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IHEPIAHYH

H obyypovn yeopyio avipetonilel onuavikés mpokAncels vy v emitevén Pudoiung mapoymyng
TPOPIUOV, EAUYIOTOTOIOVIOS TOPAAANAN TNV €EAVIANGT] TOV QUGIKAOV TOP®V KOl TN POTAVCT TOL
nepPdArovtog. Orpocpateg eEehilelg otny TEXVOAOYia, 1O101TEPA OTN VAVOTEYVOAOYia, TaPOLGIAloVY
TOALG Voo OEvES ADGELG og avtd ta {npata. H épguva tng tedevtaiog dexoetiog vroypapupilet Tig
dUVATOTNTEG TNG VAVOTEXVOAOYIOG O OLAPOPES YEMPYIKES EQPUPUOYEG, OTTMG TO VOVO-MTAGLOTO, TOL
EVIGYDOLV TNV TOPOYN OPENTIKOV OVGUOV HECH GTOXEVUEVNG OTMEAELBEPOONC, LELDVOVTOS £TGL TA
amoPAnta kot T mepPariovtikéc emmtdoels. EmumAéov, To QLTOTPOGTATELTIKG TPOIOVTA UE TN
BonBela vavoteyvoroyiag UTOpovV va BEATIOC0VV TIG ATOOOCEIS TV KOAMEPYEIDY, EVA LEIDOVOVY TO
OKOAOYIKO OMOTOTTOUN TOV GUUPATIKOV aypoynuikav. H evoopdtoon tov vavoousntipov ot
yvewpyila akpiPeiog enitpéncl TV mopoKorovONGN 6 TPAYUOTIKO YPOVO TNG VYELNG TOV KOAAIEPYELDV,
TOV GLVONKOV TOV £5GPOVS KOl TOV TEPPUALOVTIKAV TALPAyOVIWOV, 0ONYDVTAG GE TLO OMOTEAEGUOTIKES
yvewpywég mpoktikés. EmurAéov, n vavoteyvoloyia propei va fondncetl oty avdmntuén KaAliepyeidv
7OV €lval o avOEKTIKEG GTIG OKPALES KOPLKEG GUVONKEG TOV TPOKOAOVVTAL ATt TNV KALOTIKT GALOYT).
YUVOAIKA, 1 EQPOPUOYN TNG VOVOTEXVOLOYING Ol LOVO EVIGYVEL TNV TOPAYOYIKOTNTA, OAAL TPOAyEL
emiong 1t PlOcOTNTO PEATIOTOTOIOVTIOG TN XPNON TOV TUPAYDYIKOV TOPMV KOl UELDVOVTOS TIC
TEPIPAAAOVTIKEG EMMTAOCELS, TOTOOETOVTAC TNV MG KPIoWo oTorKelo Yoo To péEAROV TG Pudoiung
yvewpyiag. [Taporo To SuVNTIKE TAEOVEKTALLOTA KO TIG EPAPUOYES TMV VOVOGMUATIOIWOV, 1| SuvatoTnTa
YPNONG TOLC Y10, T dtoyelplom g avOeKTIKOT TG TV PLTOTAHOYOVAOV KOl EX0POV TV KAAAIEPYELDV
KaOADG Kol 01 ETTTOGELS TOVG GTO. PLTE KL GE OPYAVIGUOVG UN-GTOYOLGS £xEL EAdyLoTa dlepevuvnOet.

Ynd ovtd 10 mpioua, ot kvplol 6TOYOL TNG Mopovooc SwTPPng MTav o) va peretndel m
OTOTELECUATIKOTNTO TOV HETOAAIK®OV vavooouatdiov (MNPs) évavtt tov putonaboyévev pokhitoav
1660 in Vitro 66o kat in vivo, B) va diepevvnBei o pnyavicuog g pokntotoikng dpdong twv MNPs og
Broynukd eminedo, y) va efetootel n duvatdtnta ypnong twv MNPs eite pepovopéva eite oe
ouvdovoopd pe GUUPOTIKE GLTOTPOCTOTEVLTIKA CKELAGUOTO YOl TNV KOTOTOAEUNON OVOEKTIKMOV
oteleydv  Qutonaboyovoy, KaOMG kol Yo TN UEI®ON TOV GUVIGTOUEVOV O0CEMV KOl TOV
TEPIPAALOVTIKOD ATOTLIMUOTOG TOV GUTOPUPUAK®V, 8) va e&etaotel n mBavn ypnorn tov MNPs katd
avOeEKTIKOV G€ EVTOUOKTOVO TANOLGU®Y ToL AdKOL TNng €AdG, Kol 1 €XOPACT) TOVG GTOLE EVOO-
SUUPBLOTIKOVEC UIKPOOPYOVIGUOVG TOV TEMTIKOD GLGTHUATOG TOV Adkov, Kal €) va, digpguvnbovv ot
ToEIKOAOYIKEG emdpaoelg Tov MNPs otnv avantuén kol TIg QUGIOAOYIKEG TAPOUUETPOVS TOV PLTOV
VIOUATaG, KaOMS Kol 6TOVG GLUPLOTIKOVG OPYAVIGHOVE TOV PLLIKOD TOVC GLUGTHLOTOC.

MeTaAAKA vavoowpatidla w¢ EVAAAQKTIKA LUKNTOKTOVA

Ye o mpoondbeia a&loAdynong g duvatdTNTag Toug v YpNnooroinfovy g evoALaKTIKOL TV
(QLTOPUPUAKMY TOPAYOVTES, VOvoo®Uatidla mov mepieiyov yodko (Cu-NPs, CuO-NPs), dpyvpo (Ag-
NPs) kot wevddpyvpo (ZnO-NPs) a&oroynOnkav in Vitro katd €ntd OKOVOUIKG GNUAVTIKGV
@VTOTOO0YOVOV LOKNTOV, 01 070101 TPOGPAALOVY TO EVAEPLO KoL TO VITOYELD UEPOC TOV PLTMV. MeTa&Dd
TV Topandve, o Cu-NPS amodeiyfnkav og o1 mAEov amoTeEAEGHOTIKOL HUKNTOTOSIKOT TOPAYOVTES,
axolovBovpeva amd ta ZnO-NPs kot Ag-NPs, eved ta CuO-NPs mapovciccav mepropiopévn
amoterleouatikotnTa. Ot Cu-NPS £0e1&0v pueyahdTepn LOKNTOTOEIKOTNTO GTA TEPIOTOTEPX, VIO EEETOOT
eutonafoydvo, 6€ GYEGT LE TO UVKNTOKTOVO avapopds mov mepieiye Cu(OH),. Ta mepiocdtepo NPS
OV SOKIUAGTNKOY TAV TTL0 TOEIKA £VOVTL 6T YOVOPOELDT TOVG AVAAOYOL, VITOSEIKVOOVTOC OTL VITAPYOVY
dapopéc otov TPOTO dpaomg UETAED TOV VOVOCSOUOTISI®V KOl TMV LOVIIK®Y TOVG avoloymy. In vitro




Brodoxipég £det&av 6t oo NPS ftay oA mio to&ikd katd tnv PAASTNON TOV GIopimVv GE GYECT LE TN
HUKNALOKT aOENGT TOV LUKNTOV, EVO HTav YeEVIKA o amotelecpatikd and to Cu(OH).. EmmAéov, to
NPs peiooay onUavVTIKA T0 GUUTTOUATO, TG TEPPAS CYNG GE PPOVTA SUUAGKTVOL, 110UTEPWS Tot Ag-
NPs, ta omoia Topeumddicay TAPOc TV avamtuén g achévelag. Avtd To evpripato voypapupilovv
T0 TOAAG VTOGYOUEVO OLVOULKO TOV VOvooOUOTOimV va ypnotpomomBodv ©¢ TPocTaTeELTIKOL
TOPAYOVTEG VIO TNV OVIWETORION TV acheveldv Tov @utov. Xt cuvvéyelwn, emieypévo MNPS
SOKIHACTNKAVY EVOVTL AVOEKTIKDOV GTO LUK TOKTOVO CTEAEXDV.

MeTolMKd vovoooOPaTiOww £vovTl OVOEKTIKAV 6€ NUKNTOKTOVE OTEAEY®OV QUTOTOO0YOVEOV
RUKNTOV

H avtipetdmon kot dayeipion g avektikdtnrag tov putonafoydvov ota PLoknTokTova gival Eva
amouTnTIKe  eyxelpnuo, €dwd Aoyo G EAAEWTG O00ECIU®Y  EVOALOKTIKOV QOPUOK®V UE
SPOPETIKOVG/TOAAATAOVG UNYOVICUOVG OPAGTG. ZTO OEVTEPO PEPOG OLTNG TNG dtaTpIPnc, e€eTdotnKe
n ovvatdtnta T@v MNPs va ypnowomomBodv évavit avOeKTIKOV ©TO HUKNTOKTOVO GTEAEXDV
eutonafoydvov, N mBAVY] GLVEPYIOTIKY TOvg dpdon pe cupPatikd poknToktdve, Kabdg Kot ot
VTOKEIUEVOL UNYAVIGUOL ©E TECOEPIC TEPMTMGEL TAHOYOVOV-VOVOCOUOTIOIMY. TNV  TPAOTH
nEPinTOOT, vavoowuatidw yaikov (Cu-NPS) Ntav anoteleopatikd 1060 évavtt og evaictnta 660 kot
avOektikd oteléyn Tov Botrytis cinerea ota pokntoktova thiophanate methyl (TM) ko pyraclostrobin
nov €pgpav TG E198A kot G143 A petailoyég avOeKTIKOTNTOG GTA YOVIdlo TG S-TOVUTOVAIVIG Kot
cytb, avtiotoyya. [TapatnpriOnke cvvepylotikn dpdaon peta&d Cu-NPs, TM kot fluazinam tdco in vitro
660 Kot in Vivo 6tav dokipdotnkay oe ppia. H poknroto&iky dpdomn tov Cu-NPs opethdtoy ev pépn
oTNV AmELELOEPMOOT 1OVT®V YOAKOD KOOMG KO G AAAOVG UNYOVIGHLOVG OXETILOUEVOLS LE TIG IOOTNTES
TOV vovooopatwdiov omwg o ATP-goptodpevoc petaforiopdc. Ilopduown  omoteréouata
napatnpiOnkav oty mepintwon tov M. fructicola 6mov ta. Cu-NPS mopeumodiloy amoteAeopatiKd
™mv pokniekn avénon toéco o gvaicnta (BEN-S) 6co kot oe avlektikd (BEN-R) otedéyn mov
épepav ™ E198A petodoyn avlektikotnrag oto PeviipidalOAKd HoKNTOKTOVe, €VO MNTOV O
amoteieopatikd and To Cu(OH).. Kot og avtiyv v nepintmon 1 anelevbipwon 10viwv oo Kot 0
ATP-g&aptdpevog petafoicoudc Bpédnkav eniong va copfdriovy otn pokntotoéikn dpdon tov Cu-
NPs. Znuavtikry ovvepylotikny opdorn mopatnpindnke peta&d tov Cu-NPs kot TM evéavtio ota
evaiotnta oto TM otedéyn tov poxknta 660 in Vitro 6o kot in Vivo, evd ot Telpapotikég evOeiEelg
VIodeKVOOVY TNV avénuévn Prodabesiuotnta Tov TM ) v vofonbovuevn amd to. NPS petatpomn
tov TM o¢ carbendazim -to omoio givor o t0&kd amd 10 TM- mw¢ TOavoLS Pnyaviopnods veebBvvovg
Yo T0 cuvepyloud. Tny tpitn mepintmon, n evacdncio tov mapamdveo oteleydv tov M. fructicola
oto. Ag-NPs diepevviinke tdoo in Vitro 6co kot in vivo. To Ag-NPS mtopeumddicoy omoteAeouotikd
NV PKNAMokn avantoén t6co ot gvaictnTa 000 Kol oTo OVOEKTIKA GTEAEYT, EVD TopatnpnOnKe
emiong ocvvepylopdg e 1o TM ave&apttmg eawvotdnov aviektikdétntog (BEN-R/S) 1660 in vitro 6co
Kot OTa €QupUOGTNKAY GE PPOVTA UNAOV. AvTifeTa pe To TpoPiA mov mapatnpnonke oty TepinTmon
tv Cu-NPs, 1 cvvepylotikr dpdomn amoddinke oe avénuévn dpaotikodtnta tov Ag-NPS kot oyL otnv
avénuévn dwbeotpudtra tov TM. EmmAéov, o polog ¢ amneAevBépmonc 10vimv oapydpov o1
povknrotoéikn dpdon twv Ag-NPs katd tov M. fructicola tav neplopiopévog, evd o ATP-g&aptmdpevog
petaforlopdg e€axorovbovoe vo cvuPdiier ot pokntotofikn TOVG JpAcT. TNV TEAELTOIN
nepintwon, peketOnke 1 pokntotoéikny Opdorn vavocopatdiov ZnO évavil oe gvaicOnto kot
avBektikd otedéyn tov maboyovov Alternaria alternata otov avactoléo TG aQLOPOYOVAGNS TOV
niextpikod o&og (SDHI) boscalid. Onwg kot o11g TOpandve mepittooelg, ta. ZNO-NPS avéotethav
OTTOTELECUOTIKA TNV PVKNAOKN avénon 1060 ota gvaichnta 660 kol ota aviektikd otedéyn. H
amelevépon 1OVTOV Yevdopydpov fray ev uépet vevBuvn Yo TV PLKNTOTOEIKT dpdon TV ZnO-
NPs poli pe mpdcobetovg unyovicpoe mov oyetilovral pe TV KUTTUPIKN LOVIKT OHOOGTAGT, OTIMG M




ATP-g&aptodpevn anékkpion 10viov kot 1 tapoayoyn ROS. Ta ZnO-NPs £6ei&ov cuvepyloTikn opdon
e to poknroktdvo boscalid og dheg Tig pavotumikég nepurtdoelg (BOSC-S/R) 1660 in vitro 66o kot
in vivo. Avti ™ ovvepylotikny dpdon mlovag opeiloviay oty "tumomomtikn” dpaon Ttov boscalid
10 omoio mepPdarer T ZNO-NPS katd TV €QopUoyn TOL, TPOKOAMVIOG CNUAVTIKY UEI®GN TOL

pey£€0ous TV vavoosoLatidimv, avEAVOVTaS ETOUEVOS TNV TOEKT TOLG OpdoT).

Ta mapandve amoterécpata deiyvouv 6Tl Ta petaAlikd NPs pmopoldv va ypnoipomomBodv yio
dwxeilpon tov @avopévov avOeEKTIKOTNTAG OTOL PVKNTOKTOVA, E€0IKA OTAV YPTGLLOTOOVVIOL GE
oLVOLOGHO LE TO 1010 HUVKNTOKTOVO GTO 0moio To maboydvo €xel pelpévn evaictncia. Avtiy n
onpovtiky dpdon katd e avlektikdtrag prnopetl vo amodobel oe apkeToVg punyavicpovs, dnwme 1
avénuévn Prodrabeoiudtnta Tov pokNToKTOVOL TOL TPoKaAeitat omd ta NPS mov dpovv wg @opeig, 1
ANUIKTY €vaGONTOTOINGT TOV KVTTAPOV TOV UVKATOV TOL TpokoAgitor amd ta NPs 1 po éppeon
avénuévn to&ikotnta v NPs Adym g "tumomomtikng” dpdong Tov HuKNTOKTOVOL TOL £XEL MG
OTOTELEC O LIKPOTEPO, Kal ETOUEVMG T10 ToEIKA NPs. Xe kdbe mepintmon, ektog amd T doyeipion g
avOEKTIKOTNTOG GTA LVKNTOKTOVA, 0 GUVOLACSUOG Tv MNPs pe 1o pokntoktova amodeiydnie o0t
UEUDVEL dPOACTIKA TIC GUVIGTOUEVES OOCELS UVKNTOKTOV®VY, YEYOVOG TTOL UTOPEL va GUUPAAEL GV
petpioot Tov TPoPANUOTOS TNG TEPPAALOVTIKNG pOTTAVGTC TOL TpOoKAAEiTAL 00 TN VITEPPOAKT YPTION
Y POYNUKDV.

MNPs évavti TAn0vep®@v 100 AGKOL TNG EMAG AVOEKTIKOV 6TA EVTOPUOKTOVO,

Extog amd tic avtipkpofiakéc Toug 1010tntee, To. MNPs éxovv deifet peydn amoTteAeGLOTIKOTTO KOl
pumopohv va ypNolonondodv oG EVOAAAKTIKG EVIOUOKTOVO KOTA TGV 0pfpomdd®V OUKOVOLIKNIG
onuaciog, OmM®G ot WOYES, TO KOLVOLTIN, Ol WEIPEG KOl TO TOLUTOVPLO. XE OVTH TN UEAETH,
vavoo®poTidte tov mepteiyov xaAko (Cu-/CuO-NPs) dokipudotnKov o¢ EVTOpoToEIKol TapdyoviE KoTd
TAnBvoudv tov dakov tng eAdg (B. oleae) pe peiwpévn evacnoio oto evropoktdvo deltamethrin.
Emiong pelemOnke 1 emidpact) TOVG GTIC AVOTAPAYOYIKEG TOPUUETPOVS TOV EVIOUOV KAOMDC Kol G
€VO0-CUUPLOTIKOVS LIKPOOPYOVIGLOVG TOV TEMTIKOV TOV GLOTHATOS. TdG0 Ta vavoswpotidn 660 Kot
0 GLUPOTIKOG YOUAKOG TTOV EQUPUOCTNKOV HEGH GITIONG TPOKAAEGAY GNUOVTIKE Enimeda BvnoodTnToC
OTO EVNAIKO, TOUE TOV SAKOV, TOL OTTOL0L TAY GLYKPIGIUO, 1] AVATEPO aTd QVTAE TOL EMLTEVYONKAV LE TO
evropoktovo deltamethrin otig cuvictdpeveg doceic. Otav cuvdvaotnkav pe to deltamethrin, ta Cu-
NPs abEncov onuavTIKG TV OTOTEAEGUOTIKOTITO TOV EVTOLOKTOVOL KOTh TV evnAikwv tov B. oleae,
peimoav Tov Péco cuvolko aplipd amoydvmv 6e GOYKPLoT HE TO LapTupa kabdg Kot Tov aptiud tomv
TOIUTNUATOV, TOV TPOVOUPADV, TOV ONAVKAOV KOl TOU GUVOAMKOD aplflol amoyovVmV GE GUYKPION LE
v eméufacn mov mepleixe povo to  evropoktdévo. Toco o cvpuPatikdc yorkdg 660 Kol TO
VOvoompatiotn xadlkob peiocov onpovtikd v aebovia tov evéocvpupiotikod Baktnpiov Candidatus
Erwinia dacicola, to omoio gival amapaitnto yo v enifioon tov tpovougdv tov B. oleae. Avtd ta
gvpnuata vrodeikvoovy 6tL ot Cu-NPs pmopovv va coufdlovy ot dwyeipion tov B. oleae t6c0
LEWDVOVTOG TNV eMPBimon ToV TPOVOLE®V TOL OGO KOl EVIGYVOVTIOG TNV OTOTEAEGHOTIKOTITO TOV
deltamethrin 6cov a@opd v To&KOTNTO KO TN HEIOUEVI] YOVIUOTNTA KOL  OIOTEAOLV  €va
OTOTELECUOTIKO gpYyoieio Katd Tng ovOekTIKOTNTOG €VO UTOPOUV VO  EAUYIGTOTOUGOVV TO
TEPIPAAAOVTIKO AmOTOTOUO, TOV GUVOETIKOV EVIOUOKTOVOV UELDVOVTOS TIG OmOLTOVUEVES OOCELS Yia
TOV €AEYYO TOL TOPOGITOV.

To&wkoroyikég emopacels Tov MNPs o€ gutd Kol 6€ cUPUPLOTIKOVS 0pYavVIGROVS TOV PLLIKOD
GUGTI|LOTOS TNG TONATOG

Q¢ avomdoTaeTO UEPOG OA®Y TOV OIKOGLGTIUATOV, TO PUTA AVOUEVETOL VO EIVOL SUVNTIKOT OTOOEKTEG
GUEC®V N EUUECOV OAANAETIOPACE®V LE VOVOSMUATIOW, T0, 0oio B0 UTOPOvGOY EVOEXOUEVOS VO
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001 YNoOoVV G€ TOEIKOTNTO, GUGCMPELCT LECH TNG TPOCANYNG 1 SATAPAEN TOV CAANAETIOPACE®Y TV
eLVTOV  pE  O@EMpovc/cupploTikong  pikpoopyaviopovs.  TToAhég peléteg  a&ordynong g
QUVTOTOEIKOTNTOC TV UETOAMKOV NPs avagépouv apvnTikég emdpacel; otnv avamtvén kot
@UoloAOYi TOV QUTOV 6€ TOAAG €10M. Av KOl Ol avapOpEég oLYVE €lval OVIIKPOLOUEVES, Ol
TEPLOCOTEPES GLVIYOPOVV GTN Amoy™ OTL 10 eninedo putoSikdtnrag Tv NPs eéaptdton amd 1o €ldog
Kol 0Tt k@Be mepintwon Bo mpémer va aloroyeiton Eexmprotd. H topdrta sivol pio Onpo@iAng
KOAMEPYELL e LEYAAT OKOVOLIKT OILOGT0 TOYKOGHIMS, KO 0V KOl VITAPYOLV LEAETEG OV AELOAOYOVV
™ evTOTOEWKOTNTO NG VTopdTag Tov mpokoaAeitor and NPS mov mepiéyovv dpyvpo, o&eidio tov
YevdapyYOpov, 010E€i010 TOL TiTOviov, YOAKO Kol GidNPo, M TOEKOTNTA TOLg o GUYKPION UE TIG
YOVOPOEDEIC/IOVTIKEG LOPOES TOVGS, KOBMG Kot 1| AAANAETIOPACT] TOVS Le EVOOPUTIKOVG GUUPLOTIKONG
LIKPOOPYUVIGHOVG TG VIOUATOG 08V €IVl EXOPKMOG LEAETNUEVT. ZTO TAQIGIO TN TOPOVCAG LEAETNG,
depevvinke 1 emidpaon vovocopatidiov yorkod (Cu-NPs, CuO-NPs), apydpov (Ag-NPs) xoi
o&e1diov Tov Yevdapyvpov (ZnO-NPs) oty avamtuén, TiG PUGIOAOYIKES 1IOIOTNTEG KO TIG CLUPLOTIKES
AAANAETIBPAGELC PLTMV VIOUATOC LE TO OTEAEYOC TOV €vEoPLTIKOD poknta Fusarium solani FsK. Ta
aroteléopata 0oy 0Tt To FsK ftav mo evaicOnto ota Cu-NPs ka1 ZnO-NPs 6g Oykpion pe ta
CuO-NPs kot Ag-NPs, pe 6ha 1o vavooopotidlo vo tapovstdlovy peyaddtepn to&ikotnTo o€ oyéon
UE TIC XOVOPOEIDEIG/TOVTIKEG HOPPEG TOVG, KTOC amd To AgNOs, To 0moio YTV GNUAVTIKA Lo TOEIKO
an6 o, AgNPs. Evd ta vto e&€taon NPs dev ennpéacav t PAGGTNOT TOV 6TOp@V, HEI®GAV TO UNKOG
ka1 to Enpd Papog TV prlov, Wing otig tepittooelg T@v Cu-NPs kot ZnO-NPs. To pnikog tov piiov
Kol TOV PAACTOV TOV AVOTTUYUEVOV QUTAOV VIOUATHS EXNPEAOTNKE £ioNg and Tig eMEUPACELS, EVED 0L
dtapopéc petal&d NPs kol Tov 10VTIK@V Toug popeav Ntav motkideg. Ta NPs kot ta 10vTikd toug
avAAOYO TPOKAAEGOV LEIMON TOV EMMEIOV YA®POPVAANG-a KOl KOPOTEVOEWOMY Kol TPOKOAECHV
£VTOVO 0EEOMTIKO GTPEG, OTMG VITOSEWKVVETAL Ad TNV avENoT TV emmédnv MDA ka1 H20, ota gutd
nov gpappoctnkav. Ta NPs kot ot yovopoeideic Toug popeég dev ennpéacav Tov amoikiopd tov FSK
oT1g pilec, VIOdNA®VOVTOG TNV TPOGTATEVTIKY ENIOPACT] TOV PLTMV VIOUATOS LOAG O EVOOQUTIKOG
pikpoopyavicpdc eykotactadel péoa otig pilec. Evolapépov mopovctalel to yeyovog OTL 1) Tapovcia
¢ FsK ot pileg paivetor va petptdlel tnv 1o&IkoTNTo TOV VOVOGMUTIOWNY, TO 0TT0i0 VITOONADVEL
v Omapén ovvleTV OAANAETIOPACE®YV  PLTOV-CLUPIOTIKOD HIKPOOPYAVIGHOL Ot omoieg Oa
UopohGoV Vo, TPocdMGovY avlekTikdTTA GTO. QUTO TOUATAG £vavTL G€ aVTOVS TOVG TOEIKOVG
TOPAYOVTEG.

