichiaa tnéey i es opnr oprectneiinnt eracti ons
PKS and NRPS’/Imodulresi.cul ar, the selecddwastWRPS t he
moduwaes demontsot khaetced t i tat pPprecdwect afsorimatcibamhyfzes t
andondensat iman uofe tolmé yketi de chain (Fiog@fe Thetivat
resubmidg reveaseddoncor Dieckmann cycliaamiinonackidnse
(der i vhaytbimied) e ccuaane be further modi fied by structure

enzymes, i nedlewdeinndge nftl anoinnmoxygenases or cy&®ochr ome
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1.5.4 Cytochrome P450 enzymes

Cytochromi RS @ d(uRcdtbalssq)s esent oneenozfysnelpe rif amg e s tes e
are distributed innclaudi nkg nhgudnmammss ,o fa, al hi diiaeb, a %% iprt et s ,

t he pfubrisifPtlb®dd sequencg’das tionb &IM,8@®D0 sequences have bee
public dautahamdsP¥P450s mpleasys @ard tem @mme rmiusssynt het.i c pat |
Theayre involved in the functionalization of unact.i
which give nmnixygetnatdiomerpsad t erns. These reactions i
hydr oxyloaxtiidoant,i oenp, het ecrooucpylaihnigc@b oond, chedgage ofter
performademat kab-lamdr esgieod e d%5 P45 dtsi vairtey .named after

Soret maxi mum at mampprwowki mhtéebye#abObited ibnoutnhde car

complex of the °feduced enzyme.

I n general, mi crobi al P450 systemsesr,equhiircehn addediitviec
el ectrons derived from NAD(P)H t o8thhee nrag aocrtiitvye ocfe rbt
oxi dor edumptl @xe sc anaxnd If etslt ec,a siptorneeent csoynsptreimgsien g° 4 50

enzyme, f,andeda@®BiAai ning ferredoxin reduacasasé¢!] yFun
possess mbmbndoemponent systems, consistihBMBbf t he
containing flavoprotein, also called <cyt otcvha ome |

el ectrons toobhheeheeam@2.df the P450.

FMNHzX FAD X NADPH
FMN FADH, NADP*

Membrane

Figure 8. Fungal cytochrome P450 catalytic cycle during substrate (R-H) hydroxylation.1%0
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The active site of RAMMS chonsi it anafr lay lkkeome di nat ed
of a porphyrinsteigmedr afnidd wa@EicgsB)’axiPfalt he gaeslti ng s
water molaec dlokuynids t o -itrhen hame forms a -Bpkacocomgi eat
Theiiti aheoR4860D ¢t atsdalawitisbbitmekilasg bosft r-td)t e { Re acti ve
|l eading to detachment of the wptiar sltiagda&ndfap'hhef drem
complt%xTi s irveeaactompl ex i sf @rhreu g')idruadrne i iisef er of one
fromCPRe Binding of di oxyhed@@t marer mevéhd cthé o as a go
el ectron acceptor, takes up another el ec tfreornr ifcr om
( P& O) compiSeuxb.sequent | y,gemreotad refsy d romfpeerr Bikdd O

intermedi ate, tCr(mM2pgdd Comipeoliqrales anot her protonati or
by dehydr attilben key yii retbedrpmoaichida@¥Ed°Thi s hi ghby-oreact.
ferr {400 Feati onic intermediate abstracts foonremsh yadr o ¢
hydr-baor YYOHCBenp Iteex ,ntceodmpol hd (IC@dnmd a substrTatd nradic
typical hydroxylation reaction, the substtate f adimc
the hydroxyl atOH}AFipmaldlux,t t(lRe product is released
mol ecul e, restoring the®P450 in its resting state.

1.6 Elucidation of biosynthetic pathways

Asprevious,| ybisd ad teilWesh afvien gadnt ri buted significant]l:
devel opmenmel obe umist.e themeatadvanoember of di seases
incl Adizthgd mberase, mul tdmdeer tsxilrertosgest'df addintieon,

emergence ofesgnustanmtrugat hogens represents another
professdi®onmsesquent| vy, there is an ongoing need for
optioms ven the crucial role that NPs have played i
that thecadeonhi of new bioactive compounds from na
aspect of dRegeditsaadwamy.es iinn g eannodneb isbkeagméeonrerad teidc s
thathe majBGCS ytfhaef pr od 8Mtaireem aokscri ptuodelk!| y adbkranb
condit'fTbhsdt éebat there is steseotPkbkhagecamt bepadce

through the activation off3-tth¢ese biosynthetic pathw

1.6.1 One strain many compounds approach

A common strategy for the activation of (®5MAEG) BGC
approach by systematic var t@aNuinoenr oafs tshe ddé welst thraer ec c
great i mpearcitng fmiadr obi al growth conditions,| isguhcth as
exposphva,,ae tempfeormrtuhe piSoMdiic'Theseoffresults demons
hi gh f lodnxiicbrioloirtgyaond edods e xt er nal stimubi. eByi mommehkt

chang@esni crobi al strain can be triggered to respond
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ofdi vebrisobesynt heltUkt igmatesly, this strategy can | ead t
bi osynthetic pathways and 't%1?Aheaddi sconetty ohenatw

alterathengrowth conditiwvadst loenthewmitcddar oor gani sms i s ¢
asan extehsitthe OSMAC?Faprprtolaich Fufnmpmedgalnbakcteronml

bactbaicalkeivdlt ures can be applied to mimic natur al
scall’l8he aim of generating competition between diff
survi val pressure and thereby triggeA néeaeenmiiowwynt
demonstravetdhehandbof 2022, a total of 109 -new S Ms
fungadulaar els?sAat bnpagh the O8KBMAC pstovamnmegy be effec
identiféecppiipaoc®8Msain | imitati ofFdrmesxampacag&s oiwd et
culture bawmdi beend sidaw®ei mol tsamuepawr gul ati onnesofanmul t i
theraefecrud t s i mtglomls 8 Mpnradtfthielrlrei s presents a chall eng
clear | i n\kP sbred wtelteeni r bi o's%fat hehis oeremagibn, the OSMA

frequenmdiyned wi trhi ngee nsotnréé thégi es .

1.6.2 Genome mining

I n the hifpastcovery NPswhsomost veg @aulht iewatdi dryi £Mfs mi T r o c
the | aboratory, fgouildoewde df rbayc thiiudndeaxtrdieovat étthigod. wtehvee r , t hi s
met hod was meeasymi ng addt tigstoelnatlieon of compounds t |
knowtSicne the beginni sgr aof tthe gtemamégi esNPoavehe di
drasticalli’Reclrdwngades in genome sequencing technol
the number of a vifariolma bd reavriggben oonfeass gp e al Eswed genome

approaBycosnbi neolgnol ogi es from microdbnaol biggi ntbemat
genome nhans ntgecome a flogy teter aetxegpdyw i t ati on of genomi
neWPs amd utcdt chaeti @ thkeitd scy mp @t ly@m gks 2

In a firseqesegeadmbei s scanned for specific signat:
prediction tb8MASBMWIdh hasdearetr mi ne core biosynthetic
a B@Ghd allows athesMbbédasyhdeamrdacf ungi aldtFmact er i
Peizzomycoti na, amlayosiensf orrenvaetailce d n haev gorfeefseeBi@®s oifn at he
genomic sequenceXxtwemuiéavdey mti metwtidit ép o theenitrit3alan e me s .

a promising BGC is identified, theegnpheoyktagmehcens

simil ar ittoyolsse asrucchh as the Basic LocalPPAbvgdmdnbySet
Nati onal Center for BiottechBptdbgpdl hot mati dbi 6BCBI

I't should be notedi,n hstiwevcesa ,arteh atn | tyh essug rt padhs ees faorrd p
therefore require experi memptraldi ceeerdfigeatei aam.da TBoG Cc o
range of mol ecul ar bi ol ogy techniques can be er
modi fications of transcriptiomefaetens omndomnmgl dilea

expressiThhese strategies widdt beGd.A6r.t5Sher di scussed
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B C
extraction of genome sequence
genomic AAVAVE sequencing, analysis and
DNA from NN analysis and cluster
target fungi assembly prediction
D E , F
: genetic =
2ndFind sequence = mpmy modification of )‘L i \ cultivation
4 similarity target fungi or JARY. . for compound
search T e heterologous {  %——  production
host
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A g detection . . elucidation
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Figure 9. Genome mining-based NP discovery in fungi. First, genomic deoxyribonucleic acid (JDNA)
is isolated from the target fungus (A) and subjected to genome sequencing and assembly (B).
Subsequently, computational sequence analysis strategies, including cluster prediction (C) and
sequence similarity search (D), are applied to discover and identify putative BGCs. Once a promising
gene or gene cluster is discovered, genetic modifications of the native producer or expression in a
heterologous host (E) are used for the (in)activation or overexpression of the given biosynthetic
pathway. The cultivation of the mutants (F) under different culture conditions can result in the
detection of new secondary metabolites (G). Using large-scale fermentation and extraction, the
secondary metabolites of interest can be isolated (H) and subjected to structure elucidation via liquid
chromatography-mass spectrometry (LC-MS) and nuclear magnetic resonance (NMR) analyses (I).