Yvvoyilovtag, 1 duvatdrTe TV PETOAMKOV vavocouatdiov (MNPS) va ypnouomombodv wg
EVOALOKTIKA, OWKOAOYIKA ovuPatd @utoedpuoke dlepguvibnke oe  SQOpO  GLOTHLOTO
naboyovov/zapacitov. Eximiéov, Ta amotedéopata avédei&ay Tn SuvatdTNTH TOVG VO OVTIUETOTICOVY
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@VTOTOEIKOTNTO, 1) TOEIKOTNTA Y10 TOVE avVOPDOTOVE KoL 1) 01KOTOEIKOTNTO 6TO TEPPAALOV, TPV OTO TNV
EUTOPIKT| TOLG 0&LOTOINON MG VOVO-QUTOQAPLOKO GE UEYAAT KALOKA.




ABSTRACT

Modern agriculture faces significant challenges in achieving sustainable food production while
minimizing the depletion of natural resources and environmental pollution. Recent advancements in
nanotechnology hold great promise in addressing these challenges. This has been highlighted by several
studies focusing on various agricultural applications of nanotechnology, such as the development of
nano-fertilizers, which enhance nutrient delivery through targeted release, thereby reducing waste and
environmental impact. A major challenge chemical control faces is the loss of available conventional
active ingredients due to strict environmental safety regulations which, combined with the loss of
fungicide efficacy due to resistance development, constitute major issues of contemporary crop
protection. Metal containing nanoparticles appear to have all the credentials to be the next-generation,
eco-compatible fungicide alternatives and a valuable anti-resistance management tool. Could the
introduction of metal NPs as nano-fungicides be the answer to both reducing environmental footprint
of xenobiotics and dealing with fungicide resistance? Furthermore, and despite their “golden” potential
to be used as pesticide alternatives and anti-resistant agents, safety issues concerning undesirable effects
towards non-target organisms such as phytotoxicity, toxicity to humans and environmental ecotoxicity,
should be considered before their commercial introduction as nano-pesticides.

Under this light the main objectives of the present thesis were a) to study the effectiveness of metallic
nanoparticles (MNPSs) against phytopathogenic fungi both in vitro and in vivo, b) to investigate the
mechanism of fungitoxic action of MNPs at the biochemical level, ¢) to explore the potential use of
MNPs alone or in combination with conventional plant protection products to combat resistant
phytopathogenic strains, as well as to reduce recommended doses and the environmental footprint of
pesticides, d) to examine the potential use of MNPs against populations of the olive fruit fly, resistant
to insecticides, and their impact on the endosymbiotic microorganisms of the fly's gut flora, and e) to
investigate the toxicological effects of MNPs on the growth and physiological parameters of tomato
plants, as well as on the symbiotic organisms of their root system.

Metallic nanoparticles as fungicide alternatives

In an attempt to evaluate their potential to be used as fungicide alternatives, copper (Cu-NPs, CuO-
NPs), silver (Ag-NPs) and zinc (ZnO-NPs) containing nanoparticles (NPs) were assessed in vitro
against seven economically important fungal species, known to cause foliar and soil-borne plant
diseases. Cu-NPs emerged as the most effective, followed by ZnO-NPs and Ag-NPs, while CuO-NPs
and showed limited effectiveness. Cu-NPs demonstrated greater fungitoxicity than the reference
fungicide Cu(OH), across most species. Most NPs tested outperformed their bulk counterparts in terms
of toxicity, indicating distinct mechanisms of action between nanoparticles and their ionic counterparts.
All NPs were significantly more toxic to fungal spores than to hyphae and overall more effective than
Cu(OH), as confirmed by in vitro bioassays. Additionally, NPs notably reduced grey mold symptoms
on plum fruit, particularly Ag-NPs, which completely inhibited disease development. These findings
highlight the promising potential of these nanoparticles as protective antifungal agents.Following this
initial screening, selected MNPs were tested against fungicide-resistant fungal pathogens.

MNPs combating fungicide resistance




Combating drug-resistance is a daunting task, especially due to the shortage of available drug
alternatives with multisite modes of action. In the second part of this thesis, the potential of MNPs to
be used against fungicide-resistant fungal pathogens, their potential synergy with conventional
fungicides as well as the underlying mechanisms were investigated in four pathogen-NP cases. In the
first case, copper nanoparticles (Cu-NPs) were found to be effective against both sensitive and resistant
to thiophanate-methyl (TM) and pyraclostrobin Botrytis cinerea isolates bearing the E198A and G143A
resistance mutations in the g-tubulin and cytb genes, respectively. A synergistic effect was observed
between Cu-NPs, TM and fluazinam both in vitro and when tested on apple fruit. Copper ion release
contributed to the fungitoxic activity of Cu-NPs, but nano-specific mechanisms including ATP-
dependent metabolism were also involved. Similar results were observed in the case of Cu-NPs, which
could suppress mycelial growth in both sensitive (BEN-S) and resistant (BEN-R) to TM M. fructicola
isolates harbouring the E198A benzimidazole resistance mutation, more effectively than Cu(OH)s..
Copper ion release and ATP-dependent metabolism were also found to contribute to the fungitoxic
action of Cu-NPs against M. fructicola. A significant synergy of Cu-NPs with TM was observed against
TM-sensitive isolates both in vitro and when applied on plum fruit suggesting an enhanced availability
or nanoparticle-induced transformation of TM to carbendazim. In the third case, to test whether the
effectiveness of MNPs could be affected by the metallic basis of NPs, Ag-NPs were tested against the
above M. fructicola isolates in terms of effectiveness and fungicide resistance management both in
vitro and in vivo. Ag-NPs effectively suppressed mycelial growth in both sensitive (BEN-S) and
resistant isolates. Ag-NPs also exhibited synergy with TM regardless resistant phenotype (BEN-R/S)
both in vitro and when applied on apple fruit. Contrary to the profile observed in the case of Cu-NPs,
the synergistic action was attributed to an enhanced Ag-NPs activity rather than increased TM
availability. Furthermore, the role of released silver ions on the fungitoxic action of Ag-NPs against M.
fructicola was found to be limited, while ATP-dependent metabolism probably contribute to their
fungitoxic action. In the last NP-pathogen case, the antifungal potential of ZnO-NPs against Alternaria
alternata isolates with reduced sensitivity to the succinate dehydrogenase inhibitor (SDHI) boscalid,
resulting from target site modifications, was assessed. Similarly to the above cases, ZnO-NPs could
effectively inhibit mycelial growth in both sensitive (BOSC-S) and resistant (BOSC-R) isolates. Zinc
ion release was partly responsible for the fungitoxic effect of ZnO-NPs as well as additional
mechanisms involving cellular ion homeostasis such as ATP-dependent ion efflux and ROS production.
ZnO-NPs showed a synergistic effect with boscalid in all phenotypic cases (BOSC-S/R) both in vitro
and in vivo. A “capping” effect of boscalid when applied with ZnO-NPs probably accounts for this
synergistic effect by causing a significant reduction of the nanoparticle size.

All the above cases indicate that metal NPs can combat fungicide resistance especially when used in
combination with the same fungicide that the pathogen has developed resistance to. This extraordinary
resistance-negating effect can be attributed to several mechanisms such as increased bioavailability of
the fungicide caused by a carrier effect of the NP, chemo sensitization of the fungal cell caused by the
NPs or an indirect increased toxicity of the NPs due to a “capping” effect of the fungicide which results
in smaller, and thus more toxic, NPs. In any case, besides managing fungicide-resistance, the
combination of MNPs with fungicides was shown to drastically reduce the recommended fungicide
doses which can contribute to the mitigation of the problem of environmental contamination caused by
the excessive use of agrochemicals.

MNPs against insecticide-resistant Bactrocera oleae populations

Besides their antimicrobial properties, MNPs such as those containing silver, zinc oxide, titanium oxide
and copper, have exhibited a great potential as pesticide alternatives against arthropod pests of economic
importance, including flies, moths, mosquitos, lice and ticks. In this study, copper nanoparticles (NPSs)




were tested as an alternative control agent against olive fruit flies (B. oleae) with reduced sensitivity to
the insecticide deltamethrin and their impact on the insect's reproductive and endosymbiotic parameters
was investigated. Both nanosized and bulk copper applied by feeding resulted in significant levels of
adult mortality, comparable to or surpassing those achieved with the insecticide deltamethrin at
recommended doses. When combined with deltamethrin, Cu-NPs significantly enhanced the
insecticide's efficacy against B. oleae adults, reduced the mean total number of offspring compared with
the control, and the number of stings, pupae, female and total number of offspring compared with the
insecticide alone. Both bulk and nanosized copper significantly reduced the abundance of the
endosymbiotic bacterium Candidatus Erwinia dacicola which is essential for the survival of B. oleae
larvae. These findings indicate that Cu-NPs can contribute to the management of B. oleae both by
reducing larval survival and by enhancing deltamethrin performance in terms of toxicity and reduced
fecundity, providing an effective anti-resistance tool and minimizing the environmental footprint of
synthetic insecticides by reducing the required doses for the control of the pest.

Toxicological effects of MNPs on tomato and its root-symbiotic organisms

Plants, being an essential part of all ecosystems, are expected to interact directly or indirectly with
nanoparticles, that could potentially inflict toxicity, accumulate via uptake or disturb interactions of
plants with beneficial/symbiotic organisms. Various studies evaluating phytotoxicity of metal NPs have
been conducted reporting adverse effects on various aspects of plant growth and physiology in
numerous plant species although reports are often conflicting, highlighting that toxicity threshold of
NPs towards plants is species dependent and each case should be evaluated separately. Tomato is a
vegetable crop with great popularity and economic importance worldwide, and although studies
evaluating phytotoxicity of tomato caused by silver, zinc oxide, titanium oxide, copper, and ferric NPs
are available, their toxicity compared with their bulk counterparts, as well as their interaction with
tomato’s endophytic symbiotic microorganisms is limited. Therefore, this study investigated the effect
of copper (Cu-NPs, CuO-NPs), silver (Ag-NPs) and zinc oxide (ZnO-NPs) nanoparticles (NPs) on plant
growth, physiological properties of tomato plants and their symbiotic relationships with the endophytic
Fusarium solani FsK strain. Results indicated that the FsK strain was more sensitive to Cu-NPs and
Zn0O-NPs compared to CuO-NPs and Ag-NPs, with most nanoparticles exhibiting greater toxicity than
their bulk forms. While NPs did not affect seed germination, they reduced root length and dry weight
in a dose-dependent manner, with notable effects from AgNOs, Cu-NPs and ZnO-NPs. Root and shoot
length of grown tomato plants was also affected by treatments while differences between NPs and bulk
counterparts varied. NPs and bulk counterparts resulted in reduced chlorophyl-a and carotenoid levels
and a marked oxidative stress response as indicated by increased MDA and H-0- levels of treated
plants. NPs and counterparts did not affect FsK colonization of roots indicating a possible shielding
effect of tomato plants once the endophyte was established inside the roots. Interestingly, the presence
of FsK in roots appeared to mitigate some of the nanoparticle toxicity, suggesting a complex interaction
that could provide resistance against these toxic agents in tomato plants.

Summarizing, the potential of MNPs to be used as alternative, eco-compatible pesticides was
demonstrated in several disease/pest pathosystems. Results also highlighted their potential for
addressing the crucial agricultural issue of pesticide resistance, especially when combined with
pesticides which leads to synergy, enabling effective management of the resistance phenomenon while
simultaneously allowing for reduced dosages and consequently minimizing the environmental footprint
of these drugs. However promising for crop protection, MNPs may pose both known and unknown
health and environmental risks. Phytotoxicity tests on tomato plants revealed adverse effects of metal
NPs on growth and physiological properties as well as on an endosymbiotic fungal strain which shields
tomato plants against soil diseases and stress conditions. Therefore, since their effect on biological




systems is not yet completely understood, MNPs should be further studied for undesirable effects
towards non-target organisms such as phytotoxicity, toxicity to humans and environmental ecotoxicity
before their commercial introduction as nano-pesticides at a large scale.
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1 Nanoparticles and Pesticides in Agriculture:

Applications and challenges
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1. Nanoparticles and pesticides in Agriculture: Applications and
challenges

1.1 Nanoparticles - definition and classification

According to the European Union's definition, nanoparticles (NPs) are characterized on
the basis of their particle size, which typically ranges between 1 to 100 nm and overlaps with
that of colloid particles (size ranging from 1 to 1,000 nm). As a result, it is common to find
literature that uses the terms "nanoparticles” and "colloidal particles" interchangeably,
particularly for particles smaller than 100 nm.

EU’s definition of NPs was revised in 2022 to provide a more coherent and efficient regulatory
framework for nanomaterials across all sectors in the EU. Specifically, the European
Commission (EC) Recommendation states:

« “Nanomaterial” means a natural, incidental or manufactured material consisting of solid
particles that are present, either on their own or as identifiable constituent particles in
aggregates or agglomerates, and where 50% or more of these particles in the number-based
size distribution fulfil at least one of the following conditions:

1. one or more external dimensions of the particle are in the size range 1 nm to 100 nm;

2. the particle has an elongated shape, such as a rod, fiber or tube, where two external
dimensions are smaller than 1 nm and the other dimension is larger than 100 nm;

3. the particle has a plate-like shape, where one external dimension is smaller than 1 nm
and the other dimensions are larger than 100 nm.

4. In the determination of the particle number-based size distribution, particles with at
least two orthogonal external dimensions larger than 100 pm need not be considered.

However, a material with a specific surface area by volume of 2/cm? shall not be considered a
nanomaterial.»

NPs have a size comparable to viruses, DNA, and proteins, while microparticles have a size
comparable to cells, organelles, and larger physiological structures. The unique features of NPs
primarily arise from the reduction of particle size to less than 100 nm, leading to properties that
include higher thermal stability, strength, high conductivity and low permeability (Rauscher et
al., 2019). The decrease in particle size also increases the surface area-to-volume ratio, making
NPs more reactive than their bulk counterparts. As a result, it is challenging to predict the
physicochemical characteristics and toxicities of NPs, even if the bulk materials they are
derived from are well understood.
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A relevant categorization of NPs can stem from their a) main material, a) dimensions, and c)
source:
Material-based classification

This category includes:

i. Carbon-based NPs contain carbon and include a variety of NPs such as nanodiamonds,
graphene (Gr), carbon nanotubes (CNTs) and nanofibers (CNFs), and fullerenes
(C60) (Kumar and Kumbhat, 2016).

ii. Inorganic-based NPs containing inorganic molecules such as metals (Cu, Zn, and Ag),
metal oxides (CuO, TiO2and Zn0O), and semiconductors (ceramics).

iii. Organic-based NPs, consisting of organic materials (polymers, dendrimers, liposomes,
and micelles.

iv. Composite-NPs, are nanostructured materials that consist of at least two different types
of materials, one of which is a nanoscale material. These composites can be made
up of carbon-based, metal-based, or organic-based nanomaterials combined with
any form of metal, ceramic, or polymer bulk materials.

Dimension-based classification

According to Poh, et al. (2018), NPs can be classified based on their dimension as:

1) Zero-dimensional (OD) in which all three dimensions are in a nanometric range
such as quantum dots in light-emitting diodes (LEDs), solar cells, and lasers.

i) One dimensional (1D) in which two dimensions are in a nanometric range such
as nanowires, nanorods, and nanotubes,

iii) Two dimensional (2D) in which one dimension is in a nanometric range such as
nano-thin films, nanosheets, and nanoplates,

iv) Three dimensional (3D) in which all three dimensions are outside of a
nanometric range, as shown in Figure 1.1 These NPs may consist of nanofiber,
nanotube groups or of different NP-containing configurations.

Classification of NPs based on their source

According to their origin, NPs can be classified into natural, incidental and engineered (Khan,
2020):

i) Natural NPs are naturally occurring nanoscale materials produced by living organisms
or through anthropogenic activities. A number of natural processes are responsible for
their production including photochemical reactions, volcanic eruptions, erosion, skin
shedding or animal hair.

i) Incidental NPs consisting of anthropogenic side- or by-products of processes and
activities (transportation vehicles), or some incidental natural processes such as forest
fires.
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iii) Engineered nanoparticles (ENPs) are specifically manufactured NPs with tuned
properties. They are manufactured via physical, chemical or hybrid methods, such as
milling (from their macro-scale counterparts) or self-assembly (atoms or molecules).
Applications of ENMs include food contact materials, cosmetics, textiles, improved
diagnosis, and disease treatment, energy storage and computer products.

NMs classification based on dimensionality
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Figure 1.1 Classification of Nanoparticles (NPs) based on their dimensions (adopted from Poh et al.,
2018).

1.2 Nanotechnology applications in agriculture

Modern Agriculture faces multiple challenges in its effort to provide sustainable
production of food and at the same time avoid exhausting natural resources or polluting the
environment. Recently, to address these challenges, significant technological advancements
and innovations have been made. Among the proposed technologies, nanotechnology has the
greatest potential to provide effective solutions to challenging agriculture-related problems. A
significant amount of research, spanning at least a decade, has been undertaken on
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nanotechnology applications in agriculture. Sustainable agricultural production demands
certain inputs such as fertilizers and agrochemicals. Fertilizers play a pivotal role in increasing
yield, although their excessive use or misuse alters the chemical ecology of soil and undermines
soil fertility while reducing the available area for crop production. Nano-fertilizers increase the
efficiency of agricultural inputs by facilitating site-targeted controlled delivery of nutrients,
thereby ensuring optimal use of agri-inputs. Furthermore, the use of nanotechnology-assisted
plant protection products has a great potential for increasing crop yield and reducing the
environmental footprint of agrochemicals. Another major concern of sustainable agricultural
production is the ability of plants to adapt to the accelerated climate change which causes
extreme temperatures, water deficiency, salinity, alkalinity and environmental pollution, and
“at the same time to preserve existing sensitive ecosystems. Additionally, the development of
precision farming utilizing nanosensors, provides the means for monitoring crop growth, soil
conditions, diseases, fate of agrochemicals and environmental pollution with obvious benefits
for sustainable agriculture and the environment. Nanomaterial engineering is the cutting-edge
track of research that supports the development of high-tech agricultural fields by offering a
wider specific surface area crucial for the sustainable development of agriculture
systems.Therefore, nanotechnology not only reduces the uncertainty, but can also provide
alternative to conventional solutions to optimize agricultural production (Shang et al., 2019).
A summary of nanotechnology applications in agriculture is shown in Figure 1.2.
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Figure 1.2 Applications of nanotechnology in agriculture (adopted from Shang et al., 2019).
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1.2.1 Nanoparticles in Plant Protection

Plant pests and pathogens cause substantial decreases in crop production, with global
losses estimated at 20%-40% per year. The current reliance on pesticides (including
insecticides, fungicides, and herbicides) for pest management, has led to harmful side effects
on non-target organisms, pest population resurgence, and resistance development, with an
estimated 90% of pesticides being lost during application. As a result, there is a growing need
to develop cost-efficient, high-performing and, at the same time, less harmful to the
environment pesticides (Worrall et al.,2018). Nanotechnology has the potential to provide
solutions for the above-mentioned pesticide-related challenges through the development of
novel, highly effective nano-pesticides. Although nanotechnology has been substantially
exploited in medicine, this is not the case for agricultural applications. Recently, the main
applications of this technology include seed germination, nano-sensors, improved water
management, target gene transfer, nano-barcoding, and delivery/controlled release of
pesticides and hormones (Hayles et al., 2017).

Engineered nanoparticles with specific properties such as shape, pore size, and surface
characteristics, can serve as protectants or targeted delivery agents. These nanoparticles can be
used to encapsulate or conjugate active ingredients, such as pesticides, for precise and targeted
delivery. The advancement of agricultural nanotechnology is expected to provide a new
generation of pesticides and other active ingredients for the of plant diseases. Nanoparticles
can be used to protect plants through two mechanisms: (a) directly, acting themselves as toxic
agents, or (b) indirectly, acting as carriers for active ingredients such as conventional/green
pesticides or novel biotechnological agents such as double-stranded RNA (dsRNA). These
nanocarriers have several advantages, including enhanced shelf-life, improved solubility of
water-insoluble pesticides, reduced toxicity to non-target organisms and farms, and increased
targeted uptake by pests (Worrall et al.,2018). Additionally, nanocarriers can increase in the
efficacy and resilience of the pesticides under adverse environmental conditions such as intense
UV-irradiation and rain, reducing the number of applications and toxicity while reducing costs
(Figure 1.3).
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Figure 1.3 Nanomaterials in crop protection. Different nanomaterials used in plant protection as
either A) protectants or B) carriers for active ingredients. C) Potential benefits of nanomaterial
applications (adopted from Worrall et al.,2018).
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1.2.2 Nanoparticles as Pesticide Alternatives

1.2.2.1 Nanoparticles used as protectant agents

Nanoparticles have demonstrated a high potential to be directly applied to plant seeds,
foliage, or roots and to provide protection against pests and pathogens, such as insects, bacteria,
fungi, and viruses. Metal nanoparticles such as silver, copper, zinc oxide, and titanium dioxide
have been intensively researched for their antibacterial and antifungal properties and are also
shown to have antiviral properties (Worrall et al., 2018).

Recently, silver nanoparticles have increased in popularity, due to “green synthesis”
production in plants, bacteria, fungi, or yeast. Silver nanoparticles have shown antifungal
properties against Alternaria alternata, Sclerotinia sclerotiorum, Macrophomina phaseolina,
Rhizoctonia solani, Botrytis cinerea, and Curvularia lunata tested by well diffusion assays
(Worrall et al., 2018). When silver nanoparticles were sprayed onto bean leaves, complete
suppression of the sun-hemp rosette virus was observed. In another study, faba bean plants
challenged with bean yellow mosaic virus produced remarkably better results when sprayed
with silver nanoparticles 24 h post-infection, compared to spray applications before or
simultaneously at the time of inoculation (Elbeshehy et al., 2015). Silver nanoparticles have
shown immense potential for plant disease management against fungal and bacterial pathogens,
but there are significant hurdles associated to them, such as production, toxicity, and soil
interaction.

Similar reports exist on the effectiveness of other metal nanoparticles including copper,
titanium dioxide, and gold against plant pests.

Cu and TiO2 NPs are mainly utilized as fertilizers, whereas relevant research on plant

disease management is limited. A number of studies have been conducted on the antimicrobial
or insecticidal action of TiO2, Ag, Al, and Cu nanoparticles. In some cases, the application of
nanoparticles directly or indirectly via fertilizers has induced plant resistance against bacteria
and viruses. For example, poly-dispersed gold NPs introduced through a mechanical abrasive
was shown to confer plant resistance by deactivating the viral particles of Barley yellow mosaic
virus (Worrall et al., 2018).

Another nanoparticle with a promising potential as a protective agent is Chitosan. It is
characterized by numerous advantageous biological properties, including biocompatibility,
antimicrobial activity, biodegradability, non-allergenicity, and low toxicity to non-target
organisms including humans. Chitosan NPs have been shown to possess anti-viral properties
against infections caused by plant pathogens including the alfalfa mosaic virus infecting,
peanut, snuff, cucumber and potato plant tissues, Bean mild mosaic virus infecting beans,
Tobacco mosaic virus, and Tobacco necrosis virus infecting tobacco plants (Worrall et al.,
2018). They have also exhibited substantial antimicrobial properties and have been shown to
be effective against tomato crown and root rots caused by Fusarium spp, gray mold caused by
B. cinerea, and rice blast caused by Phyricularia grisea (Kashyap t al., 2015), and to a much
lesser extent against bacterial plant pathogens. A number of potential mechanisms involved in
the antimicrobial activity of chitosan have been proposed including, cell membrane disruption,
inhibition of toxin production and H*-ATPase activity, agglutination, inhibition messenger
RNA and protein synthesis, and inhibition of microbial growth through blocking nutrient flow.
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Besides their effectiveness against plant pathogens, chitosan NPs have been shown to be
effective against plant pests such as the aphid Aphis nerii, pear psylla Cacopsylla pyricola, the
leafworm Spodoptera littoralis and the root-knot nematode Meloidogyne javanica (Worrall et
al., 2018). Overall, chitosan nanoparticles have immense potential as plant protectant agents,
rivaling their use as nanocarriers for other active ingredients.

1.2.2.2 Nanoparticles as Pesticide Carriers

Another extremely significant application of nanoparticles is their use as carrier-
molecules for entrapping, absorbing, encapsulating, or attaching other active molecules to
produce agricultural formulations with enhanced properties. The most popular NPs used as
nano-carriers for fungicides, herbicides, insecticides and RNAI-s, include silica, chitosan, solid
lipid nanoparticles (SLN), and layered double hydroxides (LDH) nanoparticles.

Silica NPs are among the highly advantageous delivery vehicles because they can be
easily synthesized with a controllable size, shape, or structure. The most widely studied silica
nano-carriers are porous hollow silica nanoparticles (PHSNs) and mesoporous silica
nanoparticles (MSNSs). Typically, pesticides are loaded into the inner core of these NPs,
providing protection against UV light degradation and a sustained release of the active
ingredients. According to existing literature, silicon has been utilized as a means for enhancing
plant tolerance against various abiotic and biotic stresses, making silica nanoparticles a
promising candidate for use as a pesticide-carrier (Worrall et al., 2018).

Another promising drug-delivery molecule is chitosan. Typically, chitosan NPs are
hydrophobic which leads to limited water-solubility, requiring the use of various organic or
inorganic copolymers to address this issue. The reactive amine and hydroxyl groups it contains,
provide great flexibility in terms of property improvement including ionic interactions, desired
modifications, and graft reactions. A critical property of chitosan is its ability to adhere well to
leaf and stem, enhancing the contact time and promoting bioactive molecule uptake.