1.6.3 Gene deletion

A pr onaipspirndgaocrh el uci dating biosynthetic pathways of
in the native producer. By ksionc kviinggo acnwgte ss ii mg Iteh eg eSnl
and accumul ation of pat hwayogiemtee f mencdit a toimfs)ye @atmite el p
order in a given PYWHosve rseuncect & gce fipaalt khnnwoacyk out exper i me
the targeted BGC to be expr egsesneed denl etthheo nn asiil Ve nport
changes i motdhuecltBMdaddi ti on, establishing feasible

nat,i veenet i calsltyr aiimt rcaacnt abbel ec h atlilneeesg iy Acgoinaseudiiinsg .o f t e

16



INTRODUCTION

1.6.4 Promoter exchange, modifications of transcription factors and global regulators

Stratfegi eshe activatiimnt lod mdtliemd BrGCkdsucer include
modi fications of trabatr i p(Fiitmalt)ieeSsttuodrise sa nhda vgel s ho wr
thexpression of eukaryotic genes ibsetweegnl gptreodnobh ¢ 1
ri bonucl BRNAp calcyinde,rdansde st r anscr t9Rri omo tfearcst oarse defi ne
deoxyri bonubNMiequaniceés (| ocated next to the transc

function as medi atodr st rfacmmrsctaps bamdh®amdntd artiept i on

expression“®%fl*ceernteas.n ,inmgti ¥ecepsr omat em ad eagl uoantee f or
activati t peamdasst he pr esmgarctei coufl ar , yet oftenti mes
requ.t‘Ptadweyeml acing genekbetuenrdoelrogotursonpgr omot er s i n:e
promoters can induce the expression of formerly
bi osynt het ittt H@wohgaysany ddhderestsiptruotmovtee r A .mif d utlhaen s

glyceraBpkebypdkat e degydrgopgdeinsasene of t he most fre
promoft@®em sshewehl genei Bkpament @abl)bkitAlgi

Table 1. Examples for fungal promoters

promoter  origin reference
gpdA A. nidulans glyceraldehyde-3-phosphate dehydrogenase 148
alcA A. nidulans alcohol dehydrogenase | 152
oliC A. nidulans mitochondrial ATP synthase subunit 153
glaA A. niger glucoamylase 154
adhA A. niger aldehyde dehydrogenase 155
pacA A. niger phosphate-repressible acid phosphatase 156
amyB A. oryzae TAKA-amylase A 157
tefl A. oryzae translationi elongation factor la 158
exIA A. awamori 1,4-b-endoxylanase A 159

Ot h&pproacheas i ve gehacéxpdeesbeomodi-fpeaitfiiomn tofamad
factTorrasnscription factors are proteins which modul
DNA sequyémcé sipdrionngo.t®@r'‘8ence, mani pul ation of genes
transcriptiomodoilhat er gecanex pirre stsh e na atnidv ateisaid tof f
met abolic genes @kdogemebcloaset hMpr opaicttiegem | ased

by global, riegaladdngnd i tt8Alotrhtcdhwdhhgsdet ail ed mechan

unclear, it is specubélpread uahtadt ootthhee rr ebgiuo | aotgiidcrad @ fb r o
on histone methyl ati on, |l eadi ng tamdmdadiidfeiccta tnigo nlsar
genomic re¢fQoonnssequently, deletilomeedAd overexphetsigen
in major changes not only in secondary metabol i sm,

mor phol ogi ¢cad rfemdarutneadner od%2’dewver ¢ b etl rersepep r dlalc hes
require the native producer to be susceptible for

editing tfeahnihgewssns tbreaiilolmiso as mk.n@.idned i n
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1.6.5 Heterologous expression

Tovercome the | imitations o¢hegeame faive openwichp alpaptrioarc h
the expression of singlgengé¢iyewé dithiestod ri oleo PR rhems ta
100For this purpose, many mi cr objaanld sftirlaainmesh,f giansc |fuudn

been geneticallybéeongiynefaebédtsé ool mrpedsétgemegener al |,
these hosts-eptabl dehwdl mol @cnwllaird i tnggohareisdewnd so¢ onst it
and inducible promoters available fldf UY1Ah ea dax gri &g
heterologous hosts arescwuswradltligattvepedmifoed |tad genc
producti®hA yields.

One Strain Many £ ™ Replacement or
Compounds insertion of
(OSMAC) T

y
£

prom oters
ol =)o)

& A_'f o C“
Modification ‘ )

&
of transcription “‘ﬁ*

factors (TF) and
global regulators (GR)

Heterologous
expression
in host organism

Figure 10. Strategies for the activation of silent biosynthetic gene clusters.

Within the i olkarmyngt Eesncghienreiecfthecda)l icsotlriai ns represent
mo st p ochpeutlearro| o0 gouss yesxtpernesstssi onapi d ,grolwd dap kd wnlettii ca
condi,andnsi de range of genet i c Encaaothiépaurllag li gochr iwvoer s
compared to other 'hel’@r al cEgcooiisin hcoosntsss.der ed as one
t hargdhly characterized Baldweavvearl, stpheecriee sarteo Idiamiet.at
Ecoé&as$ a fharstti,cul arly i n atregeek 2 xypo 1,is cwdghe niesfd mai nod y

di screpiambeedon usagetramd!| aostonast’?MBidrtfh erado roe,

producti onNPF sompl as polyketides and nonridssomal
met abolic precursorst’%@emmon oalbtee rpnractviivdeesdsty st eme k a |
yeasts, Ssawccchhaa®o mycesS.ceagernd\shiadetaiea ,p avshaioceh asy t o

culteamdtealted foretmegeaticahe fn additipomivigleast s

high expresasnidons utpiptoedbk dpirnogt eamdarigoati onal processi
fil ament©dsNefvuenrgtih.el ess, ther,suaheaal sbedhakbenivgey
fungal introns and the | ow raevgauiil radbde |fbotry s yerotnipe seim® no f
SMd83To circumvent the <chall enges epxosreedsssybsgtnemact er
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heterologous expressifomngi nA.ndiududcadastro ziae becoming
increasingly important for the expredSiomeofcl geres
rel ated species share simil ars uwcohd oars @smaidreoi olnalmaordi @
optimi,aaes oanlotyequired for succed¥ffiNlevegehbekapsessi
chall enges remaiSMpaskghoasnsdasltnp glitd emayphimdese ndogenous

compounaos lebwrgening efficiencies in the host orga

1.6.6 Gene targeting

Low gene targeting efficiencies represent a Ccomme
mol ecul ar biology studies in filamentous fungi. Ger
0DNA dowuthri@nd breaks (DSBs) The eukmaolymd o s omr gacmmisimms
system requires homol ogous regfioornsr eopnailrgt hwhemaesa s
homol ogous end joining (NHEJ) pathwayrf aosemsid®bggpken
With some exchPpeaeponesgi smoaset f umrge NdEdodu btgos r HR, whi ¢
i mpedes genetic mani pul ati on -dsrtirvaetnegD8l#& 8%°a &% dr aotni

Therefore, most strategies to i mpsaWNHEge me ptadrrg etvier

I n eukaNHBbl} ematabrweay snl y nteyd iicamteedo fi lhaey DNAI Vi XREE4
compl ex DaBNnvMdepbeadent prodrmreprmni c&kammalsget i(ONRAKobanpndhe

KOO &o8 ubunits, which forlMla athbtled Kked & p mogl me r

bi sitdo hkSB Thei Ker t hstnher ebckrBusihte rfecbrymi ng a st abl e ¢ omj
keeps the broken DNA '@t &Y bisre gubleNA dpyplr ome ma ke D NaANn d

|l igase | VYOXNRCERearei t esdi tteo otf h @hhé&N AD SIBil g/aaies ATP
dependent DNA |l igasientaeidweictsh o RTC@ised e broken DN
| i gatthwsn,compl et i ng °hé°BWPEJe Ipeattihmga ygreores| akpue7iomfg f o
Ku80 or thel \DNANHEJg apsaet hway s tahree odvi emr anlp lss ihbeSdBneaanlda ni s
arehi fted tdwartdesr mdR.0f genetic mani pmpaodigesme i nac

t aetgifrgequeamncdi eseduces undesired ect!dpt*® DNA integr a

1.6.7 CRISPR-Cas9 mediated gene editing

Ot her strategies for preciselgeneetriecd mangiug walrd tyi o mst
palindromic repeaotsci dt@Rdi IMRIA DNA endonucl ea's?e (Cas'
This technique uses a gpiedéf RBMNAl (gRNAyetb sB8héeCas
defined DNA target. TheRNARNAC mRkhpRpaicstd sv aCGRIRRIRECRI SPR
(tracr RNA) .c oTnhtea i cmsRdNHAe p @ Gtp@ cer segmephemen thar Y NtAo

tar,gewhich isafdhomktedpbgtospacer (Fadiyh)e’ihe momo $ ¢ (|
commonl y PAMI kie gefédonrc eCRJIaSSPOR me d i aetdel dairgeegnteh os e consi st
NGG@Gnot,i fwheNMoeepr eapptaealtdse foll owed by two guani nes
i secogni zed by the Cas9 endonucl ease, which will o
i fhRAM is pUhle®PRettracr RNA on the other hand is rec
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binding of Cas’9Uponthec cdmRiNtAiaongeaf DINA maiscd dk odn dteh
spacer sequen€as9t bempR&A proceegdpeciof iicntouwtdsu cien sti
DNAt, h erfedeyi higttasequent gene editing evasesi®efth as

tracrRNA

L gRNA

WNTINTINTINTYNTY

genomic DNA

| N\
% Cas9

Figure 11. Schematic illustration of the CRISPR-Cas9 system?%¢

Al t hough t her e ar e numer ous esCabhesdhad edpr gteanca l
mani pultehtei oinmpl ement ati on ofmotdleils ftueghn elreegye nitrs @O
chal |l Emegueesc essf ul appl i caCtaso9n setfrcaeipeegn @RI SARt he expr
both the Cas9 gene and t he g®patnh ewhtiyopkeepdrno fitoutren si.s
For the extphkasedn daonwd|l seas®ng const i tswicihhhasmpmudhmntse r s
tr pG@ omodree ,-avetldbéd and fre’dentcloynthusasdc,e s af wli vo
expr essihen gRINA represents andigefglécawnal waril dwsh gt
promot epartwhhehathyeg -CARI9SPtRechni que s firfsungeadt abl
str2Pf° the various promotersitnmha@tRNdare xlpe esmp lomny é a
those most us edneolbhye t RINAA,5S r RNA2§r2dmdtler s

1.6.8 Selection markers, split marker, and marker recycling strategies

Wi t h t he e X cveeqlta rokfierr eo e A SPR geediiet i ng techniqgues,
mani pul atifamgireqgsthkl ysel e@dt i onRr!IAnhaerrkeefroersepeci al |y v
regarauxtoat rophi thenar ket 6al step in the devel opment
generaftiaonxotrophs. I n gener alhu at hos aafp dedtedd onvo
are respomsitthlee synthesi s o0As eseslesmdtiiadn cronampledrhad sc on
type copy of the defective gene, they can be used |
the genome ofghitcd eh adtodtfroai ns.

One of tommmoky w©sed fungal t§bhAel eni gmnhr@hpryd eGn s,
coding foribthneerecophosphate decde bobivbayret hesitdreof wur
ur i dfingedn2e!®> Alkey benefitpyrfmGuikili #iomg gtelmestiitcs mani
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capacity to facilitate convenient WhairkerdEfecyehtn
strains are auxotr ophhaddiotri-fwlruaaHi o &racht @ Ach rawvediidh e()5e a d
t he f or mat i-folnu oorfo btéooxdponsep h at ef lamar cbur aci | in strain

pyrg@&nEi gure®® Ot'her commonl y us enarfkuenrgahafremitgheet U 8 n
ri b@Bri)heme, coding for the GTP cyclohydrol ase |1
Afumi gmaytru@A pyygpeAe involved in the!formation of pyr

(0] (0]
HN | HN |
9 07 N o) orotidine 5'- (I? 07 N
.O_llj_o 5 n;onopt:\osplhate .o_llg_o
o o ecar oia‘se o o
H* CO,
OH OH OH OH
orotidine 5'-monophosphate uridine 5'-monophosphate

B addition of 5-fluoroorotic acid (5-FOA)
O (0]

F F

HN | HN)‘j/
0 O)\N O orotidine 5'- 0 O)\N

'O—I%—O 3 n&onop;mosplhate 'O—I%—O
o o ecar oia‘se o o
H* CO,

OH OH OH OH
5-fluoroorotidine 5-fluorouridine
5'-monophosphate 5'-monophosphate

Figure 12. Schematic illustration of reactions catalyzed by the orotidine-5'-monophosphate
decarboxylase: biosynthesis of pyrimidine nucleotides (A) and conversion of 5-fluoroorotic acid (B)

I n comptacdrswelnnt i onsalt tsatr adteigliieze the entire selecti
t he m®mplt kaepproiamcmh1996 represented a significant ad
mani putldthiiosn.str at egy,pedrBifcteiraelvliysweaseve lapi dl'y adapte
expression and del etion studmarkeéem ifs 94 temmit oeudo f un
DNAf r agmeratcsh, ciomgoaughhl-tyhitowlos a sel ect i vpey rddar kenre, e
hygromychotphospehphe agenehe flanking reégtxd@nshef t
course of fungal transformation, thhbhasedroepdbaer me
of the targetrogenger Theseeaets occur not only betweer
withhe overflragpmefimg sbdlee ontairker, thereby restoring tFh
genEi guRe®’The resulting transformants can then be s
urca | and uridine, or by the addition of hybeomyci
necessity of three crossover events for successful

ef fi ci@mlcyi eisf. nbaortkhe rs pclontstgruatted aate timd et arget | ocu

sequence is restored and all ows the growth of the
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genetic manipulation strategies using only one <con

integeae¢ APst?r this case, the selection marker is al
for transformation. As a result, transformants ar e
ectopic integratiaodneloctatohetersgr essi on or

Spit-marker ‘
constructs —
linearized
(inearzed) >< mwe w
P. crustosum >3F<
opyrG mutant
l Selection based on uracil/uridine auxotrophy

P. crustosum
opx::pyrG mutant

Figure 13. Split marker strategy for gene deletion using pyrG as selection marker. The crosses
represent HR events at the upstream (5F) and downstream (3F) flanking regions as well as the
overlapping pyrG marker sequence.

1.6.9 Secondary metabolite background

Anot her aspect to be wthaekerseilretcd i ngn @ai chersat ifomr het e
the SM background. Given that the wultimate objecti:

is to discoverpatebwwa\y si mtrertrheedirates, it i s essenti a
to fathkitdatection o?PAnewgeciompoantdsfactor is the ¢
such asCamAkeanyd -@aApnyhat arises when endogenous BGC
the host 202r&%finasmesult of the high subastthrwaatyes cwd ntshuir
the host, the availability of these resources for

I n this case, subsequent cultivationyioeblndt Wwemheotrrer

prodtotsthe new c,awmpobndpmipti&@my es doswncshi saesh mt p oo C ¢
and structurlen edddihttiaes ie,0oniiochenatnidfi cati on of hetero
particularly t hoister a&detq,nacdyn tabpepsecabral | engi ndég i n th

|l evel s of endogencd#’s??2fost compounds.

Anot her f acttihywotceonnesicacler r ence of r edat ihwes giamti esrmme d i
The presence of reacamessudhdasptnecaogmpboenrsdby compl i cat |
identi fitchateinaampnetiuct of t iMdp ai tnht Wwaoyid o sceedl nhiats b een
mo n s ttrhastte dt heort @c¢c mniome met hi dPcpusdasamhadya
upling reagent for a uwitdsei nrcdruglé ngf fhavonal dgy o

Nt hames coumM&?#litnss presence would therefore hinder

reacti ve, hentteerroreodg cautse scaolmpeuhdst ban converted b

e
o
a

new NPgoampdates the di sntaitracitdiedrerineé towoeairs| w oangpdiutniden
0
ailoringeenfergamst heThesoccur depeadeiht hropnsadtdaoent f o
o

tentially lead to misinterpretatiaomngs vreeg ari disnyon ttl
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pat hiw#yTo overcome these challengesst rausqtmegd sgieonne th a
derepl Btaategi es, i n which hipahlhywaeg»xsprae s ddc alcito svyar
del eti ockhknownwe k Amp ldeu 5iesnai n 2EDRBRO® 3del eti on of eight |
in a | ow background of endogenous SMs in LO8030, th

1.6.10 Pigment biosynthesis

I n addition to the previously discussed criteria f
i talisesential to consider the metbedeofltr &onsfat man
resulting fromehexprekssgons agensubjected to genoty
anal 3sHoswever, the process of genomic DNA isolatio
particularly when gene targeting efficiencies are
screelhed. t hi spirgardesagretiegmati on sites were establi sl
heterologous g¥Ae aeper eesassieono.f the aforAmeduli ansd

LO8030wAptihgement | ocus was demonstrated to be a suit
gene exp’rEbwiAg@ene codes tthad nvePK® @& yomtohsesi s of con
spore prPiYwennstesqutedatsybsti twApi gmeot gleee with hetero
or BG@sults in the abolishment of spore pigment fc

easily detected by 288 e3%°r al bino phenotype

I n fungi, there are two main pathways for the bios
are known to produccei medraxynnaphohghe‘dmet DHN) pmd thiwa
a PKS catalyzes 1t Bet&ft@&ranhaytdiroonx ymfa puhstihrag eGmoefe t(a/MHIN)

mal oc@QyA as preécBffTeHONBIsen undergoes a series nf red.du
reactiyoineslhdte oi nt er medi at ag i hyyWtralxyme,phl h&xl &ne, vern
1,-BHNUI ti mat el ymetrihen PN 1 .e&ds t o tDHMNNné bamiatiffon of
certaianl fsupnegci e sAf usmicghatAarsi du,l anbe PKS initially s\
naphthopyrone YWA1l, which is sdadbNeiqouén®’f y*’converte:

OH OH OH
?nc;:)yr:ﬁ—%Ao/: OH ’: % ’: 8 —> DHN-Melanin

: Ho 1,368 tetrahydroxy scytalone vermelone
; naphthalene Y naphthalene naphthalene

1,3,8-trihydroxy- 1,8-dihydroxy-

Figure 14. DHN-melanin biosynthetic pathway in Aspergillus fumigatus?+*

The second pabntpawbgniorbi osy-Bi-dliedsyoxyipd enheDaAPaANiI n e
pat hwalyhi s pathway inclilDOPAseprlerenrtsyraesitme for m t hi
dopaqui noinees Af siemtr amol ecul,arhyad dixéyn dan g colngsmeé diat & D
r es uIDtOPAied aifti -t
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AIMS OF THIS THESIS

2 Aims of this thesis

The overall aim oofpttihmiezRaghieosni ¢ | Waansicke@ sapsbesenn

platform for the dMIAdbenekepsiessobobnf onghketerol ogous ¢
in a host organism is regarded as a promising appr
particularly those @ hptodueer. | ot timi § hpummadas &, a
studied fungal hostebgpetdmevbeanviesitedesedetdtbehdss, r e
studies have indicateadmrshabl gshedekpstesddoes nhaot nec
successful production, of. ghedttaerget modmpobaoatceons c
tail oring3?emeryefecspe| maihpe of this study was the co

expressionPgrastoempmr oal dabhevalternative to the e

PcrustPBREmMiI s -gar dwaisng and robusttédi gameméobhasfuegent
sequenced, thereby providing essenti al genadattisc i nf
bi ol ogi sakbspanonde met abMd i «€oRpeart yhswiabyasss. mbeen demonstr a:
retain growth and SM production oveTharwiPd2er ange

was selected for the devel opmentTlod fai rnsetw d bojnegcatli v
i ncrease the gene tPacrrguesttitosgufreafcfiil diteartcei esu bisrequent g
steps. The focus wasn lodud heakKdhéi g,)a & e mothehgdte !l et i on
of the correspondi ng pmreeneisd aimd ryostt treart efdu nt i i wacsr e as e
frequefAtcMds eover, we ladgmeE€RIS®KRIemedi at edhggenetediol
fdPrcrusttosufmurt her promote t arTghed erde sgwelnteitn gc srarna ipru | w

gene targeting was then to be employed for further

t egrenerate the selection marker so that it could b
pur pose, we ai mede ftfgecdewmdkebpt aon strategy that wol
mar ker recycling in the resulting transformants.