SLNs consist of solid at room temperature lipids with emulsion-like properties. This
enables them to form a matrix for entrapping lipophilic active ingredients without using organic
solvents [28]. Furthermore, the solid matrix of SLNs limits the mobility of active ingredients
enabling the controlled release of encapsulated lipophilic molecules. Stabilization of SLN
during their dispersal in water is typically achieved using surfactants. Certain drawbacks of
SLNs stem from their limited loading capacity and the instability of the structure leading to
leakage of the a.i. during storage (Tamjidi et al., 2013).

LDHs are clays formed into hexagonal layered sheets trapping active molecules
between their interlayer space. Under acidic conditions, e.g. under the presence of moisture
and atmospheric carbon dioxide, LDH NPs break down releasing their biologically active
content (Mitteret al., 2017). Specific LDH NPs, such as positively charged delaminated LDH
lactate nanoparticles, can facilitate the uptake of biologically active substances across the plant
cell wall.
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1.2.2.2.1 Nanoparticles as Insecticide Carriers

Most insecticides have low water-solubility and require organic solvents to be
solubilized, increasing costs and the toxicity of the formulation. Alternatively, nanoparticles
can be used to address these solubility-toxicity issues. Currently, insecticides with limited
water-solubility have been successfully conjugated with porous silica and modified chitosan
nanoparticles (Worrall et al., 2018), although environmental safety issues regarding these NPs
have not been investigated. Modified chitosan NPs loaded with the hydrophobic insecticide
azadirachtin exhibited sustained drug release and a significant inhibition of cell proliferation
in S. litura ovarian cell lines. An increased uptake of dendrimers loaded with thiamethoxam
and a higher mortality to H. armigera larvae have been also reported (Worrall et al., 2018).
This is of great significance considering that H. armigera is normally insensitive to
thiamethoxam. A similar synergistic effect was observed when anacardic acid was incorporated
into LDH NPs and directly sprayed onto S. litura or mustard leaves, leading to an increase in
mortality compared to treatments with anacardic acid alone (Nguyen et al., 2015). The above
studies showcase the potential advantages of NPs in improving the solubility of active
molecules.

The loss of insecticide active ingredients after application due to volatilization or
evaporation is another challenge for effective control of insects. Various substances such as
essential oils, although effective against insects, are unstable and rapidly evaporate at high
temperatures and increased air, light, and moisture conditions (Liu et al., 2001). Artemisia
arborescens L. essential oil encapsulated in SLN NPs evaporated 35% less when sprayed to
glass vials compared to the essential oil alone, in a time period of 48 h. In another case,
polyethylene glycol (PEG) was used to encapsulate garlic essential oil and its effectiveness
against the red flour beetle Tribolium castaneum was tested in rice post harvest. The resulting
nanoparticle formulation caused an 80% mortality in contrast to 11% observed in the treatment
consisting of the essential oil alone. In another study, pinene and linalool-encapsulated silica
NPs resulted in a significant reduction in the feeding activity of S. litura fed on treated leaves
ultimately causing insect mortality due to starvation (Yang et al., 2009).

Other desired properties of nano-insecticides include increased stability and controlled-
sustained release, which can reduce insecticide doses and improve their safety. Field trials,
using silica-encapsulated chlorfenapyr to treat Brassica chinese revealed that a similar or more
effective control could be achieved against Plutella xylostella compared to the insecticide used
alone (Song et al., 2012).

A drawback of the NP-induced slow release of pesticides is a potential reduction in the
toxic action of the insecticide against its targets. So far, few studies have tested this hypothesis.
For example, Kumar et al. (2016) reported a significant loss of cytotoxicity imidacloprid when
loaded onto sodium alginate NPs, although this was not validated via statistical analysis.
Toxicity tests using mouse fibroblast cell lines treated with botanical repellents encapsulated
in zein-NPs, revealed a reduction in toxicity compared with the sole use of botanical repellents.
Similarly, chitosan NPs loaded with carvacrol and linalool, exhibited a decreased toxicity to
fibroblast cell lines tested. Furthermore, this decreased toxicity may be beneficial, especially
in the case of non-target organisms. This was demonstrated in the case of cyhalothrin
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encapsulated in hollow polymeric shell-NPs, which was less toxic to zebrafish compared to the
unformulated cyhalothrin (Worrall et al., 2018). In any case, additional studies are required to
confirm the above hypothesis of reduced insecticide toxicity caused by NP encapsulation.

1.2.2.2.2 Nanoparticles as Fungicide Carriers

Studies on the use of nano-fungicides emerged as early as 1997, mostly concerning
ways to control wood diseases (Worrall et al., 2018). Since then, the number of studies on
nanoparticles with antifungal action has increased exponentially (Ray et al., 2023), with the
most studied nanoparticles used as fungicide carriers being silica, chitosan and polymeric
mixtures. However, although many studies have evaluated the effectiveness of nano-fungicides
against a wide range of fungal pathogens in vitro, efficacy of these formulations in planta and
toxicity against non-target organisms have been poorly studied.

Similarly to insecticides, nanoparticle properties have been exploited for improving
effectiveness, water-solubility, high volatilization, stability, and controlled release of
fungicides. Several studies exist on the use of nanoparticles used for alleviating the limited
water-solubility of fungicides (Worrall et al., 2018). Hatfaludi et al. (2004) used empty cell
envelopes of Pectobacterium cypripedii as a nanosized bacterial vessel to improve leaf
adherence and low water-solubility of tebuconazole. The authors tested six plants (rice, soya,
cabbage, cotton, barley, and corn), sprayed with ghost-loaded tebuconazole or with two
reference tebuconazole commercial fungicides (WP 25 and EW 250), against several plant
pathogens. Ghost-loaded tebuconazole was equally or more effective than WP 25 but not to
EW 250-treated. In another study, chitosan—lactide copolymer NPs loaded with pyraclostrobin,
a fungicide with low water solubility, was applied at different concentrations. Although no
significant differences were found at 3 to 5 days post-application, a significant increase in
inhibition against the fungal target was recorded 7 days post-treatment, compared to
pyraclostrobin alone (Xu et al., 2014). In vitro experiments of lecithin/chitosan loaded with
kaempferol, demonstrated a 67% inhibition efficacy against Fusarium oxysporum incubated
for 60 d (Worrall et al., 2018).

Nanoparticles loaded with fungicides can provide sustained delivery of the active
substance and reduce the required doses and maintain the same effectiveness against plant
pathogens. For example, tebuconazole loaded to NPs could provide the same level of control
against decay requiring 1/10 of the recommended dose. Encapsulating chlorothalonil and
tebuconazole using a surfactant-free method, resulted in stable NPs with small diameters
capable of penetrating wood, and exhibited an excellent performance against wood decay of
southern pine infected by G. trabeum and birch infected by T. versicolor (Worrall et al., 2018).

A major drawback of essential oils with antimicrobial action is their rapid evaporation
which makes them unsuitable for use in the field. In a recent study, 5 essential oils were
successfully encapsulated into MSN and exhibited superior antifungal activity against
Aspergillus niger 14 d post-infection, compared to the original essential oil formulations. This
was also demonstrated by the increased effectiveness against six fungi exhibited by SLN-
stabilized Zataria multiflora essential oil (Worrall et al., 2018).
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One of the major pesticide environmental challenges is leaching, which causes the
translocation of pesticides through the soil to water bodies and eventually polluting aquifers.
MSN-loaded metalaxyl observed 76% leaching in soil of a conventional formulation of
metalaxyl compared to 11.5% exhibited by encapsulated metalaxyl over a 30-d period. This
release rate of the encapsulated metalaxyl increased when tested in water but was still lower
than that of conventional formulation (Wanyika, 2013). Similarly, carbendazim and
tebuconazole were loaded into solid lipid and polymeric NPs, and their leaching rates were
tested in comparison with conventional fungicides containing these active ingredients. Results
revealed that the encapsulation of these active ingredients with nanoparticles decreased their
release rate in soil compared to the commercial formulations (Campos et al., 2015).

Slow release of the active ingredients of fungicides is a desirable property when
protection is needed for longer periods such as in the case of soil pathogens or pathogens with
multiple generations over a cultivation period. Such a prolonged release was achieved using
validamycin loaded to nanosized calcium carbonate. Validamycin-loaded NPs showed less
effectiveness against Rhizoctonia solani in the short-term, but two weeks later, the surpassed
the effectiveness of validamycin applied alone.

The effectiveness of certain fungicides has been shown to increase when used in
combination or loaded to NPs. For example, carbendazim-loaded polymeric nanoparticles
achieved an increased inhibition rate against Fusarium oxysporum and Aspergillus parasiticus
compared to a commercial fungicide containing only carbendazim (Worrall et al., 2018).

Several studies have investigated the use of nano-carriers to enhance the safety of
fungicides in terms of phytotoxicity. Nano-formulated carbendazim was safer in terms of root
growth and seed germination in Zea mays, Lycopersicum esculentum and Cucumis sativa
compared to the fungicide used alone. The uptake of pyrimethanil-loaded MSNSs in cucumber
plants was studied over 48 days using HPLC-TM, revealing that the risk of pyrimethanil-
loaded MSN accumulation in edible parts of the plant is minimal (Worrall et al., 2018).

1.2.2.3 Nanoparticles as RNAi Carriers

The RNA interference (RNAI) pathway was recently discovered and is expected to
revolutionize pests and pathogen management in plants. RNAI is a conserved mechanism in
eukaryotes that plays a crucial role in growth, development, and host defense against viruses
and transposons. This mechanism can be exploited to target insects, fungi, viruses, and weeds.
(Worrall et al., 2018). In plants, this pathway is triggered by double-stranded RNA (dsRNA),
which is subsequently sliced and converted by dicer-like (DCL) enzymes to small-interfering
RNA (siRNA). siRNAs are then introduced into an RNA-induced silencing complex, which
uses base pairing to direct the degradation of the target pathogen's RNA, preventing it from
being used as a translation template. The exploitation of the RNAi mechanism has been used
as a powerful method for combating plant pests and pathogens through genetic modification
(Worrall et al., 2018). Because most countries are skeptical of or against the use of genetically
modified organisms, research has focused on new methods such as the topical application of
dsRNA. Although appealing, this method faces similar challenges to those of conventional
pesticides including environmental degradation and limited uptake by the plant and the target
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organism. This fact makes nanoparticles promising vessels to be used for shielding dsSRNAs
from degradation and enhancing their efficiency to be delivered in their target sites.

Nanoparticles have been used as RNAi-inducing molecules against viruses, aphids and
mosquitoes. LDH nanoparticles loaded with dsRNA (BioClay) provided resistance to CMV
and PMMoV viruses when sprayed on cucumber and pepper plants (Mitter et al., 2017). A
single spray of BioClay was sufficient to protect plants for 20 days after application both on
sprayed and newly emerged-unsprayed leaves, while naked dsRNA failed to protect plants
against viral infection.

The first step in achieving effective protection against plant infecting insects was the
development of a perfluorocarbon-siRNA nanotechnology used against the Acyrthosiphon
pisum, Aphis glycines, and Schizaphis graminum aphid species. Results revealed that NPs
significantly enhanced the gene knockdown effect of SIRNA compared to free siRNA. Several
studies have focused on using this technology against human health-threatening mosquitoes.
For example, dsSRNA-loaded chitosan NPs were used against the malaria and dengue and
yellow fever vectors Anopheles gambiae and Aedes aegypti, respectively (Worrall et al., 2018).
In another study, carbon quantum dots, silica, and chitosan nanoparticles were used as carriers
of dsRNA against the larvae of A. aegypti. This study revealed that polyethyleneimine-coated
carbon quantum dots were the most efficient for dSRNA delivery and mosquito control.
Although promising for crop protection, exogenous RNAI-inducing molecule application,
further studies are needed to resolve the challenges topical application of RNAI faces before
being used in a wider scale (Worrall et al., 2018).

1.2.3 Environmental fate of Nanopesticides

Despite their advantages and great potential as pesticide alternatives, nanopesticides can
pose a threat to the environment and non-target organisms. Compared with conventional
pesticides containing the same active ingredients, nanopesticides may differ significantly in
terms of toxicity and environmental fate, a fact that merits additional attention and caution
(Ding et al., 2023).

Nanoparticle encapsulation of active ingredients often results in enhanced activity and
bio-efficacy partly due to their small size and thus greater potential to enter non-target
organisms. This can lead to enhanced ecotoxic effects to non-target organisms. It has been
demonstrated is several cases that nanopesticides can be up to an order of magnitude more
toxic than conventional formulations and that they can be harmful or kill aquatic and other non-
target organisms. Furthermore, they can undergo several transformations during their “aging
process” in soil making them more toxic to non-target organisms. For example, Ag-NPs treated
with environmental soil resulted in a greater toxicity to earthworms was greater in soil samples
containing compared untreated Ag-NPs, indicating an additive role of organic matter affecting
their toxicity (Ding et al.,2023). Organic matter has been shown to modify NP properties by
forming surface coatings or being adsorbed onto their surface, significantly impacting their
toxicity and bioavailability. Overall, it can be stated that mechanisms and processes
determining the environmental fate and impact of nanopesticides on non-target organisms may
differ from those of conventional pesticides, necessitating improved or novel risk assessment




Chapterl: Nanoparticles and pesticides in Agriculture 1

methods to address these differences. This would require the introduction of regulatory risk
assessment systems which considers all components of the nano-pesticide instead of not solely
the individual pesticide active ingredients.

1.2.3.1 Environmental fate and toxicity in soil

An integral part of nanopesticide risk assessment concerns the fate and behavior of
nanoparticles in the soil, which is the major recipient of pesticides (Figure 1.4). Parameters
such as bioavailability, mobility, transformation and degradation of nanoparticles are crucial
and determine their fate in the soil (Taverna et al., 2018). Specifically, the behavior of
nanopesticides in the soil is governed by a series of complex processes, such as runoff and
leaching, adsorption, desorption, absorption by plants, volatilization, chemical and biological
degradation. The interaction between nanomaterials and various environmental media can
change particle properties, such as surface binding with organic matter such as humic acids. It
has been shown that the exposure of nanoparticles to organic matter can alter their
bioavailability and toxicity (Coutris et al., 2012). Mobility is another nanopesticide property
affected by this type of formulation. For example, bifenthrin, remains relatively immobile in
soil and is considered relatively safe in terms of groundwater contamination. However,
bifenthrin nano-formulations have been shown to possess enhanced soil mobility facilitated by
the colloidal nature of the nano-carrier molecules used for its formulation. Additionally, studies
have demonstrated that soil sorption capacity of nanopesticides as well as their toxicity to non-
target organisms can be altered. Nanopesticides may interact with soil organic matter and affect
microbial communities. This has been demonstrated in the case of CuO NPs, which accelerated
organic matter mineralization and the reduction of iron when applied in concentrations of 1000
mg/kg. Although organic matter could partially mitigate the toxicity of the above NPs, soil
microbial biomass was severely reduced by CuO NPs. Several other studies have reported
harmful effects of carbon or metallic NPs on soil micro- and macro-organisms such as soil
fauna and beneficial microorganisms, as well as and plants (Ding et al., 2023). For example,
carbon NPs have been shown to significantly affect bacterial community composition in
various soil types. Furthermore, once in soil, transformation, degradation or nanoparticle-
mediated slow release of active ingredients could significantly affect their bioavailability,
bioaccumulation, and potential toxicity to non-target organisms. In any case, the expected
increased use of nanopesticides in agriculture could lead to an unprecedented increase in
nanoparticles entering the soil, making nanopesticide risk assessment a necessity.
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Figure 1.4 Environmental behavior of nanopesticides (adopted from Ding et al., 2023).

1.2.3.2 Environmental fate and toxicity in air and water

The use of nanopesticides in the soil environment may reduce the risk of pesticide
residues compared to traditional pesticides. However, nanopesticides are more likely to
evaporate and diffuse into the atmosphere, where they can then be carried by rainfall into the
broader biosphere. As a result, the potential harm of nanopesticides to air quality and biological
health should not be underestimated. In addition to volatilization, the direct release of
nanopesticide particles into the air may also be an important exposure pathway. Furthermore,
undegradable nanopesticides that flow into water bodies can pose a significant burden on
aquatic environments, potentially harming not just targeted pests but also beneficial and non-
target aquatic organisms, thereby impacting the overall health of aquatic ecosystems.

1.2.3.3 Environmental fate and toxicity in organisms

Nanoparticles pose significant toxicological risks to all animals, especially mammals,
due to their unique biological properties and high capacity for distribution and bioaccumulation
in soil, water, and the food chain. Nanomaterial formulations tend to persist for longer in plants,
soil, and water compared to their conventional counterparts, and can inadvertently migrate into
various food and agricultural products (Ding et al., 2023). This increases the likelihood that
hazardous substances from these nanomaterials will enter the body through the food chain.
Furthermore, nanopesticides can more easily penetrate cell walls and membranes compared to
conventional pesticides, allowing them greater access to both targeted and non-targeted
organisms due to their small size.
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1.2.3.4 Effects of NPs on plants

1.2.3.4.1 Effect of NPs on plant physiological indices, hormones and crop quality

The toxic effects of nanoparticles (NPs) on plants can be assessed through various
physiological indices, including germination percentage, root elongation, biomass, and leaf
number. NPs can have substantial negative impacts on plant growth and development, such as
reduced seed germination, suppressed plant elongation, and even plant death. Several previous
studies have examined the inhibitory effects of different types of NPs, including multi-walled
carbon nanotubes, single-wall carbon nanotubes, zinc oxide NPs, silver NPs, and iron NPs, on
various plant species like soybean, maize, wheat, ryegrass, and barley (Yang et al. 2017). These
studies have found that NP exposure can affect multiple aspects of plant growth, including seed
germination, shoot length, biomass, and gene expression. Growth inhibition has also been
observed in Bacillus thuringiensis (Bt)-transgenic cotton exposed to silica NPs, as well as in
wheat plants grown in a sand matrix with copper oxide NPs, which led to changes in root
structure. Additionally, studies have shown that copper oxide NPs can significantly reduce the
fresh weights, root lengths, germination rates, and biomass of Arabidopsis seedlings and rice
seeds.

Several researchers discovered that rare earth oxide nanoparticles (CeO2, La;03, Gd203
and Yb20s) significantly inhibited plant growth in radish, tomato, rape, lettuce, wheat, cabbage,
cucumber, and corn when applied to roots at high concentrations. Conversely, TiO>
nanoparticles enhanced the content of total chlorophyll and catalase (CAT) while decreasing
ascorbate peroxidase (APX) levels in leaves, as reported by Servin et al. (2013).

Plant hormones are biologically active organic compounds produced through plant
metabolism that regulate physiological responses during plant growth and mediate responses
to various challenges. The content and activity of these plant hormones are considered an
important indicator of toxicity in plants. Research has shown that exposure to certain
nanoparticles can significantly influence the production of plant hormones. For example,
studies have found that cerium oxide nanoparticles had no significant effect on indole-3-acetic
acid (IAA), abscisic acid (ABA), and gibberellic acid (GA) in the leaves of Bt-transgenic and
conventional cotton but did decrease the content of trans-zeatin-riboside (t-ZR) in conventional
cotton. Similarly, yFe2Oswere found to increase IAA and ABA content in the roots of both
transgenic and non-transgenic rice, while carbon nanotubes decreased phytohormone
concentrations in rice seedlings. Additionally, silver ions were observed to inhibit the
production of the plant hormone ethylene, which would substantially weaken the interaction
between IAA and ethylene. These findings highlight the importance of understanding how
various nanoparticles can impact the production and regulation of critical plant hormones
(Yang et al., 2017).

Previous research on hydroponically grown plants has shown that the accumulation of
NPs in the environment can significantly impact the quality and yield of soil-based food crops.
For example, studies have found that the protein content of plants was less sensitive to
stimulation by AgNPs compared to carbohydrates, with protein only increasing at high AgNP
concentrations. Other work has demonstrated that zinc oxide ZnONPs can increase the starch
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and protein content of cucumbers while decreasing their micronutrient (copper and
molybdenum) levels. Similarly, cerium oxide (CeO2) NPs were found to reduce the iron, sulfur,
prolamin, glutelin, lauric acid, valeric acid, and starch content of rice, as well as weaken its
antioxidant properties. Additionally, CeO2NPs were shown to alter the amino acid, fatty acid,
non-reducing sugar, and phenolic content of plants. Researchers have concluded that the main
factors influencing the effects of NPs on plants include the dose and inherent nanomaterial
characteristics (size, shape, and stability), the plant seed (size and species), the growth medium,
the plant growth stage, and the NP capping material (Yang et al. 2017).

1.2.3.4.2 NPs-induced phytotoxicity mechanisms

Nanoparticles can cause a variety of adverse effects on plants at the cellular level
including damage on the cell membrane, chromosomal aberration and disruption of chlorophyll
and carotenoid synthesis, and at the physiological level leading to biomass reduction and
inhibition of root length among others (Figure 1.2.3.1).

Reactive oxygen species (ROS) production is a major phytotoxicity-causing
mechanism in plants. ROS production includes both free radicals like hydroxyl and superoxide
radicals, as well as non-radical molecules such as singlet oxygen and hydrogen peroxide (Gill
and Tuteja, 2010). In plants, ROS is a product of aerobic metabolism and function as signaling
molecules. However, excessive ROS can lead to oxidative stress, which occurs when the ROS
level exceeds the plant's defense mechanisms. This can result in DNA damage, protein
oxidation, electrolyte leakage, lipid peroxidation, and membrane damage, ultimately causing
cell death (Yang et al., 2017). Studies on metal and metal-based nanoparticle (NP)
phytotoxicity suggest that NPs can induce oxidative stress in various plant species. For
instance, ZnO-NPs have been shown to cause particle-dependent ROS formation and lipid
peroxidation on cellular membranes, while Ag NPs have been linked to ROS generation, which
correlates with a decrease in viable cells.

Recent studies have used the ROS-sensitive dye DAB to detect H.O> accumulation in
plant roots treated with CeO2 and La>Os NPs. The results clearly showed the formation of a
visible deep brown product, indicating H202 presence under NP treatment. Exposure to 800
mg/kg CeO2 NPs increased H20: levels 10-fold (35 uM) compared to controls, despite no lipid
peroxidation or ion leakage, suggesting maintained membrane integrity (Zhao et al. 2012).
However, H202 can be converted to highly reactive *OH, which causes cellular damage and
cannot be enzymatically detoxified (Ma, White, et al. 2015). *OH is the most reactive ROS due
to its unpaired electron, allowing it to interact with and damage various biomolecules,
ultimately leading to cell death (Freinbichler et al. 2011).

Oxidative stress and protein damage are key mechanisms by which nanoparticles can
exert phytotoxic effects on plants. Reactive oxygen species levels can directly impair normal
cellular functioning and also exacerbate oxidative stress through the production of lipid-derived
radicals. This lipid peroxidation, indicated by increased malondialdehyde (MDA) levels, can
damage cell membranes. Oxidative stress can also induce covalent modifications to proteins,
such as fragmentation, aggregation, and increased susceptibility to proteolysis. Proteins
containing sulfur and thiol groups are particularly vulnerable to ROS-induced damage. Studies
have shown that exposure to metal-based nanoparticles, such as silver, can lead to altered
abundance of proteins involved in various physiological and biochemical processes, including
oxidative stress response, cell division, and apoptosis.
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Reactive oxygen species (ROS) can lead to oxidative damage in the nuclear,
chloroplastic, and mitochondrial DNA of cells. DNA is the genetic material of cells, and
damage to DNA can cause changes in the encoded proteins, leading to malfunctions or
inactivation. Metal and carbon NPs have been shown to induce DNA degradation in plants. For
example, high concentrations of cerium oxide NPs have been shown to have negative effects
on the DNA of soybean plants, while bismuth oxide NPs caused chromosomal aberrations and
increased mitotic index in onion roots. Genotoxic effects of titanium dioxide NPs such as
micronuclei formation, chromosome damage, and DNA shearing have been reported in various
plant species. In some cases, however, NP-driven increased ROS resulted in a plant growth
promoting effect. For example, AgNPs exposure of castor bean seeds, enhanced antioxidant
defense mechanisms, including increased peroxidase and superoxide dismutase activity, as
well as increased phenolic acid synthesis, which promoted root elongation in a dose-dependent
manner (Yasur and Rani, 2013). These findings suggest that the effects of NPs on plants can
be complex, with both negative and potentially beneficial outcomes depending on the specific
nanoparticle and plant species.

Nanoparticles (NPs) can induce the generation of reactive oxygen species (ROS) either directly
or indirectly, which plays a crucial role in the phytotoxicity mechanism. The production of
ROS is influenced by the physicochemical properties of NPs as well as the species in study.
Various factors, such as size, shape, solubility, particle dissolution, ion release,
biotransformation of NPs, and light exposure, can contribute to ROS generation and
phytotoxicity. A study by Zhang et al. (2015) compared the toxicity of three types of CeO2> NPs
to different species of the Lactuca genus. Compared to the control, 7 nm CeO> caused a
significant increase in the malondialdehyde (MDA) level, indicating membrane damage in root
cells. However, there was no obvious difference in the MDA levels among the control, 25 nm
Ce0o, and its bulk counterpart treatments. Other reports have also studied the effects of size
and shape of NPs on various plant species demonstrating that plant responses to NP exposure
may vary with particle sizes and plant growth stages.

The phytotoxicity of MNPs has been investigated in several studies. While metal ion release
plays a role, direct NP interactions with plant tissues appear to be a key mechanism of
phytotoxicity for these NPs. For example, Ag-NPs were more toxic to Arabidopsis in terms of
root elongation compared to silver ions, probably due to a disruption of the oxidation-
antioxidant balance and small molecule homeostasis (Qian et al. 2013), while phytotoxic
activity of ZnONPs was attributed to its reactive oxygen-promoting photocatalytic activity (Ma
et al. 2013). Various factors may affect the phytotoxic activity of NPs including their size,
morphology, composition, concentration, and surface. Therefore, advanced molecular
approaches such as proteomics and genomics must be utilized to enhance our understanding
on the toxicity mechanisms of NPs.
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Figure 1.5 Potential adverse effects of NPs at the cellular level, and consequent detoxification
pathways triggered as a response (adopted from Yang et al.,2017).
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1.3 Metal Nanoparticles against fungicide resistance: alternatives or
partners?

Abstract

Chemical control suffers from the loss of available conventional active ingredients due to strict
environmental safety regulations which, combined with the loss of fungicide efficacy due to resistance
development, constitute major problems of contemporary crop protection. Metal containing
nanoparticles appear to have all the credentials to be the next-generation, eco-compatible fungicide
alternatives and a valuable anti-resistance management tool. Could the introduction of metal NPs as
nano-fungicides be the answer to both reducing environmental footprint of xenobiotics and dealing with
fungicide resistance? The potential of metal nanoparticles to be utilized as nano-fungicides both as
alternative to conventional fungicides or/and as partners in combating fungicide resistance is discussed
in terms of effectiveness, potential antimicrobial mechanisms as well as synergy profiles with
conventional fungicides. However, their “golden” potential to be used both as alternatives and partners
of conventional fungicides to combat resistance and reduce environmental pollution, is challenged by
undesirable effects towards non-target organisms such as phytotoxicity, toxicity to humans and
environmental ecotoxicity, constituting risks that should be considered before their commercial
introduction as nano-pesticides at a large scale.

1.3.1 Introduction

All available plant disease control methods considered, chemical control via the use of
synthetic fungicides remains the most cost-efficient, food sustainability and safety-ensuring
disease management strategy so far. 12 This great asset of the plant protection arsenal is
seriously challenged by a number of inherent shortcomings of fungicides: high environmental
footprints, side effects to non-target organisms, increasing costs on RnD and registration of
new active ingredients and the loss of their effectiveness due to resistance development.
Environmental pollution issues -especially water contamination— have resulted in the
withdrawal of an unprecedently large number of older fungicide active ingredients enforced by
the implementation of EU regulations and a halt in the development of new ones.® The limited
number of available fungicides has rendered resistance even more difficult to manage
highlighting the necessity for alternative disease management agents capable of controlling
both sensitive and fungicide-resistant pathogens and, at the same time, minimizing
environmental risks.

Nanotechnology has made a dramatic entrance in modern agriculture providing novel
means for improving crop production and protection introducing nanoparticles (NPs) acting as
nano-fertilizers, nano-pesticides or as carriers for relevant active ingredients. Metal
nanoparticles (MNPs), taking advantage of their unique physico-chemical properties, have
exhibited a significant effectiveness in controlling numerous plant pathogens both sensitive
and drug-resistant, requiring lower doses compared to their bulk/ionic protective counterparts.®
Lower doses required for anti-microbial action and their potential to be synthesized by green
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methods of synthesis utilizing plants or microorganisms (or their metabolites) make them eco-
compatible alternatives to synthetic fungicides.* The question that arises is: Should those potent
plant protection agents be used instead of or as fungicide partners?

1.3.2 Metal-Nanofungicides

Nanomaterials with a potential to play an important role in plant disease management
include organic or inorganic nanoparticles (typically 10 to 100 nm in size) acting directly as
nano-pesticides or as formulating agents. Their unique physico-chemical properties enable
them to maximize pathogen control in lower doses, achieve optimized drug delivery or to
increase residual action by controlled-release in slower rates, making NPs ideal,
environmentally compatible fungicide alternatives.>® Nanopesticides containing metals such
as zinc, silver, or copper have demonstrated significant antibacterial, antifungal or even
antiviral activity and are being increasingly scrutinized by scientists for their application
potentials against several plant pathogens.® Metal NPs (MNPs) effectiveness in controlling
fungal plant pathogens including Monilinia fructicola, = Fusarium sp., Sclerotinia
homoeocarpa, Botrytis cinerea, Aspergillus niger, Penicillium expansum and Rhizopus
stolonifer has been evaluated in a number of studies both in vitro and in vivo.2%19-13 positively
charged MNPs adhere to the microbial cell membrane due to electrostatic attraction with the
negatively charged cell membrane of microbes causing damage in the membrane integrity
eventually leading to cell death. Other mechanisms of anti-microbial action of metallic NPs
against plant pathogens include: protein/enzyme deactivation, production of reactive oxygen
species (ROS) and antioxidant depletion, ion-homeostasis disruption and DNA damage.'*
These mechanisms result from ion-release or are nanoparticle-specific and often interlinked,
resulting in a multitargeted action ideal for effectively controlling plant pathogens.*** Although
metal NPs share this multi-site mode of action with their bulk/ionic metal counterparts, in the
majority of cases exceed their efficacy against pathogens.® Differences in the level of toxicity
between MNPs and their ionic counterparts could be due to either the way they are distributed
around the fungal cell or an additional nanoparticle-properties dependent mechanism. While
metal ions are uniformly distributed around fungal cells without specific localization, larger
MNPs are unevenly distributed creating focal sources of continuously unleased ions. This large
NP-generated ion concentration induces ion penetration and impairs ion homeostatic
mechanisms that cannot cope with the ion release rates produced, thus causing a more profound
toxic effect than individual metal ions.'%%17 Besides ion release, nanoparticles can cause
additional cell mechanical damage directly (due to their large surface to volume ratio or
physical defects in their nanostructure) or by producing H202 able to penetrate the membrane
and cause internal damage.*’ This could explain the superior fungitoxic effect of MNPs against
fungal pathogens compared to their ionic counterparts, an advantage that makes them
preferable to ionic forms both in terms of effectiveness and eco-compatibility since smaller
xenobiotic quantities produce a lower environmental footprint.
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1.3.3 Anti-resistance agents

The multi-site anti-microbial properties make MNPs ideal for anti-resistance
management tools to be used in rotation with or in mixtures with conventional drugs, a fact
initially demonstrated in studies involving human bacterial pathogens resistant to one or more
antibiotic drugs. This is especially important in the case of life-threatening multi drug resistant
(MDR) pathogens with the list of success stories of Ag or other metal-containing NPs in the
control of hard to Kill, highly adaptive, drug-resistant bacterial or fungal human pathogens is
continually being populated.?%2? In the case of fungicide resistant plant pathogens, reports on
the potential of metal NPs to counter resistance are scarce but quite promising. Copper and
silver containing NPs were shown to provide effective control against both sensitive and
benzimidazole-resistant B. cinerea and Monilia fructicola isolates.>® Ag-NPs have been able
to effectively inhibit mycelial growth of Fusarium graminearum isolates resistant to
carbendazim, tebuconazole, prochloraz, fudioxonil, phenamaril and pyriflumetofen in vitro.?3
This was also the case for ZnO-NPs that exhibited excellent activity against both sensitive and
boscalid-resistant A. alternata isolates in vitro and in vivo. °

Fungal pathogens achieve fungicide resistance utilizing a number of biochemical
mechanisms that help them escape inhibition. The most important mechanism involves target
site modification/overexpression which reduces affinity of the fungicide with/or modifies
abundance of its target molecule. The rest of the biochemical resistance mechanisms either
prevent the active form of the active ingredient (a.i) to reach its target (reduced influx, increased
efflux, detoxification) usually resulting in non-specific/multi drug resistance (MDR) or utilize
alternative biochemical pathways (e.g Alternative Oxidase in the case of Qols) to circumvent
inhibition by the a.i.* Multiple targeting of both metal ions and MNPs make them low
resistance risk antimicrobial agents at least as far as the target site modification mechanism is
concerned. Resistance to metal ions may occur via mutations that result in the disruption of the
cellular ion-homeostasis mechanisms that regulate ion influx/efflux and sequestration of excess
ion loads that are toxic to the cell. Since the mode of action of MNPs extends beyond mere ion
release, their risk for resistance development should be even lower than that of respective metal
containing protective fungicides. Their ability to control bacterial pathogens is also very
important since antibiotics are not allowed in agriculture and alternatives are rare (mostly
consisting of copper containing inorganic/organic compounds). Differences between NPs and
their bulk counterparts could also mean that they could be used for controlling copper resistant
bacteria — which have already been reported.?® The above make MNPs ideal tools for any
effective resistance management strategy against plant pathogens.

1.3.4 Synergy with conventional drugs

Suitability of MNPs for use as alternatives or partners of conventional fungicides is
evident both theoretically due to their multisite mode of action and practically as shown by
their effectiveness against fungicide-resistant plant pathogens. What is not self-evident, is the
“hidden” property of metal NPs to exhibit a synergistic effect when combined with
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conventional drugs. In a large number of human disease cases, NPs containing Ag, Fe or Zn
increased antimicrobial activity of antibiotic drugs against both sensitive and drug-resistant
bacteria such as Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella pneumonia,
Eschericia coli, Staphylococcus aureus, and Enterococcus faecalis.???52"28 Recently, a
number of studies have confirmed a similar pattern concerning the combination of MNPs with
conventional fungicides. Ag-NPs and ZnO-NPs combined with fungicides carbendazim,
mancozeb and thiram exhibited enhanced toxicity against B. cinerea, A. alternata, Fusarium
oxysporum, Aspergilus niger and, Penicillium expansum.?® A similar synergistic effect was
reported for ZnO-NPs when applied with the fungicide thiram in Phytophthora capsici.?* To
make things even more interesting, Ag-NPs, Cu-NPs and ZnO-NPs have been shown to
“neutralize” fungicide resistance when applied against benzimidazole or boscalid-resistant
isolates of B. cinerea, M. fructicola or A. alternata respectively: a profound synergistic effect
was found when combining MNPs with fungicides that where otherwise ineffective due to
target site resistance. 910

The exact mechanisms by which metal NPs can achieve such a synergy with fungicides
and bypass of fungicide resistance are largely unknown, even though certain suggestions exist
based on the mode of action of MNPs and their interaction with the fungicides. MNPs can act
as chemo-sensitizing agents, complementing fungicide action, or synergists that neutralize
fungicide resistance mechanisms. Synergy between MNPs and fungicides may result from a)
enhanced membrane perturbation, b) disruption of ion homeostasis, c) inhibition of efflux
pumps, d) inhibition of detoxification enzymes, and ¢) a “capping” effect resulting the
formation of a NPs-fungicide conjugate (Fig. 1.3.1).2918-20 Most of the above mechanisms are
associated with the bioavailability of the fungicide inside the fungal cell (the amount of a.i. that
finally reaches its target) facilitated by the action of MNPs. Membrane openings caused by
AgsP0O4-NPs promoted Sodium o-phenyl phenolate entrance and enhanced its toxic action
against Phytophthora capsici and B. cinerea. X A combination of membrane damage and
disruption of a major efflux pump was reported to contribute to the synergy observed between
fluconazole and Ag-NPs against drug-resistant Candita albicans while a depletion of the
detoxifying enzyme GSH caused by thiram resulted in a synergistic toxic effect when combined
with ZnO-NPs against P. capsici. 2% Boscalid acted as a capping agent of ZnO-NPs, reducing
nanoparticle aggregation and resulting in a reduction of NP size which probably enhanced the
toxic effect of ZnO-NPs against A. alternata. *°

Most of the above-mentioned mechanisms are especially important when we are
dealing with multidrug isolates of plant pathogens where decreased influx/increased efflux or
detoxification are the main causes of resistance. Nevertheless, MNPs can also suppress target
site resistance when the MNPs/fungicide combination result in a higher nanoparticle
bioavailability by e.g. reducing nanoparticle size.!® This fact highlights that the benefits of the
combination of MNPs with conventional fungicides extend beyond the typical use of
alternative and/or mixing partners with different modes of action for combating resistance. In
order to exploit MNPs’ full potential as control agents against sensitive and fungicide-resistant
pathogens and broaden the application range of this phenomenon, their synergy profile with
fungicides should be further studied and their synergy mechanisms elucidated.
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Figure 1.6 Schematic representation of proposed synergy mechanisms between NPs and fungicides:
a) Enhanced membrane perturbation, b) Disruption of ion homeostasis, c) Inhibition of efflux pumps,
d) Inhibition of detoxification enzymes, and e) “Capping” effect resulting the formation of a NPs-
fungicide conjugate that deters agglomeration and reduces NP size.

1.3.5 Safety issues

MNPs can reduce the environmental footprint of plant protection by reducing pesticide
doses and, especially green-synthesized ones, could be considered eco-compatible. However
promising as they are for crop protection, MNPs may pose both known and unknown health
and environmental risks. Their very same unique properties that enable them to have increased
fungitoxic action compared to their bulk counterparts could have undesirable/toxic effects
towards non-target organisms. Their ability to penetrate fungal cell membranes -especially in
the case of smaller NPs- could extend to plant or even human cells and cause toxic responses.
30 Ecotoxicity tests typically used for their bulk counterparts may prove insufficient to evaluate
NP toxicity since their effect on biological system is not yet completely understood.
Phytotoxicity, human and environmental safety issues should be systematically investigated
before their commercial release for use as nano-pesticides. The same applies for their
combinations with fungicides which may result in a special, combined toxicity to non-target
organisms.
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1.3.5 Conclusion

In an era of continuously increasing limitations in the availability of active ingredients
against plant pathogens, metal nanoparticles exhibit a great potential to be used both as
alternative to conventional fungicides or/and as their partners in combating fungicide
resistance. Their demonstrated effectiveness against several sensitive or fungicide-resistant
plant pathogenic fungi, alone or when combined with conventional fungicides at lower than
recommended doses highlight their “golden” potential to be used both as alternatives and
partners of conventional fungicides to combat resistance and reduce environmental impact of
xenobiotics. Targets of NPs fungitoxic action in a sub-cellular level could be key for
inactivating resistance mechanisms of pathogens while their interaction with organic
fungicides could facilitate an increase in the bioavailability of both antifungal agents leading
to enhanced toxicity. However, since their effect on biological systems is not yet completely
understood, MNPs should be further studied for undesirable effects towards non-target
organisms such as phytotoxicity, toxicity to humans and environmental ecotoxicity before their
commercial introduction as nano-pesticides at a large scale.
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2. Use of copper, silver and zinc nanoparticles against foliar and soil-
borne plant pathogens

Abstract

Nano-fungicides are expected to play an important role in future plant disease management as eco-
friendly alternatives of conventional synthetic fungicides. In the present study, the sensitivity of seven
fungal species, known to cause foliar and soil-borne diseases, to nanoparticles (NPs) containing copper
(Cu-NPs, CuO-NPs), silver (Ag-NPs) and zinc (ZnO-NPs) was assessed in vitro. Mycelial growth
assays revealed that Cu-NPs with mean inhibition rates, ECso, ranging between 162 and 310 pg/mL
were most effective among the NPs tested in inhibiting fungal growth, followed by ZnO-NPs with ECs
ranging between 235 and 848 pg/mL. All fungal species were practically insensitive to CuO-NPs and
Ag-NPs except for B. cinerea, which was equally sensitive to Ag-NPs and Cu-NPs (ECso=307 pug/mL).
Cu-NPs were more fungitoxic in terms of mycelial growth, to almost all species tested, than a protective
fungicide containing Cu(OH),, which was used as a reference. Fungitoxicity experiments with the NPs
tested and bulk size reagents containing the respective metals revealed that ZnO-NPs were more toxic
to all fungal species tested than ZnSO4, whereas Cu-NPs were more fungitoxic than CuSOain all cases,
except for B. cinerea, A. alternata and M. fructicola. The existence of a positive correlation between
Cu-NPs and CuO-NPs toxicity and, at the same time, the absence of any correlation between NPs tested
and their respective bulk metal counterparts indicated potential differences in the mode of action
between bulk and nanosized antifungal ingredients. Although there was considerable variation between
fungal species, all NPs were generally 10 to 100 fold more fungitoxic to spores than hyphae and in the
majority of cases more effective than Cu(OH),, as revealed by colony formation bioassays. NPs
significantly suppressed grey mold symptoms on plum fruit, especially Ag-NPs, which completely
inhibited disease development. Consequently, tested NPs have the potential to be used as protective
antifungal agents.

2.1 Introduction

Crop losses due to plant parasites are a considerable challenge that the current
agricultural production system faces worldwide with diseases accounting for at least 25% of
the losses (Pantley et al., 2016). Conventional synthetic fungicides are largely considered as
the most effective and cost-efficient means for disease management. However, the intensity
of usage and the site-specific mode of action of most synthetic fungicides eventually lead to
resistance problems and an increased environmental cost due to elevated drug residues to water
reservoirs. Nanoparticles (NPs) are expected to play an important role in resolving this
challenge in the future (Pandey et al., 2016; Kah et al., 2018; Sun et al., 2018). NPs provide a
novel eco-friendly alternative to synthetic chemical fungicides, due to their promising
properties that improve drug delivery, slow active ingredient release, and increase effectiveness
in lower doses. NPs containing silver (Ag-NPs) have been proven to exert a wide range of
antimicrobial activity against bacteria, fungi and viruses (Huang et al., 2018). Bulk copper
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compounds have been exploited to protect agricultural crops from many pests, including those
causing a wide range of bacterial and fungal infections, due to their low cost, protective activity,
and reduced risk for resistance development controlled by their multi-site mode of action
against pathogens (Keller et al., 2017). The observed lack of systemic movement and ease of
residue removal from plant tissues has enabled copper fungicides to be a part of disease control
management in organic farming (Bakeret al., 2002; Winter and Davis, 2006). Taking advantage
of the antifungal and antimicrobial properties of [Cu*?], applications of NPs containing copper
(Cu-NPs) in agriculture and food preservation are readily emerging in an attempt to exploit
their unique nano-scale properties (Keller et al., 2017; Park et al., 2015).

Metal oxide NPs, compared to their bulk counterparts, are more stable in extreme
conditions, exhibit antimicrobial activity at low concentrations and low or no toxicity to
humans (Krél et al., 2017). NPs containing zinc (ZnO-NPs) are very effective antibacterial
agents against a broad spectrum of bacterial species, due to their high surface to volume ratio
and unique physicochemical properties (Sun et al., 2018). Several studies have demonstrated
the fungistatic potential of ZnO-NPs against fungal pathogens including Fusarium sp., Botrytis
cinerea, P. expansum, Aspergillus niger and Rhizopus stolonifer (He et al., 2011; Krdl et al.,
2017; Sharma et al., 2010).

Air-borne fungal strains tested in the present study include pathogens that cause
important pre- and post-harvest plant diseases such as Alternaria tomato brown leaf spot, Grey
mould caused by Botrytis cinerea, Monilia stone fruit Brown rot, and strawberry Anthracnose
caused by Colletotrichum spp. Most of the above pathogens require a large number of fungicide
applications for their control, while fungicide resistance development is seriously impairing
effective control (FRAC, 2013; Malandrakis et al., 2013, 2018; Ziogas et al., 2003). Soil-borne
pathogens also included in this study are causal agents of wilting (V. dahliae) or root rots
(FORL and F. solani) in a wide range of hosts and are difficult to control with conventional
fungicides except for high-cost fumigants (Paplomatas et al., 2005). Thus, it is essential to
consider alternative compounds suitable for disease suppression with suitable properties to
alleviate control disadvantages against the above pathogens, and at the same time minimize the
environmental impact of conventional pesticides. Although numerous studies, especially in the
case of silver, have examined metal nanoparticle fungitoxic activity, there are only very few
data available concerning the efficacy of NPs in inhibiting both mycelial growth and spore
germination of plant pathogens in vitro and even fewer in vivo (Nemati et al., 2015; Pandey et
al., 2016; Kah et al., 2018; Sun et al., 2018). Under this light, in vitro and in vivo evaluation
bioassays were carried out with the main objective of: (a) determining the mean sensitivity (in
terms of ECso values) of Alternaria alternata, Botrytis cinerea, Monilia fructicola, Verticillium
dahliae, Colletotrichum gloeosporioides, Fusarium oxysporum fsp Radicis Lycopersici
(FORL), and Fusarium solani strains to Cu-NPs, CuO-NPs, Ag-NPs and ZnO-NPs in vitro,
and (b) comparing nanoparticle effectiveness against the above plant pathogens to bulk-size
containing reagents and a reference fungicide containing Cu(OH)..
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2.2 Materials and Methods

2.2.1 Nanoparticles, reagents and fungicide

NPs and reagents used in this study were purchased from Sigma Aldrich, MO, USA:
silver [Ag-NPs] (<100nm particle size), zinc oxide [ZnO-NPs] (particle size <50 nm), copper
[Cu-NPs] (particle size 25 nm), copper oxide [CuO-NPs] (particle size <50 nm), copper
sulphate [CuSQg4], zinc sulphate [ZnSO4] and silver nitrate [AgNOz]. A commercial fungicide
product (Copperblau-N 50 WP) containing the active ingredient copper hydroxide was
purchased from NITROFARM (Hellas). All stock solutions of the antifungal compounds were
prepared using sterilized distilled water as a solvent for all commercial or analytical grade
active ingredients and were added aseptically to sterilized growth medium prior to inoculation.
Nanoparticle suspensions were subjected to sonication for 30 min using a Transonic 420 (Elma,
Germany) sonicator prior to incorporation in growth media.

2.2.2 Fungal strains and culture conditions

Seven fungal strains from the fungal collection of the Pesticide Science Lab
(Agricultural University of Athens) originating from various crop fields, located in regions of
Southern and Central Greece (Table 2.1), were used to evaluate the fungitoxic activity of the
NPs studied. All strains were grown on Potato Dextrose Agar (PDA) medium in order to obtain
inoculum for the fungitoxicity assays and kept in growth chambers in the dark at 25 °C and
70% humidity. For each strain, for long-term storage purposes, four 5mm mycelial plugs from
the margin of rapidly growing fungal colonies were placed in 1.5 mL tubes containing 50% v/v
of sterilized glycerol: water and kept at -20 °C.

Table 2.1. Fungal strains belonging to different species used in this study.

Origin
Fungal strain Disease Host (Region in
Greece)
B. cinerea Grey mold Crete
tomato
A. alternata Black rot tomato Crete
M. fructicola Brown rot peach Naousa
C. gloeosporioides Anthracnose strawberry Crete
F. solani Fusarium root rot tomato Kalamata
F. oxysporum fsp Radicis Crown root rot tomato Larisa
Lycopersici
V. dahliae Verticillium wilt eggplant Crete

2.2.3 In vitro mycelium growth inhibition tests

Sensitivity of fungal strains to NPs and fungicides was evaluated by measuring radial
growth of strains on PDA. Fungitoxicity was expressed based on ECsg values (effective
concentration causing 50% inhibition of mycelial growth) for each compound. PDA amended
with 0, 1, 10, 100, 500, 1000, 5000 ug/mL Ag-NPs, 0, 1, 10, 100, 500, 1000 pg/mL CuSOsg,
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ZnS0O4, AgNO3, Cu-NPs, ZnO-NPs or CuO-NPs and 0, 50, 100, 500, 1000 pg/mL copper
hydroxide was used to obtain fungitoxicity-curves for all strains. There were three replicate
plates for each antifungal ingredient concentration - strain combination. Inoculum consisting
of a 5-mm mycelial plug cut from the edge of 4-day old colony of each fungal strain grown on
PDA was transferred to nanoparticle or fungicide-amended and non-amended (control) media.
Cultures were incubated at 25 °C in the dark for 4 days. The mean diameter of the colony on
the fungicide-amended plates was expressed as the percentage of the mean diameter of the
untreated control. Tests for each isolate were repeated twice for each concentration and
fungicide.

2.2.4 Inhibition of colony formation

The effect of NPs and fungicides on spore germination was assessed in vitro on PDA
containing petri dishes. Each fungal strain was cultivated in appropriate medium in order to
induce conidiation. In the case of A. alternata, B. cinerea, M. fructicola and C. gloeosporioides,
a 5-mm mycelial plug cut from the edge of a rapidly growing colony was transferred on a 9-
cm petri dish and incubated for 7 days at 25 °C in a growth chamber with a 12 h per day light-
period. Conidia from each strain were harvested by scraping the surface of the plate, suspended
in 10 mL sterilized-distilled water, and filtered using cheesecloth. In the case of V. dahliae,
FORL and F. solani liquid cultures in 250 mL glass flasks containing Potato Dextrose Broth
(PDB) were used to obtain conidia. Flasks were inoculated with four 5-mm mycelial plugs, cut
from the edge of rapidly growing colonies from each fungal strain and incubated for 4 days in
the dark at 25°C in growth chambers under continuous shaking at 200 rpm. Conidia were then
harvested by filtration of the liquid cultures using cheese cloth. The concentration of spores, in
all cases, was determined using a haemocytometer (2 counts per replicate) and adjusted to 100
conidia/100 pL by serial dilutions in sterilized-distilled water.