By empgl otyimehni quaee med furt heP.cropdti@sazmhet er ol ogou
expression host by Tdenetaiteeygdye ves! it et i mmacti vati on
bi osyntthtewa s ipimaenaoggani sm. With this tapppoachdet a
with a minimized SM background to facilitate the d
This sisatxgeynplified by the Anedqub®B8O®BOuséedn Wwhbstth
del etion of eightubBG&@untriemdulrteedd citin oan sof t he**bi osyn
Accordi wgl wi med to eliminate the PredcmiorsBumtyvimet sb
studies have deéemarussttrBRtBEndmd ihralty produaeisd t,ecdrneds a rr ¢ |
hydroxyclavatalheias awdutt saspenil act’ohfbs eanmdr penhep
bi osynt hetfi ¢ hermiagiSeen 21%°%uTWY dad ramratien ave dihs ®d

background, we therefore ai med to i nactivate t he
(hydy)cxwpnbygt adlel eti on of tbof bhekboneegpmedr agulBGICs

25



AIMS OF THIS THESIS

Pcrustespmession pl atef awrsmedi § orhdrmet exlpresston of

demonstrate the suitability of our new host organi
efficiency relative to conventional expression sys
tail ozymgseor by reactive compounds derived from t|

I n addition to providing a host wiptohstaul me cduc edc a$ N
endogenous SMs Rwouwlsd.basruimsaes antici pated that the el
SM payvybBwacmr ustwsesulmd resulavainl abihliigthyerof @dreeaadurtsoor s

an ncreased production of compounds de Mihvesd maryomi BG

resul t in the identificatlontbisipeasbpastyveniwaooliv
elucidate the biosynthetic origin of t b,easnad DMs by
conduowviengxpoesdebeti on of tFer usthesylamt genes in
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RESULTS AND DISCUSSION

3 Results and discussion

3.1 Conversion of viridicatic acid to crustosic acid by cytochrome P450 enzyme-
catalyzed hydroxylation and spontaneous cyclization in P. crustosum

Tetronates r eprNePsseintth aa flarnaddy rodnge of Dbiological e

antiviral, antiepaddpanti camaditop@fud agesvinkwed gr eat
interest in pharmaceut i?t@vern nduGtmatewsr alnldy resewan rcihi
been identifi edshtaor ed atthee, twhpiiccha |2*%ltert y ®tnu rca lalcy ,d treoti re

consista-meimbe hed er okhyycdriocx2{Hjomae core. cadahi decoduethe
modi fied, «ogplbywgcrmreacti onNPwgi i mcd uwii dheg rad rkqeé 00 fd s

and tefPiPesneosut | i ned. Gengtsoecchtrioome P450 enzymes are ca
sucthai |l oeangPodh @ e conaismdetréerdeno st versatile biocat
bi osynthesis, they were reported to cat® FPireseor e
reactions include thecffuivelticword s zeandnsefgfaoapeci
manner, a reaction which is practically inaccessib

part of the terr epsatrhiwa ga csihdo vbni otsoy nctahteatliycze t hi s typ

viridicatic acid ( crustosic acid ( terrestric acid (

=
" —oH
W oH ©
penilactone D peniphenone D

Figure 15. Examples of tetronic acid derivatives produced by P. crustosum PRB-2

I n a prevt el sftsattgradyn,at es vi)jci ds cad2),encdcti dr (€5t ri c a
as well daesi vihpbeini@henones anE#i gdddbhaet dbelemt i fied i
PenicilliumMR&rU<SRrstuhme,r ntoree t ert @ atbriiosyad¢iheédt {c gen
(Tab2)@eonsisting tofadaA mdsgemeodvo be respdmosiylnda® efsars t+
onettfe predominannh mRBBalbmoltite f i FNsRP Ss theypb,r itdh eg emkeS
catalyzes thendoylmattd @ oinnatfeer me dwhait eh i s reduced by
reductase mMraSQ btsequking | gpniv@rwheidch then undergoes

decarboxyl ation '€2aCadeéyperdeby okeggEmase TraH and ste
by thecddtaaiimi ng oxi doreductase 3PfddOweéewvwere,oetynme he f

responsi bl e f orlttéheasc omovte riseéeom iodent i .fAill ¢ dhoiug hpi & v iwe
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proposed that the P450 TraB as part of the terr e
hydroxyllahdosub$equent i onf@ g offegnieelddel et i on experi men
to support t?HTe dhowhé thTaesai Bs eissp o n s i bhlyed rfooxry Itahhei b he o f
terrestric acid biosynthesis,twePade aisd.addutaad dri & g eoant,
trawBbeterologpuesd yyecdo mmo ntlhyeowsstednndul @86 3 0.

Table 2. Terrestric acid gene cluster and putative functions of the corresponding enzymes?*’

traD traF
traA traB traC traE traG traH 1Ep

Protein Gene Function

TraA pcr11009 PKS-NRPS hybrid enzyme

TraB pcr11010 cytochrome P450 oxidoreductase

TraC pcr11011 hypothetical protein

TraD pcr11012 flavin-containing oxidoreductase

TrakE pcr11013 hypothetical protein

TraF pcrl1014 transporter

TraG pcr11015 enoyl reductase

TraH pcrl11016 Fe'-20G-dependent oxygenase
The initial oebnj heacntci gveeh bweatsa rtgoe t i n gP .cea fufsit cbiseunwcri ceesr i tho
facilitate all subsequent dgesratise dmiEn§ péal actoi nonmo ns t

strategy to enhahrcequemeitdoatrdgestrguepges coding for th
Ku80 subAsnpast of the NHEJ reparandcdebhanaksm ohedop!
Ku70 and KuBOolbhsser bed to increase the probability
Thi s, in turn, can impede the successf ulPr @weil@®us on
st udiasvse demonst rdaetl ed k iofe@ntafetplreee ci se geneni&nmamdgeul a
of ungal speciPeq, cihdl wdai asdBreynsiccgdnunmit Fgi danumfy
Ku70 homPtmogsi,ospuut a7 DveeffuencesPdmioarstrtediamse,d i ncl u
Pcamemhwete used to find a Ku7O0 c&nadviidaatBeL ASnT tahneal g

Sequence comparison |l ed to the identification of P
T e n s utrhdectrhusstt gksuu7a®® r ai n can be used for further ger
for t he dealasBed eowneeldafp gene del et i ocan | schernavteengi ye ntt h anta r k

-

0
)
ecydlnindhe resul tiAmsg nternan sofncerim@&mistyegd n @ ni-ssu iwed d

or such purpodsoersdiasecti @ahalbws &lué/dog li @thieon constr uct
esigned aacopreivngousopr ot ocoadndbyd ocwnosnti rnega nb obtfha nukpi n
h

!—PQ_—N

e tar,gbeyg@nhecti on mar kheomalnadgd wo sdepudmaekef | ank

=]

to onel°fhas mindk.orof orhabteioolno go uss urregmn dihgegy rgGe ne
enabl es suags&a@uemittrc ytch e ndgel et HRonf nuhteasnet sHevgvwe ®C ¢ S .
pl asmid conSaacalcdrimmyciensr eperad widdiyad ai |l ed due t o r e
s

hort homelgo dmiss mg@ gl prioc&der ef oreevveewesed the del
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stralby gyombhienimmagr kter r e c ywiltim gt hhee cshmliiqtu eaniar kemv armptp r
t her esences hooframblkeogous sequencpeplawkhibod. nhias spungpese
1.KBbbkudupstreamg frleqikon, appmpdxitmaet dlownxs0tdr eam f |l anki
and -t hior d sAsopfertghiel | us faymingdatr bgsernpey o @5 & hd were cl one
i ntoPGRheneari zZlkRIA pvEeXQ or t o gnavepetalseni fdi pdtZz0ogdp !l iTthe
splmiatr ker constr uctt hdamndssiapoyf egée hoef ftr@ém d hend. iabh e
ku7doovert r eam f | a rbkoitinmgs erretge do ni, AJtIRA tvieEiugmES C

P. crustosum FK15
gl

Split marker deletion 1.5 Kbp 5F
constructs pJZ02 and pJZ04 ><

A
as linearized vectors 0.3 kbp 3F C s I

homologous recombination
selection based on uracil/uridine auxotrophy

P. crustosum JZ02p
GKUT0: alpyrG

recombination of 0.3 kbp direct repeats
selection with 5FOA, uracil and uridine
P. crustosum JZ02

aku70qRfpyrG

after marker recycling

Figure 16. Schematic illustration of split marker-based gene deletion strategy used for the deletion
of ku70 in P. crustosum followed by 5-FOA mediated pyrG marker recycling. Crosses represent HR
events at the up- (5F) and downstream (3F) flanking regions and the overlapping marker sequence.