Inhibition of colony formation assays was carried out on PDA petri dishes containing
various nanoparticle and fungicide concentrations. PDA amended with 0, 1, 5, 10, 25, 50, 100,
250, 500, 1000, 2000 pug/mL Ag-NPs, ZnO or CuO; 0, 1, 2.5, 5, 10, 20, 50, 100 pg/mL Cu-
NPs; and 0, 0.1, 1, 5, 10, 50, 100, 500 pg/mL copper hydroxide was used to obtain
fungitoxicity-curves for all strains. There were three replicate plates of each compound
concentration - strain combination. A volume of 100 puL from flasks containing a concentration
of 102 conidia/mL from each fungal strain was transferred and spread on the surface of petri
dishes containing PDA amended or not with the above-mentioned nanoparticle/fungicide
concentrations. All dishes were incubated for 2 days in the dark at 25 °C, and then, the number
of forming colonies was counted. The percent inhibition of colony formation was calculated
by dividing the mean number of colonies from each antifungal compound treatment by the
mean number of colonies formed in the untreated control and multiplying the result with 100.
ECso values based on relative percent inhibition were calculated for each compound/strain
combination. The experiment was conducted twice.
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2.2.5 Effectiveness of nanoparticles in vivo

The effectiveness of NPs in suppressing grey mold symptoms caused by B. cinerea in
vivo was tested on plum fruit (Prunus domestica) of uniform shape, size, maturity and without
any wound. Cu-NPs, Ag-NPs and ZnO-NPs were included in tests as well as the reference
fungicide Copperblau-N containing copper hydroxide. Four plum fruits per treatment with
antifungal agents were used while distilled water was used as the control treatment. Prior to
treatment and inoculation, plum fruit were surface disinfected in a 1% sodium hypochlorite
solution by dipping for 10 min. Following disinfection, fruit were rinsed three times with
distilled-sterilized water and left to dry. Subsequently, fruit were sprayed until ran off using
concentrations of 100 and 1000 pg/mL for each NP/fungicide treatment. Plum fruit where air-
dried for 2 hr and then a sterile needle was used to remove fruit skin creating a 4x4x2 mm
[length x width x depth] wound at the front face of each fruit. Wounds were inoculated using
a pipette with a 100 pL-drop transferred from a suspension containing B. cinerea conidia at a
concentration of 10* conidia/mL. Inoculated fruit were placed on top of wet sterilized paper
inside plastic boxes 24 x 34x 10 cm [length x width x height] covered by a lid and incubated
in a growth chamber at 25 °C for 4 days. Symptom severity on NP/fungicide treated fruit was
recorded by measuring the lesion diameter around each wound and expressed as a percent of
the water-treated control. The experiment was repeated twice.

2.2.6 Morphological examination of nanoparticle-treated conidia

Morphological examination of germinating conidia treated with NPs was conducted by
spreading a 20-uL volume of a conidial suspension (10* conidia/mL) on a 20x20 mm coverslip
subsequently covered with sterile cellophane. A PDA plug was then placed on top of the
cellophane. Conidia were left for at least 6 h on PDA blocks in order to germinate.
Subsequently, untreated PDA plugs were replaced by other PDA plugs treated with NPs in
doses equal to the respective ECso values determined in the spore germination experiments.
Cover slips were withdrawn and adhered conidia were examined with an x40 objective lens,
on an OLYMPUS BX40 microscope.

2.3. Statistical analysis

The ECsp values for each strain and antifungal compound were calculated by regressing the
relative inhibition of myecelial growth/colony formation against the Logio compound
concentrations. Cross sensitivity between antifungal compounds was evaluated using Pearson
correlation coefficients. Data on efficacy of NPs were subjected to analysis of variance and
mean separation using Tukey’s HSD test (o = 0.05). All analyses were conducted using SPSS
(SPSS Inc., Chicago, IL, USA).

2.4Results

2.4.1 Effect of NPs on mycelial growth in vitro

A dose-dependent decrease in growth was observed in most fungal strains treated with
NPs while the respective ECso values are shown in Table 2. Although sensitivity to tested NPs
varied between strains, all fungal species were relative insensitive to CuO-NPs in terms of
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mycelial growth, exhibiting ECso values greater than 1000 pg/mL (see Table 2.2). This was
also the case for Ag-NPs, which could not inhibit most of the fungal strains even at
concentrations exceeding 5000 ug/mL. The only exception was B. cinerea, where mean
inhibition by Ag-NPs was achieved at a concentration of 307 pug/mL (see Table 2.2). Among
the four NPs, Cu-NPs exhibited the greater overall toxic activity against the 7 fungal species
with ECso values ranging from 162 (V. dahliae) to 328 ug/mL for the FORL, followed by ZnO-
NPs with respective ECso values ranging from 235 (A. alternata) to 847 pg/mL for the FORL
strain (see Table 2.2). Copperblau-N, a protective broad-spectrum fungicide containing
Cu(OH)2, was included in this study as a reference antifungal agent. In most cases, Cu-NPs
were more effective than Cu(OH)2, while the rest of the NPs tested were equally or significantly
less effective than the commercial fungicide except for ZnO-NPs which were more effective
than Cu(OH)2 against M. fructicola, F. solani and V. dahliae (see Table 2.2).

Table 2.2. Effect of NPs on mycelial growth of seven plant pathogenic fungal strains.

ECso? (ug m/L)
. + SDY
Fungal strain (meaguo_ )
Ag-NPs Cu-NPs NPs ZnO-NPs Cu(OH):
. 493.47
B. cinerea 306.95+ 4.75 31023 +234  >1000  670.29 £16.32 12165
A. alternata >5000 29656 +872  >1000 23548+15.00 200
M. fructicola 4221.53 £56.70  219.46+10.12  >1000  628.22+24.05  861.04+44.18
C. gloeosporioides  1099.90 +80.43 161.78+14.42  >1000  551.05+18.22  563.44+9.82
F. solani >5000 261.16+12.54  >1000  554.41£30.05  765.61£10.62
FORL® >5000 328.12+20.30  >1000  847.44+24.18  856.96+73.82
V. dahliae >5000 191.17+11.33  >1000 386.48 +23.14  786.32+55.08

3ECso = Effective concentration causing 50% reduction in mycelial growth rate.
bStandard Deviation
°FORL: F. oxysporum fsp Radicis Lycopersici

In order to investigate the effect of nanoparticle size to the observed mycelial growth
inhibition, CuSOs, ZnSO4 and AgNOs reagents containing the respective metals in bulk size
were included in fungitoxicity experiments. For all fungal strain cases examined, ZnO-NPs
were significantly more fungitoxic compared to ZnSO4 (see Fig. 2.1). The most profound
differences was observed in the cases of M. fructicola and A. alternata, where ECso values
were equal to 628 and > 2000 pg/mL, 235 and 751 pg/mL for ZnO-NPs and ZnSOsg,
respectively. A smaller but statistically significant difference in mycelial growth inhibition was
observed in C. gloeosporioides between ZnO-NPs (ECsp=551 pg/mL) and ZnSO4 (ECs50=667
ug/mL). Cu-NPs were significantly more fungitoxic than CuSOs towards V. dahliae, C.
gloeosporioides, F. oxysporum (FORL) and F. solani, but that was not the case for the rest of
the fungal species cases. Because silver NPs used in this study were hardly effective against
myecelial growth in most of the strains studied, comparison with AgNO3z was conducted only
for the B. cinerea and C. gloeosporioides cases. In both cases AgNOz was more toxic to fungal

E



Chapter 2: Use of copper, silver and zinc nanoparticles against foliar
and soil-borne plant pathogens

growth than Ag-NPs (see Fig. 1a,d), suggesting the probability of an additional mode of toxic
action for AgNOs, which is different than ion metal toxicity.
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Figure 2.1. Sensitivity of fungal strains to NPs compared with bulk-sized metal containing reagents.
Error lines represent the standard deviation of means (FORL: F. oxysporum fsp Radicis Lycopersici).
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2.4.2 Cross sensitivity profiles of fungal strains to antifungal compounds

Growth inhibition profiles of the fungal strains to NPs, AgNO3s, CuSOa, ZnSO4 and
Cu(OH)2 were analyzed using Pearson correlation coefficients on ECso or relative growth
values. A statistically significant positive correlation between Cu-NPs and CuO-NPs was found
(see Fig. 2.2a), while no significant correlation was found between Cu-NPs and other bulk-
sized copper containing compounds (see Table 2.3). A positive correlation was observed
between Ag-NPs and CuSO4 or Cu(OH)2 but not with AgNOs containing bulk sized silver (see
Fig. 2.2b,c). No correlation was found between ZnO-NPs and any of the other antifungals used
in this study (see Table 2.3).

Table 2.3. Correlation between sensitivity of fungal strains to NPs and their bulk counterparts.

Cu-NPs Ag-NPs  ZnO-Nps CuO-NPs  CuSOs  Cu(OH): ZnSO4  AgNO3

CU-NPs 1.0 -0.082 0.305 0.855* 0.287 -0.211 0.314 0.547
Ag-NPs - 1.0 0.383 -0.016 0.808* 0.888** 0.136 0.524
1.0 0.28 0.478 0.618 0.537 0.646
ZnO-Nps
1.0 0.274 -0.115 0.149 0.716
CuO-NPs
- 1.0 0.594 -0.08 0.485
CuSOq4
- - 1.0 0.403 0.433
Cu(OH)2
- - - 1.0 0.018
ZnS0O4
- 1.0
AgNO3

2 pearson correlation coefficient values.
* corresponds to a significance lever of P=0.05.
™ corresponds to a significance lever of P=0.01.
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2.4.3 Effect of NPs on colony formation

The ability of Cu, CuO, ZnO and Ag NPs to inhibit spore germination in the tested fungal species was
assessed by colony formation inhibition experiments. Sensitivity of fungal strains to Cu(OH), and NPs
used in this study in terms of ECs (concentration causing 50% colony inhibition) is presented in Table
2.4. Cu-NPs were more toxic to all species compared to the reference commercial fungicide, except in
the case of FORL where toxicities did not difer significantly (see Table 2.4). Similarly, ZnO-NPs were
more effective than Cu(OH); in all cases but FORL (see Table 2.4). With the exception of the two
Fusarium species tested, all other fungal strains were more sensitive to Ag-NPs than Cu(OH) (see Table
2.4). Overall, NPs were significantly more effective against fungal strains at the spore germination level
compared to mycelial growth. ECs values of Cu-NPs ranged from 3 (B. cinerea) to 29 (FORL) pg/mL,
indicating a 10 to 100-fold increased spore sensitivity to these NPs, compared to the respective hyphal
sensitivity revealed by mycelia growth assays (compare Tables 2.2,2.4). A similar spore-inhibitory
profile was observed for ZnO-NPs with ECso ranging from 5 (V. dahliae) to 165 ug/mL (FORL). All
fungal strains were highly sensitive to Ag-NPs in terms of colony formation except for A. alternata and
F. solani, where ECso values were 235 and >2000 ug/mL. Although significantly more toxic than in
mycelial growth, CuO-NPs were less effective than both other NPs and the reference fungicide against
fungal colony formation in all strain cases except for M. fructicola in which CuO-NPs were more
effective than Cu(OH); (see Table2. 4).

Table 2.4. Effect of NPs on spore germination in terms of colony formation of seven plant pathogenic
fungal strains.

ECso® (ng m/L)

Fungal strain (mean + SDP)
Ag-NPs Cu-NPs CuO-NPs Zn0O-NPs Cu(OH)2

B. cinerea 5.08 +0.30 3.05+2.30 422.11 +£15.39 16.29 +4.00 10.35+0.10
A. alternata 235.55+1521  7.69+1.00 678.20 £ 26.56 17.54 £3.61 255.82+1.20
M. fructicola ~ 50.60+8.72  6.45+027  215.02+11.08 20.32+£2.10 35551 +2.81
ﬁé?{;g:osm_ 7.79+1.14 17.44 +3.18 178.20 +£23.12 1036 +£1.27 90.65+12.34
F. solani >2000 18.84+ 2.44 >2000 6.81+0.29 878.24+30.17
FORL® 390.20+£35.34  29.04+4.32 >2000 164.50+ 24.31 25.23+3.45
V. dahliae 2.36+0.07 13.32+0.81 252.12+10.33 4.66+0.14 15.25+1.17

3ECso = Effective concentration causing 50% reduction in number of colonies.

bStandard Deviation

°FORL: F. oxysporum fsp Radicis Lycopersici
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2.4.4 Effect of NPs on grey mold symptom suppression

Grey mold symptom suppression properties of selected NPs in comparison with the reference
fungicide containing Cu(OH). are shown in Table 2.5. AgNPs were the most effective treatment
exhibiting percent inhibition of B. cinerea disease symptoms equal with 85 and 100% at concentrations
of 100 and 1000 pg/mL respectively. This was actually the only treatment that resulted in complete
inhibition of symptoms. Cu-NPs treatment of plum fruit resulted in limited inhibition (16%) at the lower
dose and a significantly higher inhibition (70%) compared to the reference fungicide at the higher dose
(Table 2.5). ZnO-NPs showed inhibition rates which were not significantly different than the ones
obtained by Cu(OH). applied at any concentration. Disease suppression on plum fruit did not increase
significantly by increasing doses 10-fold in both ZnO-NPs and Cu(OH); cases (Table 2.5).

Table 2.5. Effect of NPs on symptom severity caused by B. cinerea spores inoculated on plum fruit.

% Inhibition? Control
b .
Dose Mean (= SD”) _Lesmn_
diameter in
(ng/mL) mm
Cu(OH), ZnONPs AgNPs CuNPs Mean (= SD
)
41.17 (£5.32)b¢  41.17 (+7.56)b 8529 (£4.25)a 16.64 (£322)c | 17 (£2.02)
100
4411 (£4.11)c  47.05(x6.50) ¢ 100 a 70.58 (+ 8.10) b
1000

2 Calculated as the percent inhibition in terms of observed lesion diameter compared to the untreated control.

b Standard Deviation of the Mean.

¢ Within rows, values followed by the same letter do not differ significantly according to Tukey’s HSD test (0=
0.05).

2.4.5 Effect of NPs on hyphal and spore morphology

Microscopic observations under an optical microscope of NPs treated fungal conidia at
non-lethal concentrations (equal to the respective ECso values) have revealed certain
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abnormalities in hyphae and germination tubes (see Fig. 2.3). Cu-NPs at a concentration of 3
pug/mL have resulted in deformation in hyphae, cytoplasm segmentation and exudates
formation (see Fig. 2.3). Spores treated with NPs in ECso value concentrations had abnormal
tube elongation. Typical spore tube elongation involves hyphal branching in all directions in a
concentric manner (see Fig. 2.3a). B. cinerea spores treated with copper NPs had germinating
tubes advancing in a constantly changing direction without any branching as if searching for a
less toxic path (see Fig. 2.2b). This apparently indicates the involvement of a chemiotactic
mechanism for avoiding xenobiotics in this fungal strain.

Figure 2.3. Microscopic observation of Botrytis cinerea conidia (top) and hyphae (bottom) treated (b,
d) or untreated with Cu-NPs (a, c). Black arrow indicates abnormal hyphal swelling with cytoplasm
exudates.

2.5 Discussion

In an attempt to evaluate the effectiveness of NPs against a number of important plant
pathogenic fungi, the mean inhibitory concentrations of Cu, CuO, Ag and ZnO-NPs were
determined in in vitro poison agar assays. Mycelial growth inhibition assays in vitro revealed
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significant variations in sensitivity between fungal strains belonging to different species and
between the NPs tested. Overall, the toxicity of NPs to fungal strains was in the order of: Cu-
NPs>Zn0O-NPs>Ag-NPs>CuO-NPs, considering the total number of sensitive strains and the
range of sensitivity of tested species. Ashajyothi et al. (2016) reported that Ag-NPs were the
most toxic to strains of Aspergillus niger and Fusarium oxysporum amongst Ag, Cu, Au and
ZnO-NPs in zone inhibition mycelial growth assays. In another study, Ag-NPs exerted stronger
overall inhibition than Cu-NPs against Rhizoctonia solani, F. oxysporum and F. redolens
(Aleksandrowicz-Trzcinska et al., 2018), indicating that species-specific sensitivity probably
accounts -at least partially- for variations between nanoparticle effectiveness.

In the present study, Cu-NPs was the most effective nano-sized compound against
mycelial growth exhibiting significant inhibition at relatively low concentrations for all fungal
strains tested. Mean sensitivity of all tested fungal strains to Cu-NPs was significantly higher
than that of a commercial product containing Cu(OH)2, except in the case of A. alternata that
exhibited almost equal sensitivity to both compounds. Significant antifungal activity of Cu-
NPs has been demonstrated in a number of fungal species including: Fusarium sp., A. niger, R.
solani, Alternaria solani, A.alternata, Phoma destructiva (Pandey et al., 2016; Nemati et al.,
2015; Aleksandrowicz-Trzcinska et al., 2018). Interestingly, copper-containing CuO-NPs were
significantly less effective in inhibiting mycelial growth in all pathogens tested in this study.
This is in alignment with previous studies on comparative toxicity of copper nanomaterials,
which report a higher toxic effect of Cu-NPs compared with CuO-NPs (Keller et al., 2017).
CuO-NPs effectiveness against B. cinerea, A. alternata, A. fumigatus, F. solani and A. flavous
mycelial growth in vitro has been reported to be limited, while B. cinerea has been proposed
to detoxify CuO-NPs by biotransformation to Cu-oxalate and subsequent extracellular
secretion (Hao et al., 2017; Kovacec et al., 2017; Magbool et al., 2017). ZnO-NPs were the
second most effective NPs towards fungal strains used in this study. They exhibited satisfactory
myecelial inhibition, which was greater or equal than that of Cu(OH)2 in most of the fungal
species tested.

Various size zinc oxide NPs acquired with different preparation methods were
successfully tested against many bacteria and pathogenic fungi and their efficiency seems to
depend on particle size and concentration (Sun et al., 2018). Silver NPs used in this study were
practically effective against mycelial growth only in the case of B. cinerea. In fact, Ag-NPs
and Cu-NPs were the most effective NPs against this fungus and performed better than the
commercial fungicide containing copper hydroxide. Besides B. cinerea, several Ag-NPs
studies have reported strong inhibition against a number of plant pathogenic fungi such as C.
gloeosporioides, Bipolaris sorokiniana, Rhizoctonia solani, Sclerotinia sclerotiorum, A.
alternata and F. oxysporum (Pandey et al., 2016). The larger particle sizes (<100 nm) of Ag-
NPs used in the present study in comparison with the ones (4-21 nm) used in the above-
mentioned studies could account for the lack of satisfactory mycelial inhibition of most of the
fungal species tested.

Several mechanisms of antibacterial/antifungal action of NPs have been proposed
including generation of Reactive Oxygen Species (ROS), disruption of microbial membranes
by physical contact and the liberation of antimicrobial ions (Sun et al., 2018; Hoseinzadeh et
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al., 2017; Krol et al., 2017). Whether NPs act at a similar way as their bulk counterparts has
been the subject of debate between researchers. In an attempt to answer this question, cross
sensitivity of NPs used in the present study with reagents containing the respective bulk-sized
metals was evaluated. Despite the potential differences in sensitivity between different fungal
species tested, a positive correlation was found between both Cu containing NPs, but not with
any of the bulk Cu containing antifungal agents [CuSOs, Cu(OH)2], indicating that Cu-NPs
toxicity to fungal strains is not proportionally similar with bulk copper containing fungicides.
Absence of statistical correlation between silver and zinc oxide NPs and their respective bulk
counterparts also indicate differences in toxicity and potentially an alternate or additional mode
of action, besides ion-release. Further studies at the biochemical level are needed to validate
such a claim.

Regardless of their efficacy in inhibiting mycelial growth, toxicity of all NPs to fungal
spores increased dramatically. Although there were differences in sensitivity between fungal
species, in the majority of fungal cases, Cu-NPs were the most effective NPs followed by Zn-
NPs, while both antifungal agents were able to inhibit colony formation at lower doses than the
commercial fungicide Cu(OH).. Ag-NPs successfully inhibited spore germination/colony
formation more effectively than Cu(OH)., except for soil-borne pathogen F. solani, which
proved to be relatively tolerant to these NPs. Even though their activity against spore
germination was drastically increased compared with that in mycelial growth, CuO-NPs were
the less effective of the four NPs tested. It has been reported in the literature that the activity
of silver, zinc oxide and gold NPs against A. niger and F. oxysporum was higher in spore
germination than mycelial growth (Ashajyothi et al., 2016). Nemati et al. (2015) has
demonstrated a stronger fungicidal effect of copper Cu-NPs against F. expansum, A.solani and
A. alternata compared to a broad-spectrum fungicide containing copper (Bordeaux mixture) in
terms of colony formation. Successful inhibition of colony formation, utilizing Ag-NPs against
plant pathogenic fungi B. sorokiniana and M. grisea, was demonstrated by Jo et al. (2009).
This increased toxic effect of NPs against fungal spores, compared to hyphal growth, could be
attributed to structural differences between spore and vegetative fungal walls. Chitin content
of many fungal species is significantly higher in hyphal walls, compared to spore walls,
rendering the later more susceptible to heavy metals (Bartnicki-Garcia, 1968). Furthermore,
during the process of spore germination, enzymes such as disulfide reductases and glucanases
result in the softening of cell walls, in order to facilitate germ tube elongation, and thus create
sensitive sites for toxic substances in contact with the fungal cell (Bartnicki-Garcia, 1968).

Potential suitability of NPs as alternative antifungal agents heavily depends on their
effectiveness not only in vitro but primarily on their ability to exert their disease suppressing
activity in vivo (Hao et al,2017). Assessing nanoparticle disease suppressive properties in field-
scale experiments is hindered by practical difficulties mostly due to the lack of formulations of
such substances. Detached fruit experiments provide an intermediate means of evaluating NPs
effectiveness in vivo while very limited data is available in literature. In the present study, NPs
spray applications on plum fruit resulted in significant disease suppression against B. cinerea.
Ag-NPs and Cu-NPs were more effective than the reference fungicide at higher doses while
Ag-NPs completely inhibited symptom development at the higher concentration. Hao et al
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(2017) have reported successful B. cinerea symptom suppression on detached rose petals by
carbon and copper nanoparticles while Ag-NPs were found to suppress disease symptoms of
ryegrass pathogen B. sorokiniana (Jo et al, 2009). Although fungitoxic activity exerted by Cu-
NPs in vitro against B. cinerea was similar to that of Ag-NPs, the later nanoparticles were
dramatically more effective when applied in vivo. This observation demonstrates the
importance of in vivo experiments for practical effectiveness evaluation of active substances.
A possible explanation for such toxicity increase of Ag-NPs on plum fruit could be attributed
to the differences between growth medium composition and the actual plant-tissue surface in
contact with the fungal inoculum. PDA is a relatively rich growth medium and is expected to
contain a higher protein content, rich in sulfide amino acids known to bind with [Ag*],
hindering dissolution of AgNPs or directly react with AgNPs to form precipitates without
undergoing dissolution and thus could result in a reduction in toxicity compared with the plum
fruit surface, where such substrate is not readily available (Levard et al., 2012; Zhang et al.,
2016). In any case, interactions between AgNPs and organic matter is complex and a number
of factors including nanoparticle coating and aggregation are involved, underlying mechanisms
that differentiate toxicity of AgNPs between growth media and plant tissue have yet to be
elucidated. Different inhibition levels of AgNPs against B. cinerea depending on the growth
medium used in fungitoxicity tests in vitro have been reported by Kim et al. (2012).

All the above cases demonstrate a promising potential of NPs to be used as protective
fungicides at early stages of disease initiation, by inhibiting spore germination of plant
pathogenic fungi.

In summary, tested NPs were able to inhibit in vitro mycelial growth of fungal strains in a
dose-response manner with the most effective being Cu-NPs and Zn-NPs. Although species
dependent, the toxicity of NPs was not significantly correlated with the respective toxicity of
their bulk counterparts, indicating potential differences in their mode of action. All NPs tested
in this study were more toxic at the spore germination level than at mycelial growth and, in
most cases, more effective than the commercial fungicide containing Cu(OH).. Furthermore,
their suppressive antifungal properties extend to actual plant level, as indicated by their grey
mold disease suppressive properties, making them excellent candidates for alternative, lower-
dose, protective fungicides against both foliar and soil/seed-borne plant pathogenic fungi.
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3. Synergy between Cu-NPs and fungicides against Botrytis cinerea

Abstract

Combating drug-resistance is a daunting task, especially due to the shortage of available drug
alternatives with multisite modes of action. In this study, the potential of copper nanoparticles (Cu-NPs)
to suppress 15 Botrytis cinerea isolates, which are sensitive or resistant to fungicides, alone or in
combination with conventional fungicides, was tested in vitro and in vivo. Sensitivity screening in vitro
revealed two fungicide resistance phenotypes, resulting from target site mutations. DNA sequencing
revealed three B. cinerea isolates highly resistant to benzimidazoles (BEN-R), thiophanare methyl
(TM), and carbendazim, bearing the E198A resistance mutation in the g-tubulin gene, and four isolates
highly resistant to the Qol pyraclostrobin (PYR-R) with a G143A mutation in the cytb gene. Cu-NPs
were equally effective against sensitive and resistant isolates. An additive/ synergistic effect was
observed between Cu-NPs and TM in the case of BEN-S isolates both in vitro and when applied in
apple fruit. A positive correlation was observed between TM and TM+Cu-NPs treatments, suggesting
that an increased TM availability in the target site could be related with the observed additive/synergistic
action. No correlation between Cu(OH), and Cu-NPs sensitivity was found, indicating that different
mechanisms govern the fungitoxic activity between nano and bulk counterparts. A synergistic profile
was observed between Cu-NPs and fluazinam (FM) - an oxidative phosphorylation inhibitor - in all
isolates regardless of resistance phenotype, suggesting that ATP metabolism could be involved in the
mode of action of Cu-NPs. Furthermore, the observed cross sensitivity and antagonistic action between
Cu-NPs and NaCl also provided evidence for copper ions contribution to the fungitoxic action of Cu-
NPs. The results suggested that Cu-NPs in combination with conventional fungicides can provide the
means for an environmentally safe, sustainable resistance management strategy by reducing fungicide
use and combating resistance against B. cinerea.