Transfor matticoruso fggsyurte@ r ai #384FiKtllb t he | inearized del
resul akeudi@if pywnt Gai n BRODf2 pb dbtyh fl anking sequences and
in the marker §Feugeeba sT heh eswrb kiurbOyu thihgpnymradBFk er sequenc
in the resulting transformants was achieved by sel
and confirmed by genotypic veraffpyoem@k eorn grd rme PvWaRs dSa
by-F®)Anedi at ed sel enteidorm.efAds emeriphyew@ s ekbescenofthe col
of FBA to the todXiluoomewuwakeliilte C®H»nsequently, only th
that updefgdker recycling by hromamolbo g@au s ome @if onn dref |
af pyraG@ ker Fgugne) .( dbeenagpgyofh dihtecaiPre di st gksuuggdy r G

strain JZ02 was confirmed vi af uPh&R,i otntad ri g byy od e noounrs 1

mar kbears ed may &leirng et r at egy.

Given its optimized gene t arsgofiurgighdraéck gmaongdul atzi
experi.Mentevelhseqgueennet del et i ons wermnmes iad g otnhaer kemlcit te d
appr oA hpreviously dibk.cutsieedoaink ¢ége csttircant egy has t he
enhance gene targeting efficiencies. This can be
homol ogous crossover event withiunr itnhge fouvnegralla ptprianngs f
Addi ti beali mp| ement ati on of this genpeyrotat ker omosbe.

recycled and used repeatedly for multiple genetic
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To investigatthe heyfookt ome B450 oxi dor e dyuecntoarsiec Tr a
sequendce avBafs chosen f oRcrdiesltedti0o@n. iTnhe del eti on pl a
constructed as mentspmhettkabosterasegy a&ahd tthreaB Il ank.i
Transf or ;@ OWiotnh otfiner lsed idel et resuktblegtr iadBc t Ktf rpayir G

JZOVerified transformantpotodt o Zdd7 oMy see rgf raocven causl t ur
under static cond$Mivene. eAlismamg 2dit dplysacet at-e and
MS analysi s. I'n dadbpheitoaBodzeodd Gizo, abol i shed f or ma
an8antdha&ccumul alt(Fiogndrpebt ructure el 8catHMNtMRo na nvail &y sM s
conf iltnone@®$vi ri di chhese arcegdul ts cl eandiyspemoableat er
of TraB in t Renfdortnmaet i dbonwnosft r e a r pgart chdwbayt. s o voefr , t hteh e
accumul diinobhhef cglirtalBrteasOtefdlZst anti ates its role as
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Figure 17. Proposed function of the P450 enzyme TraB in the terrestric acid biosynthetic pathway
(A) LC-MS results of 14-day PDB surface cultures of P. crustosum gku70 strain JZ02 (B) and
gku70gdraB strain JZ07 (C). Absorptions at UV 254 nm and extracted ion chromatograms (EICs) of
11 3 are illustrated in this order. Masses of EICs are given with a range of + 0.005.

(A) A. nidulans JZ01 (traB) + 0.2 mM of 1 (B) A. nidulans BK06 (control) + 0.2 mM of 1
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Figure 18. LC-MS results of 7-day PDB surface cultures of A. nidulans traB expression strain JZ01
(A) and empty vector control BKO6 (B) after feeding of 1. Absorptions at UV 254 nm and EICs of
compounds 1 and 2 are illustrated in this order. Masses of EICs are given with a range of £ 0.005.
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To further confirm whether TraBl, sitrsesgpemaemibd es & pue
ampl i fikRdr fgtoBPBBEm and c¢cl oned into the pJNO17 expres
construct was arhsefnorursaetd ofno Porit thwls®B X 0r,ai metsrua B i ng
expressi dmisduild&iwd. After genotyping and verificat
strain BKO6 were cultivateddoia PDBamediomdedihne at € & n
7 days of stat ACSMwétevaxtioached28MEG. afhbydatiavprol
cl ear evildersc & otnhvirttread®B groessi on strain JZ02, wher e:
det ecttéheempny vector Feiognitpedd BKABR (anal ps@&vedbe

5S5BH8rustosic acid. These data proved t h% ofuntchhea or
aliphatic BTkeyderrhoaxiyn Jabthieonrn ioffduces spomgt Ameodati on t

as demonstrated in a previous work by condaféting i
@DH@
S
o:< TraA
OH
O
A\
3x malonyl-CoA TraA o) TraB
L-malic acid o) \
720, HO
(5S)-carboxylcrustic acid (5S)-viridicatic acid (1)
O O 6]
OH P
HOOC
HOOCTN— o —° TraH —° TraD ~°
o ﬁ» o) — 0 —— 0
HO o o) o
o] H,O
(5S, 5'S)-crustosic acid (2) (5'S)-dehydroterrestric acid (5R, 5'S)-terrestric acid (3)

Figure 19. Terrestric acid biosynthetic pathway in P. crustosum PRB-2

Taken todget hsetruudyt hhas contri buttleae ftter rtehset realcu ca cdiad i
pat hwalyhe remaining step, whand iitss tcho2ncvaeyrdstipoxng titad y
the P450 enzwame pTroweBn by gene del eti ond fheeetdeirnog o
experiments. With these data, we are now able to pr
predomi nant met abolPictraustt ®BRENE{f gl®e acidd icorrespondi
itsvderves penilactones and peniphenones. Further

del etion technique that offers the advantage of i

mar ker s, in additi on-stteppy trBaer k@ o n vreenciyecnbte da@gnied e a0 e v i
protocols. This strategy, i nqgkcu7edbiri amhi ganwi ahetdhen
has great potential to benefit downstream applicat

Pl ease refer to the pudr ifewmrtti®ihaisinisuedoyn stelecit $ on 4. 1
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RESULTS AND DISCUSSION

3.2 Construction of Penicillium crustosum as an expression platform for fungal
secondary metabolite biosynthesis

As mentioned. NRasgcvobal resour ces tflhoey deaxuhgi bdiits cwav
bi ol ogical effects. Howevefungébdi esushewsthat bDRhel
ofNPsare not expressed undéAmen@andbahdr cendateghes,
expression is considered as one of the most promi:
clusters and to fully unlock the vaswebtelbes ymaishet i c
of heterologowss hegphl gpuliepreeademodi ce of a suitable e
as discussedl.i6d 56 e gt ihoentser ol ouglodu sp rhoovsitd es hao hi gh ge
background, a wide choice ofSMpebeck efbdreeandetecti an
novel met abolites.

This study aims tofaxnxnpmaidrtioheogohsei hos®Pr byt esumbl
PRERas such an ewxptrAesasmeomt i oned. Résestbososamarti cul ar
websblbited for these purpaskar hechumpber ¢s prwldiuckesi s
for many | aiboatdiflom sa dadpiptli on, st udicasush dsas oxalp@abn et loe
mai ntaining growth and SM production ac?Awsar iaetby oa:
of approaches, particularly those involving the
heterologous expression and the§gO$SMAC nadpumgreoddhte (s o
of novélHeSIMse.,, t he Pecapasdipswawfapt to different cult
emphasizes its ouigtaab odimhgteyw ed s ca chasRect esti RREBmMon of
its genome was sequenced in 2019 and ass®fbl ed wi
menti osedt3i.olna nsaprlkbeirs ed approach hagprkeecasstyabbi s
detiesi crust.dmaumhe fcotuhrisse sot udy, we ahaewy dpp!l if ad tthlei

mani puliant iotrodseap Picmiuze @®asuan heterol ogous host organi

The initial tmobjdeeclhetved i gvB si oo DgPKREM wi th the ain
enhanagiemg targetingpeéVvVidiskbpuisesd adnb sbetchtdwah a

Pcrustagksuu/imut ant with a high gene targeting backgr ol
sect3di.oln the objective of the present study was to
t he DNA |liga8serlugt.lsiummbs i s | argely due to the obse
genotypic abmbomal ytredgkaut7e0ddt &nnhgal which could be a
instability*®ifvenrltohmetr etshese def ect s ghiagZer aniorts ,b eteme
inactivation of LigD was found to be Pmoruestsawsiutnabl e

a heterologous host with a Thhiajdintgiefniec d taigdpe ted frvgitstha ¢
achi eevheedough comparative segqkiremwreo mpeaca |l syesq ilse n cwehse r efb
homodforgom| at edwesrter ausnesd .abdal gufeopgBs conducteed wusir
spl it -bmaasrekde rmar k egt rreetceyqecy i dsegscctBiidhme dp i owiyddE t hei ent

di gbrRéemustdBdEd&mr downstream applications.
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To further i mprove ge€asBatgehnngukt §sw@Rc8EBRBRpPpORd
t heeneti c manR.prud aattGovnmmantf hd successCagmeC@QRIaSRRI gene
editing is higthhe IdéewelgBfAt e pr essi on, a suitable

i dentHrfeiveidous f iimdliircpd eldavé@nmadogdmrows e5 &frMmdA\NyA Ipe omot
an effecgyveost pianb epiRWd ge xi pofdeSsesq u e manp aa i son wi t h Kk
5S r RNA pseogqwdeaesn rkRématedltlriaums |l ed to the i den
Pcrust &Sum RNA promoter, whi cdnewdasi natnop Hi RigeRNG@\C @ 5 @

vect®rh.gRNA spacer wseqeempcesiicted anHeHIEGRCH®R damudi n
EuPaGDdoamsd cloned intconthhae nb68gr RHNA9 ¢&EX%Ad@s gihams pl
st udRl SERsdOssi st edigeamep nduct ed krye supseiCdg Yteleex pr essi o
pl asmindbsi ned w-i Tt heBRE€CRmuzardk esrp I cidnpsrtervuicotuss lays descri bed

I n addiopitomgenegt amgéuirhjheat iove edasheet SM batkhkgr ounc
Pcrwstuals di scusseld 6Pnegsect shhavedsesPlRMIR t paédomi nant |
produces aceiBi,e(salrd)wathoyldr(oxsy ¢l asw atiedritdrd ase i | act ones
and peni phiegofmendEi Q20P% " ?2% a4t her more, the bi&synthet
5have been elucidated through the i dewi e@Wi ctahteisoen ¢
findthg prestoatuseéedidyacitdchnaaddd BGCs responsible for
3i5in order tthe IS&d baae Pgrausnd-sumt hi s purpose, t he a
split mar ker strategy was emplogedés ahdt & deleet i «
terrestric acid and cl avaGehe geeketcilurss ewsr e reape
PcrustagsiughDrla® 4 o achieve higher gene targeting frect

.............................................................................................................................................................
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Figure 20. Predominant secondary metabolites of P. crustosum PRB-2 (A) and HPLC results of 14-
day PDB surface cultures of P. crustosum wild-type strain PRB-2 (B), giraA strain JZ05 (C) and
draA gxlaF strain JZ32 (D). Absorptions at UV 254 nm are illustrated.
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The initial step involved the -NRPRthyymr iod de¢mzy ge ner
sect3i.jdnsexpect EOR utlhteur e extracgdsgdfmbhthent e3205 i mgv e
the abolishel3wherr ncacd mpoanr eodf ytpe tsh e€2aRifing @RB Subsequent
mar ker recycl i negateenda usetdd otf hteh er ecpbeda Btgd g DodnAt ant .

The del et pbwhioéh codes for a nonreducing PKS as pa
digDagA sRrain JZ32i.n CRDBi matdi om,LCV® | boawkedsiby of J
proved t he 4abnsdeansc ee xopf&E ¢ gd)aNi t h r efglas ub steog u emft use
Pcrustasuan expression piltaefidognenaus e8Mcpri @wchué tni on
the det ectaitdnm nand ihseatler ol ogous compounds. Furthern
or t-chwi none 6&etwaisdeel(i mi nated due to the %Bbdlriesvhi eodu sf «
studies haveishoaovampatbh @t t o under go c ouspel ianrgr arye aocft i
classes, including indoles, coumantasniangWhtbdeonsi
the reactivéreptesmatisaneval uable reactaws ffor NRN
diversi?titatiogmurrence in a host organism is rat.

identification of heterologous pathway products.

Fi natlhley, obj edtqg evree ramatset raatc an t s&@s va val uable alterne
common!| yAniscewlhaorss s1088I30 1( H&WT heref oAe,i duhans wA
expression site was c hPacsreuns tfposriu si4drOtd®ge ati oos at udh e s
shown t hpatr 4ddtdiAicode for PKSs that are invcdPved in
was therefore taret irceiRmattasdwgBdapr essi woubd raamabl e of
mai nitmghne production ofl npioprdemtteedgwéagpesretsaend i ts f | a
regi arme, snalrikter Sit mceotnebg yn avi it bn CRlaS Pwa s usetdhef or

transforParushddfmhe reswsAbEkpngssion strain JZ38 ex
phenotype, thereAysi adioenpti @mg nt h a tpe r A@Dcht@doen o f

P. crustosum PRB-2 P. crustosum JZ38 P. crustosum JZ40
pcr4401 pigment gene WA pigment gene opcr4401 cpvA

Figure 21. Phenotypes of P. crustosum strains grown on GMM with or without uracil and uridine for
7 days. The wild-type strain PRB-2 produces dull green spores (A). Replacement of the native
pigment gene pcr4401 with the A. nidulans wA gene results in pale green spores in JZ38 (B).
Heterologous gene expression at the wA locus led to the albino phenotype as detected in JZ40 (C).

Botphcr 4 AhdvAwer e demonstrated to be suitabl e i nte
geneé3.PD*ri ngafutransformation, the replacement of t
gene or BGC results in the abolishment of spore g

phenotype in the pé&sigiee ltnr amsnftaramsant sco(l oni es t he
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transformation, as well as those in which the hete
di splay green spore pigmentation. Therefore, targe:
foa preliminary selection of transformants based
| abori ous process of screening al/l mutants throuq
verification. ThepareHpdbimenent geoe ivd & iitge t st hat t he
convenience bhsptenhotygéor mant screPonrongtbesmai nt e
The primary objective behpodigbdbre repAhcdhirans oWA t
expression site was to enablyg thei ddmed aoffcdimo® ns ihr uc
Pcrust.®Desmi te the availAbitduhgeabdfsesaiabs] shedl udin
its successor LO11098, the use of alternative expr e
certain?3‘cdEoas.i nstance, previous studies have de
compounds <can be further modi fi ed byaohspecifitert
derivedAnf dom®8&88630. Recent extampd ekish igdraitpdrumirdaun b u d e
the formation of isocodmédrMiondheancdcshwmbpeesbi da G6f
restrictiAciind ug G@ksiecstul t ed i n the for mahi i euwglopfndy br i
with an erhdbsge nmoeutsdibliwd é adreverpri eswssingni fi castoehal |l en
elucidation of gene functions and the aedier imomat o op
modi fiscathenuse of a host from a di fWwheehmmio!l pgmows m:
genes ar e prAensiednutl amistiehiemy ¢ unpeas «if ul glewmret eexrpmaeerses i
aPenichbét umy sftaecm it diadmae epr es iemn cagfe hetashmor BGCs, as
related strains typically exhibit si mi°Girvemedhhani s
numerdunisdubapsession coma$t iabso Bsi biloefld yadoisne | e c’ti on ma
we proceeded to del et e .ctrhues thoosimonh a dpdyur&Gh ¢ ehnpepaeinre |,

a total of three selection markers dab3eaeow availab

Table 3. Penicillium crustosum strains used and generated in this study

Strain Genotype Source
PRB-2 Wild type 87

FK15 gpyrG in PRB-2 236

JZ03 adigD (pcr2372)::pyrG in FK15 This study
JZ04 gpyrG in JZ03 This study
JZ05 cdraA (perl1009)::pyrG in JZ04 This study
JZ06 aqpyrG in JZ05 This study
JZ32 gxlaF (pcr3094)::pyrG in JZ06 This study
JZ35 gpyrG in JZ32 This study
Jz37 apcrd4401:wA:pyrG in JZ35 This study
JZ38 aqpyrG in JZ37 This study
JZ39 opvA::gpdA(p):pyrG in JZ38 This study
JZ40 govA::gpdA(p):orsA:pyrG in JZ38 This study
JZ51 gpcribo (pcr11223)::pyrG in JZ38 This study
JZ52 aqpyrG in JZ51 This study
JZ54 opvA::gpdA(p):anuAi anuK:afriboB in JZ52 This study
JZ56 govA::gpdA(p):afriboB in JZ52 This study
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Finalhd ynct i otnhddcirtuys t cofssuinv g mon s tbryasierdg constructs o
empl oyed for heter @&lnd gdoudTsh mesxepfr opryeshiGosnk d np | as,afid p P X2
harboring tbesRIKSsgeamprk ehcetteedr oflbogous expAsesspentied, J
repl acewArnds wifaedali bi no i phdameXype ssi on (Bitg@aden JZ40
Cul tivagudiom roifcel eneé di amt he detecti dhwioff h a&d@tiadddi ti or
at m/ 8849 compared to empty v(Eicg &mnel b eBt rdoalt7as torfai n
correspond welelvioasl yodsieop @ri theodwliciocahc ivdas i dehei fi ed
expr esosfo osiAPA NI dsIPXR®°% n addi taifan-bbaosBehde pl ashf3d pBK?2
containinganuwu@enuiKeomwenst he known annullatin cluster,
expressiconusitmEE . ofheowtaisved o dpr owfereitsheolBect i on mar ke
c agpb logfc o mp | eémmegrhte funptr.obBwrft her morto deman gnerdat e
functionality of JZ52 for the expression ahuwhol e ¢
anuKxpression mstudntedldm4 trhe det ectd8) owi phHf@ m[nMddi t
at m/z 319het5@5dat awetodbramaelpbetder pr o drur(tg @Al | at i

(E) P. crustosum JZ56 (empty vector control)
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; Q % % ] UV 314 nm
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Figure 22. Structures of 71 9 (A) LC-MS results of 14-day rice cultures of control strain P. crustosum
JZ39 (B) and orsA expression strains P. crustosum JZ40 (C) and A. nidulans PX26 (D) with
absorptions at 254 nm and EIC of 7. LC-MS results of 10-day PDB surface cultures of control strain
P. crustosum JZ56 (E) and anuAi anuK expression strains P. crustosum JZ54 (F) and A. nidulans
BKO08 (G) with absorptions at 314 nm and EICs of 8 and 9. Masses of EICs are given with a range
of +0.005.
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Figure 23. Schematic representation of the genetic manipulation steps for the construction of the
Penicillium crustosum host strain
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3.3 Investigations on the ortho-quinone-mediated biosynthesis of penilactams
by crosstalk of two distinct gene clusters in Penicillium crustosum
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Figure 24. LC-MS results of 24-day MBM cultures of control strain P. crustosum JZ06 (A) and pemC
overexpression strain P. crustosum WL110 (B) with absorptions at 296 nm and EICs of 10i 12.
Masses of EICs are given with a range of £0.005.
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Figure 25. Structures of the cla cluster products and the clavatol-containing tetramate derivatives
penilactams Ai C. The clavatol moieties within the structures are illustrated in red.
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Figure 26. LC-MS results of 14-day MBM cultures of the P. crustosum gpemA (A), gxlaF (B) and
graA (C) mutants and wild-type strain PRB-2 (D) with or without feeding with 0.1 mM of 5.
Absorptions at 296 nm and EICs of 107 12 are illustrated. A tolerance range of +0.005 was used for
ion detection.
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3.4 Investigations on the formation of higginidulans A and B by crosstalk of two
distinct biosynthetic pathways in Colletotrichum higginsianum and Aspergillus
nidulans
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Figure 27. DHN-melanin pathway in Colleotrichum, Penicillium, and Aspergillus species?41:266.267.270
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Figure 28. Phenotypes of Aspergillus strains. Disruption of the wA gene resulted in an albino
phenotype in SSt01 when compared to wild-type strain LO8030 (A and B). Expression of ChPKS
and deletion of pkbA could not restore spore pigmentation in DB04 (C) and DB09 (D), respectively.
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Figure 29. HPLC results of 21-day rice cultures of control strain A. nidulans SSt01 (A), ChPKS
expression strain A. nidulans DB04 (B), and gpkbA strain A. nidulans DB09 (C) with absorptions at
283 nm. The structures of 14 and 15 are depicted with the cichorine units (16) marked in red (D).