3.1 Introduction

Synthetic fungicides are essential for efficient disease management in modern
agricultural production systems as they provide the most effective and cost-efficient means for
combating plant parasites, accounting for at least 25% of yield losses worldwide (Pantley et
al., 2016). Certain limitations of conventional fungicides, as well as risks concerning their fate
in the food chain and environmental systems identify the necessity for the development of
alternative control methods. Nanoparticles (NPs) constitute perfect candidates for answering
this challenge, because they can be used as novel environmentally compatible nano-fungicides
with unique properties, which include increased effectiveness in lower doses, enhanced drug
delivery, and slower active ingredient release rates (Pandey et al., 2016; Kah et al., 2018; Sun
et al., 2018). Nanoparticles containing copper (Cu-NPs) combine a protective action against
bacterial and fungal diseases with low cost and reduced risk for resistance development due to
the multi-site mode of action of [Cu*?]. Cu-NPs exhibit a greater effectiveness against a
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number of fungal pathogens compared to fungicides containing copper (Baker et al., 2002;
Winter and Davis, 2006; Park et al., 2016; Keller et al., 2017, Malandrakis et al., 2019).

Botrytis cinerea (teleomorph Botryotinia fuckeliana) is the causal agent of the grey
mould disease, typically described as “high resistance risk pathogen”, and is known to have
developed resistance to almost all available site-specific botrycides (Brent and Hollomon,
1998; Ma and Michailides 2005; FRAC 2013). Several studies have reported B. cinerea control
failures due to resistance development to the intensively used benzimidazoles (Stehmann and
de Waard 1996; Malandrakis et al., 2011). In the majority of cases, benzimidazole resistance
in B. cinerea, and to an increasing number of other plant pathogens, has been attributed to
target site modifications resulting from the well characterized E198A, E198V, E198K and
F200Y mutations in the g-tubulin gene (Leroux et al., 2002; Ziogas et al., 2009). Even the
highly commercially successful fungicides, like the Qo inhibitors (Qol) of the cytochrome bcl
complex of the respiratory chain, could not escape control failures, as indicated by a number
of reports of rapid resistance development in a large number of plant pathogens including:
Blumeria (Erysiphe) graminis, Plasmopara viticola, Venturia inaequalis, Pyricularia
(Magnaporthe) grisea, Mycosphaerella fijiensis, Alternaria alternata and B.cinerea (FRAC
2013; Malandrakis et al., 2011, 2018). The observed resistance to Qols was in most cases
attributed to target site changes resulting from mutations in the mitochondrial cytb gene, the
most important being the substitution of Glycine with Alanine at posision 143 (G143A) in the
respective gene (Avenot and Michailides, 2015; Malandrakis et al., 2018). It is evident that,
despite the strict regulation limitations driven by environmental and health safety concerns,
managing fungicide resistance is becoming a pressing matter, especially for high-risk
pathogens such as B. cinerea.

A novel approach in the direction of integrated disease and resistance management is
the use of alternative antifungal agents in rotation or combination with conventional fungicides,
in order to both reduce the environmental impact caused by xenobiotics and retain effective
control of diseases compromised by resistance development (Malandrakis et al., 2019). Metal
nanoparticles including Ag-NPs, ZnO-NPs and FeO-NPs have demonstrated a promising
potential when used as alternatives or in combination with antibiotics against sensitive or drug-
resistant pathogenic bacteria such as Eschericia coli, Staphylococcus aureus, Pseudomonas
aeruginosa, Proteus mirabilis, Klebsiella pneumonia, and Enterococcus faecalis (Punjabi et
al., 2018; Paralikar et al., 2019; Hamed et al., 2017; Nejabatdoust et al., 2019; Gabrielyan et
al., 2019). Similarly, Ag-NPs and ZnO-NPs have proven to be effective against fungal strains
both sensitive and resistant to fungicides and to exert a synergistic/additive effect when applied
in combination with conventional fungicides, such as carbendazim, mancozeb, thiram,
tebuconazole, fludioxonil, and propineb (Huang et al., 2018; Jamdagni et al., 2018; Xue et al.,
2014).

This study focuses on the: (a) identification of fungicide resistant phenotypes among
Botrytis cinerea isolates, (b) evaluation of the control efficacy of Cu-NPs and Cu-
NPs/fungicide combinations against sensitive and fungicide resistant B. cinerea isolates in vitro
and in vivo, and (c) investigation of possible mechanisms underlying the mode of action of Cu-
NPs and the synergistic/additive interactions observed between Cu-NPs and selected
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fungicides. To the best of our knowledge, the potential of copper nanoparticles to control fungal
isolates resistant to fungicides alone or in combination with conventional fungicides has not
been previously explored.

3.2 Materials and Methods

3.2.1 Nanoparticles, reagents and fungicides

Copper nanoparticles [Cu-NPs] (particle size 25 nm), copper sulphate [CuSO4], sodium
chloride [NaCl] and Salicylhydroxamate (SHAM), used in this study, were purchased from
Sigma Aldrich, MO, USA. Commercial fungicides Cu(OH). (Copperblau-N 50 WP),
fluazinam (Azzuro 50 SC), mancozeb (Trimanoc 75 WG), and thiophanate methyl (Neotopsin
70 WG) were purchased from their respective manufacturers. The remainder of the fungicides
used were pure analytical grade: carbendazim and fenhexamid were supplied by Bayer
CropScience AG (Leverkusen, Germany), zoxamide by Dow Agrosciences (Indianapolis,
USA), fludioxonil and difenoconazole by Syngenta Crop Protection AG (Basle, Switzerland),
and pyraclostrobin by BASF AG (Limburgerhof, Germany). All stock solutions of the
antifungal compounds were prepared using ethanol as a solvent, except for zoxamide and
fenhexamid, which were dispersed in acetone and isopropanol, respectively. Analytical grade
active ingredients were added aseptically to sterilized growth medium prior to inoculation in
appropriate quantities, making sure the solvent never exceeded 1 % (v:v) of the total volume,
in both treated and control samples. Stock solutions of commercial fungicides and
nanoparticles were prepared in distilled-sterilized water. Nanoparticle suspensions were
subjected to sonication for 30 min with Transonic 420 (Elma, Germany) sonicator, prior to
their incorporation in growth media.

3.2.2 Fungal isolates and culture conditions

Fifteen fungal B. cinerea isolates from the fungal collection of the Pesticide Science
Lab (Agricultural University of Athens), originating from various crop fields located in Greece
(Table 3.1), were evaluated in terms of their sensitivity against Cu-NPs and selected botrycides.
All isolates were grown on Potato Dextrose Agar (PDA) medium in order to obtain inoculum
for the fungitoxicity assays and kept in growth chambers in the dark at 25 °C and 70% humidity.
For each strain, for long-term storage purposes, four 5-mm myecelial plugs from the margin of
rapidly growing fungal colonies were placed in 1.5 mL tubes containing 50% v/v of sterilized
glycerol:water, and stored at -20 °C.
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Table 3.1. Origin of Botrytis cinerea isolates used in this study and spray history of the fields from
which the isolates were obtained.

Spray history

Isolate Host Location Year of Thiophan-  Pyraclo- Fenhe  Fludiox- Manco-
collection ate
methyl strobin  -xamid onil zeb

BC1 apple Veroia 2017 +2 + + +
BC2 apple Veroia 2017 + + + +
BC3 peach Veroia 2017 + + + +
BC4 apple Veroia 2017 + + + +
BCS grape Crete 2017 + + +

BC6 cherry Crete 2017 + + +

BC7 strawberry  Pelloponisos 2017 + + + + +
BC8 strawberry  Pelloponisos 2017 + + + + +
BC9 strawberry  Pelloponisos 2017 + + + + +
BC10 pepper Pelloponisos 2017 + + + + +
BC11  cucumber Crete 2018 + + + +

BC12  plum Crete 2018 + * N

BC13 plum Crete 2018 + + +

BC14 plum Crete 2018 + + +

BC15 plum Crete 2018 + + +

4 Plus sign indicates that isolates were exposed to the respective fungicide for at least 2 years
prior to the year of collection

3.2.3 In vitro fungitoxicity tests

3.2.3.1 Sensitivity of B. cinerea isolates to Cu-NPs and fungicides

In order to evaluate the potential of Cu-NPs to control fungicide-resistant B. cinerea
isolates as well as sensitive ones, in vitro fungitoxicity tests were conducted. The sensitivity of
fungal strains to NPs and fungicides was evaluated by measuring radial growth of isolates on
PDA. The fungitoxicity was expressed as percent relative growth of isolates grown on PDA
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containing concentrations equal to mean ECsp values (effective concentration causing 50%
inhibition of mycelial growth). Previously reported mean ECso values of B. cinerea to tested
botrycides and nanoparticles are: 500 ug/mL for Cu(OH)2 , 300 pug/mL for Cu-NPs, 0.25
ug/mL for thiophanate methyl, 0.1 ug/mL for carbendazim, 0.5 ug/mL for zoxamide, 0.02
ug/mL for fluazinam, 0.5 ug/mL for pyraclostrobin, 0.19 ug/mL for fenhexamid, 0.01 ug/mL
for fludioxonil, 0.25 pg/mL for difenoconazole and 50 ug/mL for mancozeb (Kalamarakis et
al., 2000; Malandrakis et al., 2011, 2019; Markoglou et al., 2006 ). Isolates with reduced
sensitivity to thiophanate methyl, carbendazim, and pyraclostrobin were subjected to higher
doses in order to determine the actual ECso values and resistance factors, Rf, defined as the
ratio ECsp of the resistant isolate to the mean ECso of sensitive isolates. Specifically, the
following concentrations of 0, 0.5, 1, 2.5, 5, 10, 25 pug/mL thiophanate methyl; 0, 0.5, 1, 2.5,
5, 10 ug/mL carbendazim; 0, 0.01, 0.025, 0.05, 1 ug/mL zoxamide; and 0, 0.25, 1, 5, 50 ug/mL
pyraclostrobin were used to obtain fungitoxicity-curves for resistant isolates. Three replicate
plates were used for each fungicide concentration-isolate combination. The inoculum consisted
of a 5-mm myecelial plug cut from the edge of 4-day old colony of each isolate grown on PDA
and transferred to nanoparticle or fungicide-amended and non-amended (control) media. The
cultures were incubated at 25 °C in the dark for 4 days. Percent inhibition rates were calculated
by the formula: 100-(mean diameter of the colony on the fungicide-amended plates divided by
the mean diameter of the untreated controlx100. Tests for each isolate were repeated twice for
each concentration and fungicide.

3.2.3.2 Synergistic activity of Cu-NPs with fungicides

Combined antifungal effects of Cu-NPs and Cu(OH). when applied simultaneously
with the selected fungicides thiophanate methyl, fluazinam and pyraclostrobin were evaluated
in vitro by poison agar assays. Concentrations of 0.25 pug/mL thiophanate methyl, 0.1 ug/mL
carbendazim, 0.02 ug/mL fluazinam, and 0.5 ug/mL pyraclostrobin were added aseptically in
PDA growth medium individually or in combination with 300 pg/mL Cu-NPs or 500 ug/mL
Cu(OH)2. Following an incubation period of 4 days at 25 °C in the dark, mycelial growth
percent inhibition rates were calculated for each treatment. Combined effects of Cu-NPs with
the selected fungicides were evaluated according to the Abbortt method (Gisi, 1996).
Specifically, the expected combined percent inhibition (% Clexp) was calculated as: % Clexp =
Ia+1s—(1ax1g/100), where Ia and Ig are the percent inhibition of each antifungal agent. The
synergy factor (SF) was determined by the formula SF=Iag/(% Clexp), Where lag represents the
observed percent inhibition of antifungal agents when applied together. It should be noted that
SF values close to 1 were considered to indicate additive, greater than 1 synergistic, and less
than 0.75 antagonistic interactions.
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3.2.4 In vivo fungitoxicity tests

The efficacy of Cu-NPs to control sensitive and fungicide-resistant B. cinerea isolates,
alone or in combination with thiophanate methyl and fluazinam in vivo, was tested on apple
fruit (Malus sylvestris cv firiki), which were selected for their uniform maturity, size, shape,
and absence of any wound. Two sensitive (BC1, BC2) and two fungicide resistant (BC4, BC11)
isolates were used in four apple fruits per treatment with fungicide, Cu-NPs and combinations
of the two, while the control treatment comprised of distilled water. The surfaces of the apple
fruits were disinfected by dipping the fruit in a 1% sodium hypochlorite solution for 10 min,
rinsing the fruit three times with distilled-sterilized water, and drying the fruit before
fungicide/Cu-NPs treatments. Subsequently, the fruit were sprayed with solutions of 500
pg/mL Cu-NPs; 20 and 2000 pg/mL thiophanate methyl (1/50, 2x of the maximum
recommended dose); and 40 pg/mL fluazinam (1/20 of the maximum recommended dose),
individually and in combinations. The fruit were air-dried for 2 hr and then, a 2x2 mm
[lengthxwidth] cross-shaped wound was created at the front face of each apple fruit using a
sterile needle. The inoculation of the fruit was carried out by placing a 5-mm mycelial plug,
from a 4-day old colony of each B. cinerea isolate, on top of each wound. Plastic boxes
24x34x10 cm [lengthxwidthxheight] containing the inoculated fruit were placed on top of a
wet sterilized paper covered by a lid and incubated in a growth chamber at 25 °C for 4 days.
The lesion diameter around each wound of treated fruit was measured and recorded, then
divided by the respective lesion diameter of the water-treated control, and next the percent
symptom severity was calculated. All experiments were repeated at least twice.

3.2.5 DNA extraction and sequence analysis of B-tubulin and cytb genes from B. cinerea
isolates

Mycelium of selected B. cinerea isolates was peeled from the surface of 4-day old
cultures grown on fungicide-free PDA at 25 °C, and ground in liquid nitrogen using a mortar
and pestle. TRI reagent (Sigma) was used to isolate the total DNA. A 1.6-kb fragment of the
B. cinerea f-tubulin gene was amplified using the primers BCTubF (5’
CTTGAGCGTATGAACGTCTAC 3’) and BCTubR (5 TGTACCAATGCAAGAAAGCCTT
3’) from the template gDNA. The PCR reactions involved 0.2 mM from each of the primers,
1.5 mM MgCl, 0.5mM dNTPs, and 1.25 units of HotStar Taq DNA polymerase (Qiagen) in
20 mM TrisHCI and 50 mM KCI. The PCR conditions were as follows: 95 °C for 15 min
followed by 40 cycles of 94 °C for 30 s, 50 °C for 30's, and 72 °C for 1 min with a final 10 min
extension at 72 °C. A 463-bp fragment of the B. cinerea cytb gene was amplified using the
primers Bccytb-F1 (5> CGTCGGCCATATAAAAGGTC 3°) and Bceytb-R1 (57
CTCCATCCACCATACCTACA 3’) from template gDNA under PCR conditions of 95 °C for
15 min followed by 35 cycles of 94 °C for 1 min, 65 °C for 25 s, and 72 °C for 1 min with a
final 10 min extension at 72 °C. The QIAquick gel extraction kit (Qiagen) was used to purify
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the PCR products, which were subsequently ligated to pGEM-Teasy (Promega) vectors and
transformed into Escherichia coli (DH5a Library Efficiency® Competent Cells, Invitrogen)
competent cells. Recombinant plasmids were purified using QIAprep spin miniprep kit plasmid
(Qiagen) and then sequenced in both directions. Ten independent clones from each B. cinerea
isolate were analyzed. Sequence data analysis was performed by use of the Lasergene software
(DNAstar, Madison, USA).

3.3 Statistical analysis

The ECsp values for each strain and antifungal compound were calculated by regressing
the relative inhibition of mycelial growth against the Logio compound concentrations. Pearson
correlation coefficients were used to correlate isolate sensitivities between the various
antifungal treatments. The estimated Cu-NPs and fungicide inhibition rates were subjected to
analysis of variance and the resulting means were separated according to Tukey’s HSD test (a
= 0.05). The SPSS v20 software (SPSS Inc., Chicago, IL, USA) was used for the statistical
analyses.

3.4 Results

3.4.1 Sensitivity of B. cinerea isolates to antifungal agents in vitro

The sensitivity of B. cinerea isolates to selected fungicides against the pathogen was
evaluated using discriminatory doses, based on mean ECso values reported in previous studies
(Kalamarakis et al., 2000; Malandrakis et al., 2011; Markoglou et al., 2006). The observed
mean percent inhibition caused by Cu-NPs and each of the fungicides used in this study are
shown in Table 2. Although there was significant variability between the various isolates, in
most cases, wild type (baseline) sensitivity to the antifungal agents used was observed. A
reduced sensitivity to the benzimidazoles thiophanate-methyl and carbendazim was detected
for the isolates BC4, BC5 and BC11 (mean percent inhibition values ranging from 0 to 1.53).
Additionally, the isolates BC4, BC5, BC11, and BC13 showed a reduced sensitivity response
to the Qol fungicide pyraclostrobin (see Table 3.2). Consequent fungitoxicity tests were
conducted to determine the ECsp values and to calculate the resistance factors (Rfs) of the
resistant phenotypes (see Table 3.3). Based on calculated Rf values, isolates BC4, BC5 and
BC11 were classified as highly benzimidazole resistant (BEN-R phenotype), because they were
highly resistant to both carbendazim and thiophanate methyl. The calculated Rf values
were >100 for thiophanate methyl and >200 for carbendazim in all BEN-R isolates. All BEN-
R isolates were more sensitive (Rf values 0.06-0.1) to the benzimide zoxamide than the wild
type isolates BC1 and BC2. Pyraclostrobin resistant isolates (PYR-R phenotype) included the
BEN-R isolates BC4, BC5, BC11 and the isolate BC13, which was specifically pyraclostrobin-
resistant. All PYR-R isolates were highly resistant to pyraclostrobin with Rf values exceeding
100 (see Table 3.3).
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Table 3.2 Sensitivity of Botrytis cinerea isolates to Cu-NPs and selected fungicides.

Percent Inhibition 2
(mean+SD®)

thiophanate
Cu-NPs methyl
Isolate (300)° (0.25)

carbendazim zoxamide fuazinam pyraclostrobin fenhexamid fludioxonil difenoconazole mancozeb
(0.1) 0.5 (0.02) (0.15) (0.19) (0.01) (0.25) (50)

BCl  4927+030 8500%0.10 8364+1.15 56.15+201 51.22+125 5226+035 50.10+020 41.67+652 4565+502  53.33%2.22
BC2  50.70+0.42 100 9556+ 0.85 57.48+1.05 53.33+212 3019+125 47.04+012 50044112 37144804 4357+275
BC3  39.28+234 9524+005 61.70+2.12  50.32t0.38 53334265 50.10+245 50.00+2.02 49.98+110 3553+0.35  38.82+1.19
BC4  5466+005 111+028 153+0.05 100 64.29 + 4.34 0.00 4893+143 4955+021 5000+0.12  56.94 +0.66
BC5  46.67+3.19 0 0 100 52504089 452+012  40.23+1.88 4457+377 1473+272  20.95+2.05
BC6  4592+285 67.11+0.16 3562+051 4872012 4500+023 4939+097 51.62+032 5209+226 5025+117  4583+101
BC7  56.07+0.19 4286+0.12 50.75+1.25 3928+1.08 36514312 6500+055 4221+535 49.99+110 60.09+510  41.25+4.02
BC8  3384+132 5422+034 25004111 4924%232 4400+190 42.32+170 4552+326 5468+432 46.23+445 27224205

BCO9  3866+244 625+016 2753t222 4994301 5256+004 47.50+0.64 49.27+205 5235+0.75 4899+3.39  24.68+5.14

BC10  40.00+5.30 100 65.00£1.07 5236+021 4706+4.00 51524203 5265+1.14 49.95+060 41.64+534  50.31%227
BC1l  3587+1.15 0 0 100 3810+112 290+183 57.84+433 49.69+155 5225+200 3579132
BC12  60.00+2.12 100 64.86+2.05 9562011 54794062 47.04+400 3059+520 54.07+325 5500+0.85  29.49+1.15
BC13  4516+098 3226+002 75.03+143 5434+167 5579+131 0.00 58.85+3.12 51.63+0.17 48.08+1.72  58.06+023
BC14  56.92+3.07 100 100 5003£122 35714302 4818+270 6572+478 5045+208 48.06+216  45.16+4.01

BC15 68.00%265 6522+085 4846+0.15 60284253 4118+008 50.00+0.04 50.49+109 3263+6.05 6576+564  4563+2.15

@ Calculated as percent inhibition of mycelial growth compared to the untreated control after 4 days
incubation at 22 °C (n = 3).

b Standard deviation of the means (n = 3).

¢ Numbers in parenthesis indicate fungicide concentrations in pg/mL of active ingredient.

Table 3.3 Cross-resistance profiles of B. cinerea isolates sensitive and benzimidazole /pyraclostrobin
resistant and respective resistance mutations.

Fungicides Resistance mutations
. . ) ) f-tubulin
thiophanate methyl carbendazim zoxamide pyraclostrobin cytb gene
gene
Ami id
EC;5¢? Rfe ECso Rf ECy Rf ECyy 1m0 acl
Isolate (mean=SD¥) (mean = SD) (mean + SD) (mean + SD) substitution
0.05+
BCl1 0.16 0.65 092 040£0.05 1.00 0.09+0.01 1.01 G143 E198
0.00
0.13+ 0.05+
BC? 0.55 090 041+0.04 1.12 074+0.14 822 G143 E198
0.05 0.00
BC4 >25 > 100 >10 >200 0.03+£001 0.09 >10 >100 G143A E198A
BCS >25  >100 >10  >200 003+0.01 010 >10  >100 Gl43A  EL98A
BCl1 >25 > 100 =10 >200 0.02+£0.00 0.06 =10 >100 Gl43A E198A
0.49 £ 0.05 £
BC13 1.98 1.00 0.37+0.05 1.05 >10 >100 Gl43A E198
0.11 0.00

2 Effective concentration causing 50% reduction in mycelial growth rate after 4 days incubation at 22 °C
(n = 3).> Standard deviation of the means (n = 3).
¢ Resistance factor (ECso of the resistant isolate/ mean ECso of sensitive isolates).
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3.4.2 Detection of target-site resistance mutations

The high resistance levels we observed in the BEN-R and PYR-R phenotypes lead to
the hypothesis that resistance was observed due to mutations in the genes encoding the target
sites of benzimidazole and pyraclostrobin fungicides. In order to confirm this hypothesis, gene
fragments coding S-tubulin and cytochrome b, target sites of benzimidazole and pyraclostrobin
fungicides, respectively, were isolated from sensitive and resistant isolates and sequenced.
Sequence comparisons of the g-tubulin gene between sensitive and resistant isolates revealed
the E198A resistance mutation in all BEN-R isolates, which is known to confer high resistance
levels to benzimidazoles (Ma and Michailides, 2005) (see Table 3). Also, a well-known
resistance mutation (G143A) was detected in the cytb gene in all PYR-R isolates. These results
confirmed the hypothesis that the resistant phenotypes observed resulted from target-site
modifications that reduce the affinity between fungicides and their target, and in turn require
very high concentrations to inhibit the resistant isolates.

3.4.3 Synergistic activity
3.4.3.1 Synergistic activity in vitro

The ability of Cu-NPs to control sensitive and resistant isolates in combination with
thiophanate methyl, pyraclostrobin, and fluazinam was tested in vitro. The calculated
synergistic factor (SF) values for Cu-NPs are listed in Table 3.4. An enhanced synergistic effect
for Cu-NPs with fluazinam was observed in most cases of both fungicide sensitive and resistant
isolates, with estimated SF values ranging from 1.01 to 1.50 (see Table 3.4, Fig. 3.1c). On the
contrary, an antagonistic effect was observed (SF: 0.41- 0.97) for the combined use of Cu-NPs
and pyraclostrobin in most isolate cases. For the BC4 isolate, synergy was observed (SF=1.22),
for the combined use of Cu-NPs and pyraclostrobin mixture; however, inhibition rates were
barely statistically significant different from those corresponding to individual use of Cu-NPs
(see Fig. 3.1b). The combined use of Cu-NPs with thiophanate methyl resulted in inhibition
rates, which were significantly greater than those for the individual antifungal agents in all
BEN-S isolates (see Fig. 3.1a). In BEN-R isolates, no significant differences were found
between Cu-NPs sensitivity and the combined use of Cu-NPs and thiophanate methyl (see Fig.
3.1a). SF values between Cu-NPs and thiophanate methyl for the BEN-S isolates ranged
between 1.03 to 1.59, indicating synergism, while the respective values for BEN-R isolates
were close to 1 (0.85 to 0.99) , indicating a slight additive effect (see Table3.4, Fig. 3.2).
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Figure 3.1. Sensitivity of fungicide-sensitive/resistant B. cinerea isolates to Cu-NPs (300 pg/mL) in
comparison with (a) thiophanate methyl (0.25 pg/mL) (b) pyraclostrobin (0.15 pg/mL) and (c)
fluazinam (0.02 pg/mL) and combinations. BEN-S/R: benzimidazole- Sensitive / Resistant and PYR-S/R:
pyraclostrobin-Sensitive / Resistant isolates. TM:thiophanate methyl, FM: fluazinam). Error lines
represent the standard deviation of means. Between treatments, bars marked by the same letter do
not differ significantly according to Tukey's HSD test (a = 0.05).
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Figure 3.2 Sensitivity of a (a) sensitive (BC1) and a (b) TM-resistant (BC4) B. cinerea isolates to Cu-NPs,
TM and their combination. TM: thiophanate methyl.