Nevert hhediesussD80d was cultivatfeadr oan ailitgshp sodafil Lem The
LGMS ad a @fay2tul ture extracts of DBO0O4 revealledd the ¢
anti%, as well as several minor compounds in compar.i
(Fi gu2r2eB) . Howle,v;feHN8LY was not detected inTothe cu
characterize the new compoAndsubBgas ucthjradt ed utco
scal e ferAharetrateixdm.act ilodan thHve rdebstod iag @ dmi,ci @ st famo un
compreh&MKRi wmesall ytseér pret aH,1®,n aoF wenhlel-diame nshieo ntawo NMF

43



RESULTS AND DISCUSSION

spectra of ptbdupmgi rimed t heir sTtHMchtuaiersi rag. clg Bp ®Gu
The NMR data indicdtdednstihsatts6ce®hmNao ob,d®, | i nked to ar
resiwliuteh unknownherelgy nf or mi ng a dikiygdad®e eB@iith edi ng
anal ysis of t Hé&r eNveRa | deadt at hoef pr es earc @ masfs icammeeand d i t 1 «
compar eldd(Ft g 2r@®®) Compouhdasnd5were termed higginidula

-

specBaved yon the structural dat a, the objective
upl i n@g6)gent o t he hi GhR BtoomoklnoogwnT 6N 3s yon t8ht a sweass,
stulated that the aromati cAnotpbmuagatheirs i pmrvewsitd gd

n
0
e
o
0
o0 the conktécwsildn btehateri ved fr om Arhec en tcrheofrairdiyee dg e n
h
e
s
s
n

—~ T O

—

e formation of i éA.nhyhyrashssurotliencgul fer om a coupl i ng
stricticin with &5%esetcruircstoircimnf ici cchokmmomwn antif
i solatkednifcioml i uvuMHoweverctexmphemoil omgesfsri ber oimn BGC
A

pergill usi éAmliearudtaidosrtuom t he tther rmd toiremeaoat i oned hyb
stead of the r?8tarsiedttiloeni nst maurcae me ra.bt ositnhid ame p gr to
cichorine precwmncliswde dciitchhaotr stnhee B GCnh wmalyv ead sion btehe f o
of higgi niddwlndhpB Ao(verify this hypokhHsi e The hlpad
BGC was deleted AmidOBOBOLAYME|l dnagysislagfribe 22Ul t
extracts of DBO9i slkeked alf e dimiintmidoSta b@fier@de) However, t he
uncoupl ed HN] 3mo6n c8Bmeara ot detected i n tFlue tdwelrtnopraerse o f
pigmentation couilnd DBty @@e restored

To identify ChRSdE umetiioead oftrategy watshalntpd remeetnitveed
Pcrustlbesm wa&s 2ufscerd het eerxoplroegendi s PKS As di scussed 1in
3.,2JJ2Z52 was optiexpgeedssisomamf hbpgamprovingedanei bar g
ot he SM badMogrpwmrdhe i nt e drndtdiudvdnest et Ba&l512o0ws f or  t !
use of t he exproesd gii o lepdly afstmeiisd ughh@ss sAg aansetshiét

previously constructed pDB04 coul dChiP&iSu i Jheys 2tlhye us e
doctoral .dhedirdcatud t i ngP.ctrrussn sdfZabr@xahnitbi t ed ga eem st i n
phenotgmpatreedcont r ol Mesrteaver ,J ZtSh7e s ur r o udnidsipnl ga yneedd iau
pronounced r@dgsdl@drestei dn ndi nCshRiSmady caompéeéehsaate fo
functwAwi tohf r sgpaopkemd bi osynthesis viaTHNLY .for mati

(A) (B)

P. crustosum JZ52 P. crustosum JZ57 P. crustosum JZ58

Figure 30. Phenotypes of Penicillium strains. Disruption of the wA gene resulted in an albino
phenotype in JZ57 when compared to wild-type strain JZ52 (A and B). Expression of ChPKS
restored the spore pigment formation in JZ58 and colored the surrounding medium (C).
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Figure 31. HPLC results of 21-day rice cultures of control strain P. crustosum JZ57 (A), ChPKS
expression strain P. crustosum JZ58 (B), and the purified tetra-acetylated product of 13 (C) with
absorptions at 283 nm. Schmetic illustration of the acetylation reaction of 13 (D).
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Abstract

Cytochrome P450 monooxygenases (P450s) are considered nature’s most versatile catalysts and play a crucial role in regio-
and stereoselective oxidation reactions on a broad range of organic molecules. The oxyfunctionalisation of unactivated
carbon-hydrogen (C-H) bonds, in particular, represents a key step in the biosynthesis of many natural products as it provides
substrates with increased reactivity for tailoring reactions. In this study, we investigated the function of the P450 enzyme
TraB in the terrestric acid biosynthetic pathway. We firstly deleted the gene coding for the DNA repair subunit protein Ku70
by using split marker-based deletion plasmids for convenient recycling of the selection marker to improve gene targeting in
Penicillium crustosum. Hereby, we reduced ectopic DNA integration and facilitated genetic manipulation in P. crustosum.
Afterward, gene deletion in the Aku70 mutant of the native producer P. crustosum and heterologous expression in Aspergillus
nidulans with precursor feeding proved the involvement of TraB in the formation of crustosic acid by catalysing the essential
hydroxylation reaction of viridicatic acid.

Key points

eDeletion of Ku70 by using split marker approach for selection marker recycling.
e lunctional identification of the cytochrome P450 enzyme TraB.

sFulfilling the reaction steps in the terrestric acid biosynthesis.

Keywords Cytochrome P450 - Hydroxylation - Terrestric acid biosynthesis - Split marker approach - Marker recycling

Introduction the elucidation of NP biosynthetic pathways (Atanasov et al.
2021).

Natural products (NPs) isolated from microorganisms are Cytochrome P450 enzymes (P450s) are a ubiquitously

well-known for their biological activities and are promis-  occurring superfamily of heme-thiolate proteins and are dis-

ing candidates for drug development (Katz and Baltz 2016).  tributed in all kingdoms of life, including humans, animals,

Fungi, especially those isolated from the marine environ- plants, fungi, and bacteria (Harken and Li 2021; MclIntosh

ment, are reported to produce many NPs that exhibit anti- et al. 2014; Zhang et al. 2021). They catalyse oxidation reac-
bacterial, anti-fungal, anti-oxidant, anti-inflammatory, and tions in the biosynthesis of many natural products, such as

even cytotoxic activities and have therefore largely contrib-  alkaloids, terpenes, and polyketides. These reactions are
uted to the expansion of the pharmaceutical repertoire (Kel-  involved in the functionalisation of non-reactive carbons by
ler 2019; Shabana et al. 2021). Recent advances in targeted  aliphatic and aromatic bond hydroxylation, epoxidation, het-
gene manipulation, including gene disruption and heterolo-  erocyclisation, ring-coupling, and C-C bond cleavage and

gous expression, allowed the analysis of gene functions and  are often performed with remarkable regio- and stereoselec-
tivity (Podust and Sherman 2012).

Our group recently identified a tetronic acid biosynthetic
gene cluster (per! 1009-pcrl1016, traA-H) in Penicillium
crustosum PRB-2 (Fan et al. 2019, 2020). Biochemical
Institut Fiir Pharmazeutische Biologie Und Biotechnologie, investigation proved the function of the hybrid PKS-NRPS

Fachbereich Pharmazie, Philipps-Universitit Marburg, TraA and the enoyl reductase TraG for the formation of
Robert-Koch-Stralie 4, 35037 Marburg, Germany
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viridicatic acid (1), which is subsequently hydroxylated and
undergoes ring formation to yield crustosic acid (2). The
nonheme Fe'-20G-dependent oxygenase TraH catalyses an
oxidative decarboxylation of 2, followed by stereospecific
reduction with the flavin-containing oxidoreductase TraD
to form the final product terrestric acid (3) (Fan et al. 2019,
2020) (Fig. 1). TraB from this cluster was proposed as the
responsible enzyme for the hydroxylation reaction of 1. To
verify TraB function, Fan et al. performed gene deletion
using the hph gene as selective marker (Fan et al. 2019).
However, deletion of fraB in P. crustosum did not lead to
the accumulation of 1. Instead, accumulation of clavatol,
hydroxyclavatol, and hydroxyclavatol methyl ether was
detected, which resembled the secondary metabolite profile
of the ArraA deletion mutant reported in the same study. A
possible reason for these unexpected results could be the
unintentional polar effect on rraA. In this study, we repeated
the traB deletion in P. crustosum by preparing a new deletion
cassette and proved its function as the proposed hydroxylase.