In an attempt to evaluate the role of nanoparticle nature versus the release of copper
ions in the synergistic effect observed between Cu-NPs and fluazinam or thiophanate methyl,
a commercial fungicide containing Cu(OH)2 was used in a synergism test in vitro with the
above fungicides. In contrast to Cu-NPs, the combined use of Cu(OH). with fluazinam resulted
in an antagonistic effect in almost all the isolate cases with SF values ranging between 0.14
and 1.01 (see Table 3.4), indicating a possible contribution of nanoparticle properties in the
observed synergism between Cu-NPs and fluazinam. A strong antagonistic effect was observed
between Cu(OH) and thiophanate methyl in BEN-R isolates (SF: 0.23-0.72), contrary to BEN-
S isolates where a strong synergistic effect (Rf: 1.00-3.97) was observed in most cases (see
Table 3.4). These results indicate a possible role of the copper ions released in the observed
synergism between Cu-NPs and thiophanate methyl. A possible role of copper ion release in
the fungitoxic activity of Cu-NPs against B. cinerea isolates was revealed by the synergy tests
conducted between Cu-NPs and NaCl. These synergy tests involved the addition of 1% NaCl
in PDA containing 300 pg/mL Cu-NPs, which neutralized the fungitoxic effect of Cu-NPs, and
yielded very low SF values in the majority of isolate cases (see Table 3.4).
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Table 3.4 In vitro synergistic activity of Cu-NPs or Cu(OH), with selected fungicides against
fungicide sensitive and resistant Botrytis cinerea isolates. TM: thiophanate methyl, FM: fluazinam.

SF°
Cu-NPs Cu(OH),
Isolate (300) (500)
. Pyraclo-
Resistance ™ FM ) NacCl ™ FM
strobin

Phenotype 025)° (002 " (10,000 (0.25)  (0.02)

BC1 BEN-S/PYR-S" 108 150  0.43 0.08 1.39 0.79
BC2 BEN-S/PYR-S 107 135 056 0.00 3.97 0.87
BC3 BEN-S/PYR-S 103 133 071 0.00 1.48 0.79
BC6 BEN-S/PYR-S 113 1.08  0.81 0.63 1.00 0.30
BC7 BEN-S/PYR-S 112 1.07 066 0.97 0.99 0.67
BCS BEN-S/PYR-S 139 101  0.66 0.90 1.78 0.61
BC9 BEN-S/PYR-S 117  1.02 097 0.00 3.12 0.88
BC10 BEN-S/PYR-S 107 108 084 0.04 1.28 1.01
BC12 BEN-S/PYR-S 110 121 0.55 0.70 1.34 0.84
BC14 BEN-S/PYR-S 129 141  0.65 0.00 1.10 0.89
BC15 BEN-S/PYR-S 113 124 043 0.58 1.03 0.73
BC13 BEN-S/PYR-R 159  1.08  0.53 0.30 0.52 0.83
BC4 BEN-R/PYR-R 085  1.08  1.22 0.78 0.59 0.75
BCS BEN-R/PYR-R 099 128  0.44 0.41 0.23 0.14
BC11 BEN-R/PYR-R 095 136  0.76 0.98 0.71 0.76

2 Synergy Factor.

b BEN-S/R: Benzimidazole Sensitive/ Resistant and PYR-S/R: Pyraclostrobin sensitive/Resistant
isolate.
¢ Numbers in parenthesis indicate antifungal agent concentrations in pg/mL of active ingredient.
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3.4.3.2 Synergistic activity in vivo

The synergistic activity between Cu-NPs, thiophanate methyl and fluazinam demonstrated in
vitro was tested on apple fruit for selected BEN-S and BEN-R/PYR-R B. cinerea isolates. Treatment of
apple fruit inoculated with fungicide sensitive isolates BC1 and BC2 with 500 pg/mL Cu-NPs resulted
in inhibition rates of 30.95 and 27.27%, while 20 pug/mL thiophanate methyl resulted in 54.76 and
43.18% inhibition (SF:1.45 and 1.70, respectively, see Table 5). When the two antifungal agents were
applied in combination, disease symptoms caused by BC1 and BC2 BEN-S isolates were almost
completely suppressed, demonstrating a strong synergistic effect (see Fig. 3.3). In the case of BEN-R
isolates BC4 and BC11, thiophanate methyl could not suppress lesion development even at 2000
pug/mL, while combination with Cu-NPs had a slight additive effect (SF: 0.93 to 0.96, respectively, see
Table 3.5). Combination of Cu-NPs with fluazinam resulted in a synergistic effect in vivo similar to that
observed in the in vitro experiments (see Fig. 3.3). A clear synergistic effect was observed in all B.
cinerea phenotypes with SF values ranging from 1.31 to 1.51, indicating a potential of the above
nanoparticles to control both sensitive and resistant isolates in mixtures with FM (see Table 3.5).

Table 3.5 Synergistic activity of Cu-NPs co-applied with thiophanate mehyl or fluazinam on apple
fruit against Botrytis cinerea isolates sensitive and resistant to selected fungicides. TM: thiophanate
methyl, FM: fluazinam.

Percent inhibition?

Isolate (mean#SD?) Percent inhibition (meanSD)
Phenotype Cu-NP ™ . Cu-NP FM
i . CuNPs+TM SF Cu-NPs+FM  SF
(500) (20/2000) (500) (40)
BC1  BEN-S/PYR-S 30.95£0.15 54.76£3.56 100 145 18461196 1230130 4307411 151

BC2  BEN-S/PYRS  2727:110  43.18:434 95451282 170 2832#225 1545201 4125215 151
BC4  BEN-R/PYR-R 5751026 0 5351048 093 825:132 2224+281 40.76+398 142
BCI1 BEN-R/PYRR  2127+234 0 20.53+2.65 096  2597:0.14 9.09+167 42.85+188 131

2 Calculated as percent inhibition of lesion development on apple fruit sprayed with Cu-NPs/fungicides and their combinations
compared to the untreated control after 7 days incubation at 22 °C (n = 3).

b Standard deviation of the means (n = 3). ¢ BEN-S/R: Benzimidazole Sensitive/ Resistant and PYR-S/R: Pyraclostrobin
Sensitive/Resistant isolate. ¢ Numbers in parenthesis indicate fungicide concentrations in pg/mL of active ingredient. ¢ Apple
fruit inoculated with BEN-S isolates were sprayed with 20 pg/mL while those with BEN-R isolates with 2000 pg/mL TM.
fSynergy Factor.
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Figure 3.3 Synergistic activity of Cu-NPs (500 pg/mL) in combination with thiophanate methyl (20,
2000 pg/mL) or fluazinam (40 pg/mL) on apple fruit against selected Botrytis cinerea isolates sensitive
(BC1, BC2) and resistant (BC4, BC11) to thiophanate methyl. TM: thiophanate methyl, FM: fluazinam.
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3.4.4 B. cinerea sensitivity correlations

In an attempt to investigate the contribution of Cu-NPs, thiophanate methyl (TM),
fluazinam (FM) and Cu(OH)2 in the observed synergistic effect of the respective mixtures,
Pearson correlation coefficient values were calculated (see Table 3.6). No significant
correlation was found between Cu-NPs and TM, FM or any of their combinations (see Table
3.6). On the contrary, a significant correlation was found between TM, Cu-NPs+TM and
Cu(OH)2+TM treatments (see Fig. 4a,b). This result indicates that the observed enhanced
inhibitory effect of the above mixtures is probably related with the action of TM rather than
that of either Cu-NPs or Cu(OH)2. This was also evident by the positive correlation observed
between Sunspot and Cu(OH),+TM treatments (see Table 3.6). An interesting positive
correlation was found between Cu-NPs sensitivity and NaCl, which possibly indicates a
common mechanism of fungitoxic action between the two compounds (see Fig. 4c).

Table 3.6. Correlation between sensitivity of B. cinerea isolates to Cu-NPs, Cu(OH),, selected
fungicides and their combinations.

Cu-NPs TM Cu-NPs+TM FM Cu-NPs+ FM Cu(OH),  Cu(OH)+TM  Cu(OH)+FM
Cu-NPs 1.0 -0.022 -0.23 -0.26 0.01 0.07 -0.04 0.12
™ - 1.0 0.76%* 0.06 0.48 0.08 0.67** 0.24
Cu-NPs + TM 10 0.03 0.16 0.24 0.76** 0.33
M 1.0 0.23 0.24 -0.44 0.24
CU-NPs + EM 1.0 0.32 0.33 -0.06
Cu(OH)2 1.0 0.22 0.39
Cu(OH)2+ TM - - - - - . 10 0.29
1.0

Cu(OH), + FM

@ Pearson correlation coefficient values.
* corresponds to a significance lever of P=0.05.
** corresponds to a significance lever of P=0.01.
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Figure 3.4 Correlation between sensitivities of B. cinerea isolates to thiophanate methyl (TM) (0.25
pg/mL) and (a) Cu-NPs (300 pg/mL), (b) Cu(OH), (500 pg/mL), and between (c) Cu-NPs (300 pg/mL)
and NaCl (10* ug/mL) in terms of percent inhibition. Here, r is the Pearson correlation coefficient,

and P the significance level.




Chapter 3: Synergy between Cu-NPs and fungicides against Botrytis cinerea

3.4.5 Discussion

In order to evaluate Cu-NPs potential to control fungicide sensitive and resistant isolates, a
sensitivity screening of 15 B. cinerea isolates to 9 fungicides was undertaken utilizing in vitro
bioassays. Three of the isolates tested were highly resistant to benzimidazoles thiophanate
methyl and carbendazim (BEN-R) due to a well-known target site mutation (E198A) in the B.
cinerea f-tubulin gene, as revealed by DNA sequencing. The above mutation has been related
to high levels of benzimidazole resistance in many plant pathogenic fungi, including B. cinerea
(Leroux et al. 2002; Ziogas et al., 2009; Ma Michailides 2005; FRAC 2013). The above isolates
as well as an additional isolate (BC13) were also highly resistant to the Qol fungicide
pyraclostrobin. All pyraclostrobin resistant isolates (PYR-R) harbored the G143A resistance
mutation in their mitochondrial cytb gene. An extensive list of plant pathogens that developed
high resistance to Qol fungicides due to the G143A mutation have been explored over the last
decade by a large number of studies (FRAC 2013; Malandrakis et al., 2011; Avenot and
Michailides 2015; Malandrakis et al., 2018). The effect of Cu-NPs, selected fungicides and
their combinations against the above resistant phenotypes were investigated.

The use of metal nanoparticles against drug-resistant pathogens is gaining ground
especially in the case of multi drug resistant (MDR) clinical bacteria as a promising
alternative/partner to antibiotics (Jampilek, 2016; Punjabi et al., 2018). Although a number of
studies have demonstrated an enhanced antibacterial efficacy of antibiotics when used with
metal NPs against MDR-strains, very few reports have focused on the synergistic action of
nanoparticles with drugs against fungal pathogens, and even fewer reports have focused on
fungicides and/or fungicide resistant strains. Pragati et al. (2018a,b) tested both silver and zinc
oxide nanoparticles used in combination with fungicides carbendazim, thiram, and mancozeb
against plant pathogens A. alternata, A.niger, B. cinerea, F. oxysporum and P. expansum, and
reported a significant synergistic effect, especially where green synthesized nanoparticles were
used. A prominent synergistic effect was also reported in the literature for the case of Bipolaria
maydis, when Ag-NPs were applied in combination with fungicides tebuconazole, propineb or
fludioxonil (Huang et al., 2018). Xue et al. (2014) have reported synergistic and photo-
degradation properties of ZnO-NPs, when used in combination with thiram against
Phytophthora capsici. Sun et al. (2016) have observed synergistic effects between PVR-coated
Ag-NPs and azole fungicides against drug-resistant strains of Candida albicans.

In the present study, copper nanoparticles were equally effective against sensitive and
BEN-R or PYR-R B. cinerea isolates. The combination of Cu-NPs with TM in vitro resulted
in an enhanced inhibition of BEN-S B. cinerea isolates, compared to individual treatments.
This observation indicates a synergistic interaction, which was more profound in in vivo
experiments where even 50-fold decrease in the recommended TM dose in combination with
Cu-NPs could fully suppress disease symptoms. Inhibition of BEN-R isolates by the Cu-
NPs/TM mixture was not statistically different from that of the individual Cu-NPs treatment in
vitro. This difference in synergistic interaction of Cu-NPs and TM between BEN-S and BEN-
R isolates and the positive correlation found between TM and TM+Cu-NPs treatments indicate
that sensitivity to TM is a key factor behind the observed synergism. These results lead to the
hypothesis that in Cu-NPs+TM treatments a higher dose of the active ingredient of TM is
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available, in contact with its target site inside the fungal cell. A number of mechanisms could
accomplish such an increased availability of the fungicide to its target site, including increased
uptake, decreased efflux activity or faster transformation of the fungicide to a more toxic form
inside the fungal cell (Jampilek, 2016). Even though the role of Cu-NPs in the above
mechanisms is not certain, we speculate that a potential involvement of fungal influx/efflux
pumps could contribute to a higher accumulation of TM inside the fungal cell. The involvement
of the ABC transporter BcmfsM2 in efflux regulation of carbendazim leading to resistance in
B. cinerea has been demonstrated by Leroux et al. (2013). Increased availability of the
fungicide is consistent with the lack of synergism in the case of BEN-R isolates where
additional TM concentration would not lead to enhanced toxicity, because of the reduced
affinity of s-tubulin with TM resulting from the target site mutation E198A. An indication that
the fungitoxic activity of Cu-NPs is associated with ATP-dependent metabolism is the
enhanced inhibition rates observed in all isolate cases when the Cu-NPs/fluazinam mixture was
used, compared to the inhibition caused by the individual antifungal agents. Fluazinam is a
known ATP-synthetase inhibitor preventing oxidative phosphorylation and thus resulting in
energy starvation and subsequent impairment of energy-dependent efflux pumps (Kalamarakis
et al.,, 2000; Leroux et al. 2013). A decreased efflux pump activity regulating metal ion
homeostasis caused by fluazinam could result in an increased accumulation of Cu-NPs inside
the fungal cell and account for the observed increased fungitoxic effect of the Cu-NPs/FM
mixture. Certainly, further studies are needed to validate such a hypothesis. A decrease in
multi-drug resistance transporter activity of the marine organism Mytilus galloprovincialis
following treatment with CuO-NPs or copper ions, as well as dysregulation of efflux pumps
associated with the ability of Ag-NPs to control Candida albicans MDR strains in combination
with antibiotics has been reported in the literature (Torres-Duarte et al., 2019; Sun et al., 2016).

The majority of the proposed mechanisms for the antibacterial/antifungal action of NPs
implicate antimicrobial ions liberated by nanoparticle surfaces (Sun et al., 2018; Hoseinzadeh
etal.,2017; Krol et al., 2017). Several studies have used NaCl or KCl in an attempt to elucidate
the role of metal cations in the fungitoxic effect of metal nanoparticles by reducing the
concentration of available ions due to binding with chlorine anions (Jo et al., 2009). In this
study, a positive cross sensitivity was found between Cu-NPs and NaCl as well as a profound
antagonism between the two compounds when applied in combination. This result indicates
that [Cu*?] ions could be at least partly responsible for the observed fungitoxic action of the
copper nanoparticles. Copper cations could also be implicated in the observed synergistic
interaction between Cu-NPs or Cu(OH)2 and TM in the BEN-S isolates, as indicated by the
positive correlation between TM and any of the two Cu-NPs/TM or Cu(OH)2TM mixtures.
However, Cu-NPs sensitivity was not significantly correlated with that of Cu(OH)., indicating
differences in the mode of action between Cu-NPs and their bulk counterpart fungicide, a
result which is in accordance with our previous study (Malandrakis et al., 2019).

Concluding, Cu-NPs were effective against B. cinerea isolates, sensitive and resistant
to benzimidazoles and pyraclostrobin while their antifungal activity was in most cases
enhanced when applied in combination with fluazinam or thiophanate methyl both in vitro and
in vivo. Indications that [Cu*?] cations and ATP-dependent metabolism are involved in the
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fungitoxic action and the synergistic interactions of Cu-NPs with tested fungicides were found.
The results of this study suggest that Cu-NPs are promising antifungal alternatives, suitable
both for effective anti-resistance strategies and a means for reducing environmental pollution
caused by synthetic fungicides.
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4. Use of silver nanoparticles to counter fungicide-resistance in
Monilinia fructicola

Abstract

The potential of Ag-NPs to suppress Monilia fructicola isolates and to broaden the effectiveness of
fungicides to overcome resistance was tested in vitro and in vivo. Twenty-three M. fructicola isolates
were subjected to fungitoxicity screening with a number of fungicides in vitro, which resulted in the
detection of 18 isolates resistant to benzimidazoles (BEN-R) thiophanare methyl (TM) and carbendazim
(CARB). DNA sequencing revealed the E198A resistance mutation in the g-tubulin gene, target site of
the benzimidazole fungicides in all resistant isolates. Ag-NPs effectively suppressed mycelial growth
in both sensitive (BEN-S) and resistant isolates. The combination of Ag-NPs with TM led to a
significantly enhanced fungitoxic effect compared to the individual treatments regardless resistant
phenotype (BEN-R/S) both in vitro and when applied on apple fruit. The above observed
additive/synergistic action is probably associated with an enhanced Ag-NPs activity/availability as
indicated by the positive correlation between Ag-NPs and TM+Ag-NPs treatments. No correlation was
found between AgNO; and Ag-NPs suggesting that difference(s) exist in the fungitoxic mechanism of
action between nanoparticles and their ionic counterparts. Synergy observed between Ag-NPs and the
oxidative phosphorylation-uncoupler fluazinam (FM) against both resistance phenotypes indicates a
possible role of energy (ATP) metabolism in the mode of action of Ag-NPs. Additionally, the role of
released silver ions on the fungitoxic action of Ag-NPs against M. fructicola was found to be limited
because the combination with NaCl revealed a synergistic rather than the antagonistic effect that would
be expected from silver ion binding with chlorine ions. The results of this study suggested that Ag-NPs
can be effectively used against M. fructicola and when used in combination with conventional
fungicides they could provide the means for countering benzimidazole resistance and at the same time
reduce the environmental impact of synthetic fungicides by reducing doses needed for the control of
the pathogen.

4.1 Introduction

Chemical control of plant diseases utilizing systemic, highly effective fungicides has
revolutionised modern agriculture by providing the means for efficient and economically
feasible disease management especially in hard to manage plant pathogens (Pantley et al.,
2016). Albeit of their undeniable performance benefits, conventional fungicides are being
heavily criticized for the risk they pose for the environment and food safety. This was the
reason for the dramatic increase of the number of fungicide active ingredients that are being
withdrawn by implementation of the strict EU regulations for safety and environmental reasons
(Malandrakis et al., 2020). Nanoparticles (NPs) have been proposed as perfect disease control
alternatives because they present a number of unique properties such as increased effectiveness
in lower doses, slower a.i. release and enhanced drug delivery while being considered
environmentally compatible (Pandey et al., 2018; Kah et al., 2018; Sun et al., 2018). Silver
containing nanoparticles are known to exert a “oligodynamic activity”: effectiveness against a
wide range of microorganisms causing infections including bacteria, fungi and viruses (Huang
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et al., 2018; Rudramurthy et al., 2016). Taking advantage of a number of different biochemical
mechanisms of antimicrobial action such as DNA and membrane damages, interruption of
electron transport and/or ATP synthesis, inhibition of protein synthesis and ROS
generation/induction of oxidative stress, Ag-NPs have been successfully utilised against both
human and plant pathogens (Rai et al., 2017; Khan et al., 2016; Malandrakis et al., 2019). Ag-
NPs are increasingly considered as an effective alternative to Ag* because they exhibit a greater
effectiveness and duration against microbes and have been demonstrated to act by mechanisms
besides silver ion release in many cases (Rudramurthy et al.,2016; Franci et al.,2015; Huang et
al., 2018; Malandrakis et al., 2019). Nevertheless, before silver NPs can be commercially
introduced as antimicrobial agents, a number of challenges must be addressed. These
challenges are: high costs of silver, and research and development of appropriate formulations
that may ensure effectiveness and safety against non-target organisms (Hoseinzadeh et al.,
2017).

Brown rot caused by the fungus Monilia fructicola (teleomorph Monilinia fructicola)
is a destructive stone fruit disease attacking fruit both pre- and post-harvest in Greece and
worldwide (Agrios, 2005). Control of the disease heavily depends on the use of fungicides
belonging to benzimidazoles, triazoles, dicarboximides, hydroxyanilides, succinate
dehydrogenase inhibitors (SDHI) and Quinone outside Inhibitors (Qols) (Miessner and
Stammler, 2010). Most of the above fungicides have suffered control failures due to the
emergence of M. fructicola resistant isolates over the last decades (Chen et al., 2013; Penrose
et al., 1985; Brent and Hollomon, 1998; Ma and Michailides 2005; FRAC 2018). Being the
oldest systemic fungicides in brown rot control and due to their extensive use, benzimidazoles
soon lost their control efficacy against M. fructicola because of resistance development (Luo
et al., 2007; Ma et al., 2003; Stehmann and de Waard 1996; Malandrakis et al., 2011).
Benzimidazole resistance in M. fructicola resulting from the E198A amino acid substitution
was found to be associated with high levels of benzimidazole resistance (Ma and Michailides,
2005; Luo et al., 2007; May-De Mio et al., 2011; Chen et al., 2014). To our knowledge, this
study constitutes the first report of M. fructicola resistance to benzimidazoles. This fact, in
conjunction with the increasing concerns for environmental and health safety, point out the
necessity for combating fungicide resistance and at the same time reducing fungicide use
especially for pathogens at-risk such as M. fructicola.

An appealing approach for combating fungicide resistance and reducing the
environmental risk imposed by xenobiotics, has been proposed recently and concerns the use
of novel antifungal agents in combination with conventional drugs (Malandrakis et al., 2019;
2020). Silver, zinc and ferric containing nanoparticles can be used as alternatives or in
combination with antibiotics because they have shown a promising potential against sensitive
or drug-resistant pathogenic bacteria including Klebsiella pneumonia, Eschericia coli,
Pseudomonas aeruginosa, Proteus mirabilis, Enterococcus faecalis, and Staphylococcus
aureus (Hamed et al., 2017; Punjabi et al., 2018; Gabrielyan et al., 2019; Nejabatdoust et al.,
2019; Paralikar et al., 2019). In the case of plant pathogens, Cu-NPs, Ag-NPs and ZnO-NPs
have demonstrated a marked effectiveness against fungicide resistant fungal pathogens alone
or in combination with conventional antifungals, including thiophanate methyl, tebuconazole,
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mancozeb, fluazinam, fludioxonil, carbendazim, thiram, and propineb (Malandrakis et al.,
2020; Huang et al., 2018; Jamdagni et al., 2018; Xue et al., 2014).

In light of this, we hypothesized that silver nanoparticles could aid to control sensitive
and drug-resistant isolates of M. fructicola alone or in combination with conventional
fungicides. Specifically, the purpose of this study was to: (a) identify fungicide resistant M.
fructicola isolates, (b) evaluate the effectiveness of Ag-NPs alone and in combinations with
fungicides against sensitive/resistant M. fructicola phenotypes both in vitro and on fruit, and
(c) gain insight on mechanisms underlying the mode of fungitoxic action of Ag-NPs and the
potential interaction between Ag-NPs and tested fungicides.

4.2 Materials and Methods

4.2.1 Nanoparticles, reagents and fungicides

Polyvinylpyrrolidone (PVP)-coated silver nanoparticles [Ag-NPs] (<100nm particle size) and
reagents utilized in this study including silver nitrate [AgNOz3], sodium chloride [NaCl] and
Salicylhydroxamate [SHAM], were purchased from Sigma Aldrich, MO, USA. Commercial
fungicides fluazinam (Azzuro 50 SC), thiophanate methyl (Neotopsin 70 WG) and Cu(OH)2
(Copperblau-N 50 WP), were purchased from their respective manufacturers. Active
ingredients of remaining fungicides used were of pure analytical grade: carbendazim,
tebuconazole and fenhexamid were supplied by Bayer CropScience AG (Leverkusen,
Germany), fludioxonil and difenoconazole by Syngenta Crop Protection AG (Basle,
Switzerland), pyraclostrobin and boscalid by BASF AG (Limburgerhof, Germany). Ethanol
was used as a solvent in all analytical grade stock solutions except for boscalid, pyraclostrobin
and fenhexamid, which were dispersed in methanol, methanol and 2-propanol, respectively.
Active ingredients were added to sterilized growth medium prior to inoculation under aseptic
conditions. Appropriate quantities of the antifungal agents, taking care that the solvent never
exceeded 1 % (v:v) of the total volume, were added in both treated and control samples. In the
case of commercial fungicides and nanoparticles, stock solutions were prepared in distilled-
sterilized water. Prior to incorporation in growth media, in order to deter particle aggregation,
nanoparticle suspensions were sonicated for 30 min using a Transonic 420 (Elma, Germany)
sonicator. Zeta potentials and hydrodynamic diameter measurements for the Ag nanoparticles,
TM and mixtures (see table 4.S1) were measured in triplicate with a zetasizer (Nano ZS90,
Malvern Instruments, Southborough, MA).