Materials and methods
Strains, media, and culture conditions

Fungal strains used and created in this study are listed in
Table S1 (Supplementary Information). Saccharomyces cer-
evisiae strain HOD114-2B was used for cloning via homolo-
gous recombination. The yeast was grown at 30 °C in YPD
medium (1% yeast extract, 2% peptone, and 2% glucose).
For selection of transformants, synthetic complete medium
without uracil (6.7 g/L yeast nitrogen base with ammonium
sulphate, 650 mg/LL CSM-His-Leu-Ura, 20 mg/L histidine,
and 60 mg/L leucine) was used.

Escherichia coli strain DH5a was used for plasmid
propagation and cultivated at 37 °C in LB medium (lysog-
eny broth). For selection of recombinant strains, ampicillin
(50 mg/L.) was added to the medium.

Penicillium crustosum strain PRB-2 (Wu et al. 2012; Yu
et al. 2019) was deposited as strain MFCSCS 200 in the
culture collection of the Key Laboratory of Marine Drugs,
the Ministry of Education of China, School of Medicine
and Pharmacy, Ocean University of China, Qingdao,
People’s Republic of China. All pyrG intact strains were

cultivated standing at 25 °C in PDB medium (24 g/L potato
dextrose broth, Sigma-Aldrich). pyrG deficient strains were
cultivated on PDB medium supplemented with 0.5 g/L.
uridine and 0.5 g/L uracil. For pyrG marker recycling,
7.5 mM 5-fluoroorotic acid (5-FOA), 0.5 g/L uridine, and
0.5 g/L uracil were added to the medium at pH 4.

Aspergillus nidulans strains were cultivated standing
at 37 °C in PDB medium supplemented with 0.5 g/L uri-
dine, 0.5 g/L uracil, 2.5 mg/L riboflavin, and/or 0.5 mg/L
pyridoxine, respectively, depending on the used selection
markers.

Isolation of fungal genomic DNA

For isolation of genomic DNA, P. crustosum and A. nidu-
lans strains were cultivated in 500 pL LMM medium (1.0%
glucose, 50 mL/L salt solution, 1 mL/L trace element solu-
tion, and 0.5% yeast extract) with appropriate supplemen-
tation for 3 days at 30 °C. The mycelia were then collected
by centrifugation at 13,300 rpm for 10 min. Four hundred
microlitres of LETS-buffer (10 mM Tris—HCI1 pH 8.0,
20 mM EDTA, 0,5% SDS, 0.1 M LiCl) were added, and
the mycelia were crushed with glass beads in a MiniLys
homogeniser (Bertin Technologies, Montigny-le-Breton-
neux. France) for 3 min at full speed. After adding 300 pL
LETS-buffer, the solution was treated with 700 pL phenol/
chloroform/isoamyl alcohol (25:24:1), mixed by inverting
and centrifuged at 13,000 rpm for 10 min. Subsequently,
the aqueous phase was treated with 900 pL absolute etha-
nol for DNA precipitation and centrifuged at 13,300 rpm,
4 °C for 30 min. The DNA was washed with 500 pL 70%
ethanol, dried, and dissolved in 50 pL distillated H,O.

Genome sequencing and sequence analysis

Genome sequencing was performed by BerryGenomics
(Beijing, China) using Novaseq6000/X-ten (Illumina). The
prediction of open reading frames was performed using
secondFind (http://biosyn.nih.go.jp/2ndfind/). Enzyme
functions were predicted with online BLAST approaches
(http://blast.ncbi.nlm.nih.gov). The nucleotide sequence of
the terrestric acid cluster reported in this study is available

OH 0
0 HOOC
acetyl-CoA TraA  HOOC \ 5 _ 0 TraH 0
3x malonyl-CoA 172G . o ’ 0 TraD> o)
L-malic acid 0 — o) —— X

(5S)-viridicatic acid (1)

(5S, 5'S)-crustosic acid (2) (5R, 5'S)-terrestric acid (3)

Fig. 1 Proposed biosynthetic pathway of terrestric acid in P. crustosum PRB-2 modified after Fan et al. (2020)
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at GenBank under accession number MK360919 and that
of Ku70 under KAF7525404.1.

PCR amplification, gene cloning, and plasmid
construction

Plasmids generated and used in this study are listed in
Table S2. The primers used for PCR amplification were syn-
thesised by Seqlab GmbH (Géttingen, Germany) and are
listed in Table S3. For PCR amplification, Phusion High-
Fidelity DNA polymerase from New England Biolabs (NEB)
and a TI00TM Thermal cycler from Bio-Rad were used.

Plasmids for gene deletion and heterologous expression
were constructed by homologous recombination in Escheri-
chia coli or Saccharomyces cerevisiae. For gene deletion
experiments followed by subsequent marker recycling, a
deletion cassette was prepared using two split marker con-
structs. One of them contained the approximately 1.5 kbps
upstream DNA sequence of the target gene, 300 bps from
the downstream region for subsequent marker recycling, and
two-thirds of the afpyrG selection marker with 25-30 bps
overlap to the Smal restriction site of the pESC-URA vec-
tor. The second construct consists of another two-thirds of
the afpyrG cassette, the approximately 1.5 kbps downstream
DNA sequence of the target gene, and was also introduced
into the Smal restriction site of linearised vector pESC-
URA. The afpyrG resistance cassette originated from pFK23
(Kindinger et al. 2019).

The plasmid for heterologous expression of traB in A.
nidulans was constructed by PCR amplification of traB
including its terminator of 632 bp from genomic DNA of P.
crustosum and subsequent cloning into Sfol-linearised vec-
tor pJNO17 (Kindinger et al. 2019) containing the flanking
regions of the wA gene, the gpdA promoter, and the afribo
selection marker. The amplified genomic sequence of traB
was cloned between the gpdA promoter and the afribo
marker by using 25-30 bps overlap to the Sfol restriction
site.

Genetic manipulation in P. crustosum FK15, JZ02,
and A. nidulans LO8030

Transformation of P. crustosum FK15 (Kindinger et al.
2019), JZ02, and A. nidulans LO8030 (Chiang et al. 2016)
was performed by polyethylene glycol (PEG)-mediated
protoplast transformation. Fresh spores of FK15 or JZ02,
respectively, were inoculated in a 250-mL flask containing
30 mL LMM medium (1.0% glucose, 50 mL/L salt solu-
tion, 1 mL/L trace element solution, and 0.5% yeast extract)
supplemented with 0.5 g/L uridine and 0.5 g/L uracil and
incubated at 25 °C, 230 rpm for 11 h. Spores of LO8030
were inoculated in a 250-mL flask containing 30 mL LMM
medium supplemented with 0.5 g/L uridine, 0.5 g/L uracil,
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2.5 mg/L riboflavin, and 0.5 mg/L pyridoxine and incubated
at 37 °C, 230 rpm for 5 h. The germlings were collected
by centrifugation at 5000 rpm for 5 min and washed with
30 mL distillated H,O and 10 mL osmotic buffer (1.2 M
MgS0, in 10 mM sodium phosphate, pH 5.8). For cell wall
degradation, the germlings were transferred into a 100-mL
flask containing 10 mL osmotic buffer, 50 mg lysing enzyme
from Trichoderma harzianum (Sigma), and 20 mg yatalase
from Corynebacterium sp. OZ-21 (OZEKI Co., Ltd.) and
incubated at 30 °C, 100 rpm. After 3 h, the protoplasts were
transferred into a 50-mL falcon tube, overlaid with trapping
buffer (0.6 M sorbitol in 0.1 M Tris-HCI, pH 7.0), and cen-
trifuged at 5000 rpm for 15 min at 4 °C. The cells were then
collected from the interphase and carefully transferred into
a 15-mL falcon tube. After centrifugation at 5000 rpm for
7 min, the pellet was resuspended in 200 pL cold STC bufter
(1.2 M sorbitol, 10 mM CaCl,, and 10 mM Tris-HCI, pH
7.5). For transformation, the protoplasts were treated with
3 pg DNA and incubated on ice for 50 min. Then, 1.25 mL
PEG solution (60% PEG 4000, 50 mM CaCl,, 50 mM Tris-
HCI, pH 7.5) was added, gently mixed, and incubated at
room temperature for 25 min. Five millilitres of STC buffer
was added to the mixture, which was then transferred onto
plates with SMM bottom medium (1.0% glucose, 50 mL/L
salt solution, 1 mL/L trace element solution, 1.2 M sorbitol,
1.6% agar). The plates were overlaid with SMM top medium
(1.0% glucose, 50 mL/L salt solution, 1 mL/L trace element
solution, 1.2 M sorbitol, and 0.8% agar) and incubated at
25 °C for 5 days for P. crustosum or 37 °C for 3 days for A.
nidulans. For A. nidulans LO8030, the SMM bottom and top
media were additionally supplemented with 0.5 g/L. uridine,
0.5 g/L uracil, and 0.5 mg/L pyridoxine. The transformants
were transferred onto fresh GMM plates (1.0% glucose,
50 mL/L salt solution, 1 mL/L trace element solution, and
1.6% agar) with appropriate supplementation and, subse-
quently, inoculated for the isolation of genomic DNA to
verify positive transformants via PCR.

PCR verification of positive transformants
and cultivation for secondary metabolite
production

Genomic DNA was isolated from the transformants and used
for PCR amplification. PCR for the control of gene dele-
tion transformants was performed using one primer binding
outside of the deletion cassette and the second one bind-
ing in the marker gene. To confirm deletion of the afpyrG
gene by marker recycling, primers were designed to amplify
the flanking regions with or without the pyrG sequence to
determine if the selection marker is present. For traB over-
expression strains, primers binding outside of the expression
construct and the counterpart binding in the afribo marker
or the gpdA promoter, respectively, were used. In addition,
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