Table 4. S1. Zeta potential and diameter size of Ag-NPs (50 mg/mL), TM (0.5 mg/mL) and mixtures Ag-
NPs+ NaCl ( 50 mg/mL + 1%) and Ag-NPs+TM (50+0.5 mg/mL)
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Zeta potential (mV) Size (d.nm)

(mean = SDP) (mean = SD)
Ag-NPs -29.6 = 0.5 82.8 x 12.6

Ag-NPs+NacCl -19.3 2.1 262.6 =+ 35.8
™ 3.65 = 0.4 346.7 = 0.4
Ag-NPs+TM -19.5 x 0.2 79.6 = 0.7

4.2.2 Fungal isolates and culture conditions

Monilia sp. isolates collected from stone- and apple fruit orchards of central and
northern Greece were isolated from fruit with brown rot symptoms. Infected fruits were
scrapped under aseptic conditions and conidia were plated on acidified PDA medium in order
to acquire single spore isolates. Twenty-three single spore isolates, subsequently used in
fungitoxicity bioassays against Ag-NPs and selected fungicides, were positively identified to
be Monilia fructicola according to morphological examination and sequencing of the cytb gene
(Lane,2002; Hily et al., 2011). For inoculum production purposes, isolates were kept on Potato
Dextrose Agar (PDA) medium in growth chambers at 25 °C with 14h day light and 70% RH.
Long-term storage was ensured by transferring isolates once a month in  PDA containing glass
tubes stored at 4 °C in the dark.

4.2.3 In vitro bioassays

4.2.3.1 Sensitivity of M. fructicola to Ag-NPs and fungicides
The potential of Ag-NPs to suppress the growth of sensitive and fungicide-resistant M.

fructicola isolates, was evaluated using in vitro fungitoxicity tests. Sensitivity of fungal strains
to NPs and fungicides was assessed utilizing the poison agar assay. Fungitoxicity was
expressed as percent relative inhibition of isolates grown on PDA (or water agar in the case of
boscalid) containing appropriate concentrations of the antifungal agents. In the case of
fungicides, M. fructicola isolates were subjected to discriminatory concentrations equal to
mean ECsg values (effective concentration causing 50% inhibition of mycelial growth) reported
in previous studies. Specifically, concentrations used were: 500ug/mL for Cu(OH), 0.5
ug/mL for thiophanate methyl, 0.01 ug/mL for carbendazim, 0.01 pug/mL for pyraclostrobin,
0.02 pg/mL for fluazinam, 0.1 pug/mL for fenhexamid, 0.01 pg/mL for fludioxonil, 0.01 pg/mL
for tebuconazole and 2.5 pg/mL for boscalid (Avenot and Michailides, 2015; Kalamarakis et
al., 2000; Malandrakis et al., 2011, 2019; Markoglou et al., 2006). In order to evaluate baseline
sensitivity of M. fructicola to Ag-NPs, concentrations of 10, 25, 50, 100, 250, 500 and 1000
ug/mL Ag-NPs were used to obtain fungitoxicity-curves and calculate ECso values. M.
fructicola isolates resistant to benzimidazoles thiophanate methyl and carbendazim were
subjected to additional doses to determine the actual ECso values and calculate resistance
factors (Rf: ECsxo of the resistant isolate over mean ECsp of sensitive isolates). Specifically, the
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following concentrations of 0, 0.1, 1, 2.5, 5, 10, 50 ug/mL thiophanate methyl and 0, 0.01,
0.05, 1, 2.5, 5, 10 ug/mL carbendazim were used to obtain fungitoxicity-curves for M.
fructicola resistant isolates. Each fungicide concentration was applied in triplicate. After
solidification of the NP or fungicide-amended and non-amended (control) growth media, a 5-
mm mycelial plug cut from the edge of a 4-day old colony of each isolate was transferred to
the center of each plate. Subsequently, cultures were incubated in a growth chamber at 25 °C
with 70% RH in the dark for 4 days. Percent inhibition was calculated according to the formula:

L mean diameter of the colony on the fungicide — treated plates
Percent Inibition = 100 — - X100 (1)
mean diameter of the untreated control

Tests for each isolate were repeated twice for each concentration and antifungal agent.

4.2.3.2 Potential interaction between Ag-NPs and fungicides

Potential interaction of Ag-NPs when applied in combination with the fungicides
thiophanate methyl, carbendazim and fluazinam was assessed in vitro by poison agar assays.
Selected concentrations of 0.5 ug/mL thiophanate methyl, 0.15 pg/mL carbendazim and 0.2
pug/mL fluazinam individually or in combination with 50 pg/mL Ag-NPs were achieved by
aseptically adding appropriate volumes from stock solutions to PDA medium. Plates inoculated
with each M. fructicola isolate were incubated for 4 days at 25 °C in the dark and then, mycelial
growth percent inhibition rates were calculated. Synergistic interaction of Ag-NPs with tested
fungicides were evaluated according to the method described by Abbortt (Gisi, 1996). Briefly,
the expected combined percent inhibition (% Clexp) was calculated as:

1
% Clpxp= 'A‘”'B'FAO X1y (2)

where 1a and Ig are the percent inhibition of each antifungal agent. Synergy factors (SFs) were
determined according to the formula:
IaB
" %Clexp (3)
where lag stands for the observed combined percent inhibition of the antifungal agents. SF

values close to 1 were considered to indicate additive, greater than 1 synergistic, and less than
0.75 antagonistic interactions.

4.2.4 In vivo fungitoxicity tests

Wound-free apple fruit (Malus sylvestris cv firiki) selected for their uniform maturity,
size, and shape were used to test the efficacy of Ag-NPs to control sensitive and fungicide-
resistant M. fructicola isolates, alone or in combination with thiophanate methyl, carbendazim
and fluazinam in vivo. Four apple fruits treated with fungicides, Ag-NPs and their combinations
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were inoculated with two sensitive (MF1, MF5) and two benzimidazole-resistant (MF18,
MF25) isolates while the control treatment comprised of distilled water-sprayed apple fruits.
Apple fruits were surface-disinfected by immersion in a 1% sodium hypochlorite solution for
10 min, and immediately after, rinsing the fruit three times with distilled-sterilized water. Fruit
were left to dry before treatment with fungicides/Ag-NPs. Consequently, fruit were sprayed
with solutions of 100 pg/mL Ag-NPs; 20 and 1000 pg/mL thiophanate methyl (1/50, 1x of the
maximum recommended dose) and 500 pg/mL fluazinam (1/2 of the maximum recommended
dose), and their combinations. After a period of 2 hr in which fruit were left to air-dry, the front
face of each apple fruit was wounded using a lancet, creating a 2x2 mm [lengthxwidth] cross-
shaped scar. A 5-mm mycelial plug, from the edge of a 4-day old colony from each M.
fructicola isolate was immediately placed on top of each wound. Inoculated fruit were placed
on top of a wet sterilized paper inside plastic boxes 24x34x10 cm [lengthxwidthxheight] and
covered by a lid before incubation at 25 °C in the dark for 4 days. Percent symptom severity
was calculated by dividing lesion diameter around each wound of treated fruit by the respective
lesion diameter of the water-treated control. All experiments were conducted in triplicate.

4.2.5 DNA extraction and sequence analysis of 8-tubulin gene from M. fructicola isolates

In order to identify benzimidazole resistance mutations in M. fructicola isolates with
reduced sensitivity to thiophanate methyl and carbendazim, a g-tubulin gene fragment from
selected resistant strains was isolated and sequenced. Mycelia from fungal cultures grown on
fungicide-free PDA at 25 °C for seven days were harvested by scraping and ground in liquid
nitrogen using a mortar and pestle. TRI reagent (Sigma) was used to isolate total DNA from
all isolates following the manufacturer’s instructions. Using gDNA from each M. fructicola
isolate as template, a 1.6-kb fragment of the g-tubulin gene was amplified with the aid of the
primers TubA 5 AAATGCGTGAGATTGTA 3’) and TubR1 5
TGTACCAATGCAAGAAAGCCTT 3’) adopted from Ma et al. (2003). The PCR reactions
included 0.2 mM from each of the primers, 1.5 mM MgCl,, 0.5mM dNTPs, and 1.25 units of
HotStar Tag DNA polymerase (Qiagen) in 20 mM TrisHCI and 50 mM KCI. The PCR
conditions were: 95 °C for 15 min followed by 40 cycles of 94 °C for 30 s, 50 °C for 30 s, and
72 °C for 1 min with a final 10 min extension at 72 °C. PCR products were purified using the
QIAquick gel extraction kit (Qiagen), ligated to pGEM-Teasy (Promega) vectors and
transformed into E. coli competent cells (DH5a Library Efficiency® Competent Cells,
Invitrogen). Plasmids containing the g-tubulin gene fragment were purified using QlAprep spin
miniprep kit plasmid (Qiagen) and then sequenced in both directions. Ten independent clones
from each M. fructicola isolate were analyzed while analysis of sequence data was performed
using the Lasergene (DNAstar, Madison, USA) software.

4.3 Statistical analysis

The ECso values for each isolate and antifungal agent were estimated by regression
analysis of the relative inhibition of mycelial growth against the Logio of the compound
concentrations. Correlation of isolate sensitivities to tested NPs/fungicides was evaluated using
Pearson correlation coefficients. Ag-NPs and fungicide inhibition rates were subjected to




Chapter 4: Silver nanoparticles to counter fungicide-resistance in M. fructicola

analysis of variance while means were separated according to Tukey’s HSD test (o= 0.05). All
statistical analyses were conducted using the The SPSS v20 software (SPSS Inc., Chicago, IL,
USA).

4.4 Results

4.4.1 Sensitivity screening of M. fructicola isolates in vitro

The sensitivity distribution of M. fructicola isolates to Ag-NPs based on ECsp values in
vitro is shown in Fig. 4.1. Sensitivity to Ag-NPs was widely distributed with ECso values
ranging between 7 and 870 pg mL™? with a median value of 50 ug mL™. This is typical for
protective antifungal agents and an indication for a probable multisite mode of action of Ag-
NPs against M. fructicola. Fungitoxicity tests in vitro showed that Ag-NPs were significantly
(P<0.01) more effective against M. fructicola than the protective fungicide containing Cu(OH)>
used as a reference (see Table 1). In order to investigate the existence of fungicide resistant
isolates, discriminatory doses of selected fungicides were used based on previously reported
mean ECsp values (Kalamarakis et al., 2000; Malandrakis et al., 2019; Markoglou et al., 2006).
Despite the observed variability, in all but one fungicide cases, M. fructicola isolates exhibited
wild type (baseline) sensitivity (see Table 4.1). Most of the isolates tested had a reduced
sensitivity to the benzimidazole fungicides thiophanate-methyl and carbendazim (mean percent
inhibition values ranging from 0 to 3.95), a fact that was expected since this class of fungicides
has been extensively used for decades against the pathogen (see Table 4.1). Resistance factors
(Rfs) of the resistant phenotypes were calculated based on ECso values determined by
additional fungitoxicity tests (see Table 4.2). A highly benzimidazole resistant (BEN-R)
phenotype was revealed for 16 out of 23 isolates tested with Rf values > 100 and > 200 for
thiophanate methyl and carbendazim respectively (see Table 4.2).

60
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Figure 4.1. Sensitivity distribution of Monilia fructicola field isolates based on EC50 values to Ag-NPs.
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Table 4.1 Sensitivity of Monilia fructicola isolates to Ag-NPs and selected fungicides.

Fungicides Resistance mutations
in 8-tubuli
thiophanate methyl carbendazim n G-LLbUln gene
a

ECso b Rfc¢ ECso Rf Amino acid substitution
Isolate (mean + SDb) (mean £ SD)
MF1 0.50+0.00 1.00 0.04 £ 0.00 0.80 E198
MF3 0.75+0.10 1.50 0.05 +0.00 1.00 E198
MF5 0.75+0.05 1.50 0.05 +0.00 1.00 E198
MF6 0.70+0.02 1.40 0.05 +0.00 1.00 E198
MF16 >50 >100 >10 > 200 E198A
MF18 >50 >100 >10 > 200 E198A
MF25 >50 >100 >10 > 200 E198A
MF28 >50 >100 >10 > 200 E198A

@ Calculated as percent inhibition of mycelial growth compared to the untreated control after a 4-day
incubation period at 25 °C (n = 3).

b Standard deviation of the means (n = 3).

¢ Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient

4.4.2 Detection of target-site resistance mutations

In order to validate the hypothesis that the resistance observed in the BEN-R isolates
was due to mutations in the gene encoding the target sites of benzimidazole fungicides, a gene
fragment coding S-tubulin was isolated from sensitive and resistant isolates and sequenced.

Sequencing results and subsequent comparison of the deduced amino-acid sequence between
BEN-R and BEN-S isolates revealed a glutamic acid (E: GAG) substitution by alanine (A:
GCG) at position 198 of the p-tubulin protein leading to the E198A resistance mutation. This
well documented E198A benzimidazole resistance mutation, known to confer high resistance
levels in many pathogens (Ma and Michailides, 2005), was detected in all BEN-R isolates (see
Table 4.2). These results confirmed the hypothesis that target-site modification reducing the
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affinity between benzimidazoles and their g-tubulin target was the mechanism responsible for
the observed resistant phenotypes.

Table 4.2 Cross-resistance profiles of representative M. fructicola isolates sensitive (BEN-S) and

benzimidazole resistant (BEN-R) and respective resistance mutations.
Percent inhibition® (mean + 50°)
Isclate Ag-NPs AgND3 Thiophanate methyl Carbendazim Boscalid Tebuconazole Auazinam Pyraclos-mhbin Fenhexamid Audioxonil Cu(0H)z
(50)° 3 (05) (005} (25) (0.01) (02) (0.05) (1) (001) (500
MF1 T4 +20 Wi+ 343 50004 0.00 B33+ 265 41184128 4151 £23%0 6538 + 338 10000 BRI8 4 560 GR3B L4005 10000
MF3 S263 +025 56254278 36B4 4 164 4090+ 158 48214289  4BO0 £G4 G610 + 040 10000 602+ 277 G104 002 10000
MF4 4677+130 42034103 000 000 G531 4500 5660 L4100 5797 + 009 10000 6522 + 611 S974107 60334000
MF3 0|00 B0 W0+ 51694 067  31E2+263 1244203 6250 + 050 10000 BB75 4 099 G50+ 060 36B4 1+ 490
MF6 NS L4400 224065 INT6L 266 52234250 41464427 1875 L1161 4800 £ 380 10000 3600 £ 741 4B004330 55264290
MF? STE9 £ 215 36004100 000 131 £ 052 SLI6L 015 4407 £233 375 + 200 10000 7000 +£305  E375+01 54.00 + 005
MFE 375 £+ 007 1757464 000 000 NNL070 MM L1E B4T1 £ 035 10000 7647 £397  BATIL200 55R2L2M2
MF9 6786 + 563 4130402 000 000 B34 155 50004372 4B5T 4656 10000 T4 L0900 4R574 100 10000
MFi0 BI5+300 727+006 3107 177 + 080 HO0+530 2004220 SB11 + 500 10000 6622 +290  SE11+ 089 7.0+ 250
MFi2 3636 + 039 100.00 [FIEF¥ 5199 4 019 10000 5758 +3.00 5556 + 551 10000 TREE 452 SRE6+ 201 46154 185
MFi4 B16 + 085 54351385  TRAS LR3I BA1T + 481 BI04 SEA+ LN 6393 + 400 10000 671 + 428  @393+150 3750+ 151
MF15 200 £ 5011 ME5+ 012 000 00 47374440 4706 £338 BOBT + 188 10000 68921330  G0B14138 51351001
MFi6 14 £ 098 1379 4 017 1L9+113 0o MO5423 49254180 3403 4 802 10000 7042 + 260 B34 Q007 46004403
MFi7 4000 £083 HE1+091 000 000 G1.I6+ 600 28BS 4562 5128 £ 032 10000 T4 4333 528405 10000
MFig 6000 +333  MTI463 00 000 40014425 4330 £407 6019 £+ 500 10000 7407 1384 G910 42241312
MF20 1000 +£232 0004205 000 000 004802 444120 G098 + 407 10000 G951 + 265 G098+ 218 GR.IB 4 480
MF21 5000 + 545 27544017 000 00 50184299 4658 +450 6702 + 553 10000 TRED £ 505 G024 167 64004 GO0
MF22 9m +133 0004+ 506 2454015 00 44194 768 3056 L 661 6154 + 290 10000 G0+ 719 61544220 70004000
MF3 MM L2000 MA24157  4dL0m 00 46394282 5077 £388 5890 + 299 10000 6575+ 563 SR04 099 40914 544
MF25 1667 £ 174 314341161 000 00 0524401 27124267 6216 + 602 10000 TIE2 4144 GLIGL06) 60004 349
MF27 MU L1100 9294302 395+ 10 084 + 040 40634210 6B 4555 25+ 49 10000 7500 + 281 71254440  6BO0 L 158
MF28 50042682 2314275 000 000 N7 L109 4286 £007 3430 + 000 10000 TG 4002 GRT7H100  TITEL IS
MFZa BRO0 +424  G0004TO0  T200+ 030 TL14420 BRI 05 1264 + 364 BB.52 + 482 10000 TITE 4188 GRS24Q02 5000+ 563

a Effective concentration causing 50% reduction in mycelial growth rate after a 4-day incubation period at
25°C (n = 3).

b Standard deviation of the means (n = 3).

¢ Resistance factor (ECso of each isolate/ mean ECso of sensitive isolates).

4.4.3 Synergy between Ag-NPs and fungicides

4.4.3.1 In vitro bioassays
The effectiveness of Ag-NPs against sensitive and resistant M. fructicola isolates when

applied in combination with thiophanate methyl, carbendazim, tebuconazole and fluazinam
was tested in vitro. Synergistic factors (SF) were calculated for Ag-NPs and combinations and
respective values are listed in Table 3. Addition of fluazinam significantly enhanced the
fungitoxic effect of Ag-NPs in almost all cases of both BEN-S and BEN-R isolates, resulting
in complete inhibition of mycelial growth (see Fig. 4.2c). Estimated SF values between Ag-
NPs and fluazinam ranged between 1.11 to 1.53 (see Table 4.3). A similar synergistic profile
(SF: 0.99 - 5.20) was observed between Ag-NPs and thiophanate methyl (see Table 4.3). The
above combination completely inhibited BEN-S isolates while it significantly enhanced Ag-
NPs effectiveness in most of the BEN-R isolates (Fig. 4.2a, Fig. 4.3). On the contrary,
synergistic relationships between Ag-NPs and carbendazim were inconsistent and seemed to
be isolate dependent. In most of the isolate cases, the addition of carbendazim to Ag-NPS
resulted in little or no additional statistically significant fungitoxic effect against the pathogen
(Fig. 4.2b). Besides this slight additive effect, in a few cases, antagonism or even synergism
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(SF: 0.54-1.22) was observed between the above antifungals (see Table 3). The synergistic
relationship between Ag-NPs and tebuconazole was additive (see Table 3) in most isolate
cases, while in two BEN-S isolates (MF14 and MF29) a synergistic effect was observed (SF:
1.51, 1.30).

The possible role of silver ions release on the observed synergistic effect observed
between Ag-NPs and thiophanate methyl or fluazinam was evaluated using AgNQOs, a silver
ion releasing reagent, in synergism bioassays in vitro. Contrary to the synergistic profile
exhibited by Ag-NPs, the combined use of AgNO3 with fluazinam resulted in an antagonistic/
additive effect in most of the cases with SF values ranging between 0.40 and 1.01 (see Table
4.3), probably indicating that nanoparticle properties contribute more to the observed
synergism between Ag-NPs and fluazinam than silver ion release. An additive effect was
observed between AgNOz and thiophanate methyl in BEN-S isolates (SF: 1.00-1.09), whereas
in BEN-R isolates a strong antagonistic effect (SF: 0.00-0.68) was observed in most cases (see
Table 4.3). No evidence on the involvement of silver ion release in the fungitoxic activity of
Ag-NPs against M. fructicola isolates was revealed by the combination of Ag-NPs and NaCl.
The addition of 1% NaCl in PDA containing 50 pg/mL Ag-NPs resulted in a strong synergism
enhancing the fungitoxic effect of Ag-NPs with high SF values instead of neutralizing it (see
Table 4.3). In a similar approach, aiming to investigate the involvement of the ergosterol
biosynthesis pathway on the fungitoxic mode of action of Ag-NPs, the ergosterol biosynthesis
inhibitor (EBI) fungicide tebuconazole was employed in synergy tests with Ag-NPs. In most
isolate cases, the Ag-NPs — tebuconazole combination resulted in an additive effect indicating
a possible role of Ag-NPs on inhibition of ergosterol biosynthesis and the subsequent potential
disruption of the fungal membrane’s integrity. Synergy factors ranged between 0.95 and 1.51
(see Table 4.3).
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Table 4.3. In vitro interaction of Ag-NPs or AgNO; with selected fungicides against fungicide sensitive
and resistant Monilia fructicola isolates (TM: thiophanate methyl, FM: fluazinam, TEB: tebuconazole).

a

SF?
Ag-NPs AgNOs
(50) (3)

Isolate Resistance ™ FM CARB TEB NaCl ™ FM
Phenotype (0.5)¢ (0.2) (0.05) (0.01) (10,000) (0.5) (0.2)

MF1 BEN-S® 1.27 1.19 1.01 1.06 27.00 1.09 1.01
MF3 BEN-S 1.43 1.17 0.99 0.86 1.88 1.00 0.99
MF5 BEN-S 1.73 1.13 1.14 1.31 1.04 1.08 1.00
MF6 BEN-S 3.07 1.33 1.01 1.17 2.55 1.02 0.88
MF12 BEN-S 1.17 1.17 0.54 1.05 2.35 1.00 1.06
MF14 BEN-S 1.08 1.19 1.02 1.51 1.77 1.06 1.03
MF29 BEN-S 1.14 1.29 0.81 1.30 3.06 1.07 0.98
MF4 BEN-R 1.45 1.24 0.98 1.00 1.58 0.17 1.01
MF7 BEN-R 0.99 1.19 0.65 0.88 1.20 0.00 0.89
MF8 BEN-R 2.15 1.30 0.99 0.96 8.43 0.25 1.02
MF9 BEN-R 1.21 1.18 0.65 0.95 1.85 0.35 1.05
MF10 BEN-R 1.35 1.28 1.04 1.02 4.29 0.28 1.05
MF15 BEN-R 2.27 1.44 1.04 0.92 3.29 0.22 1.00
MF16 BEN-R 1.18 1.53 1.00 0.92 2.03 0.68 0.91
MF17 BEN-R 1.13 1.22 1.06 1.06 25.50 0.29 1.07
MF18 BEN-R 1.07 1.22 0.96 1.03 1.99 0.36 0.99
MF20 BEN-R 5.20 1.21 0.67 0.88 1.95 049 0.88
MF21 BEN-R 1.20 1.16 1.13 0.90 2.94 0.00 1.01
MF22 BEN-R 1.42 1.40 1.05 1.02 2.51 0.11 1.02
MF23 BEN-R 1.36 1.11 0.80 0.78 4.03 0.00 0.90
MF25 BEN-R 3.00 1.13 1.05 0.99 2.88 0.63 0.95
MF27 BEN-R 1.44 1.21 1.17 0.94 9.12 0.53 1.00
MF28 BEN-R 1.29 1.16 1.22 1.09 1.93 0.60 1.08

Synergy Factor.
b BEN-S/R: Benzimidazole Sensitive/ Resistant isolate.
¢ Numbers in parenthesis indicate antifungal agent concentrations in pug/mL of active ingredient.
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Figure 4.2 Sensitivity of fungicide-sensitive/resistant M. fructicola isolates to Ag-NPs (50 pg/mL) in
comparison with: (a) thiophanate methyl (0.5 ug/mL), (b) carbendazim (0.15 pug/mL), and (c) fluazinam
(0.2 pg/mL), and combinations. BEN-S/R: benzimidazole- Sensitive/Resistant isolates (TM:
thiophanate methyl, CARB: carbendazim, FM: fluazinam). Error lines represent the standard deviation
of means. Between treatments, bars marked by the same letter do not differ significantly according
to Tukey's HSD test (a = 0.05).
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Figure 4.3 Fungitoxic activity of Ag-NPs, TM and their combination in (a) sensitive (MF1), and (b) TM-
resistant (MF25) M. fructicola isolates (TM: thiophanate methyl).

4.4.3.2 In vivo bioassays

The demonstrated in vitro synergistic activity between Ag-NPs, thiophanate methyl and
fluazinam was tested on apple fruit for selected BEN-S and BEN-R M. fructicola isolates.
When applied on apple fruit inoculated with BEN-R isolates MF1 and MF5, 100 pg/mL Ag-
NPs resulted in a 16.67 and 6.75% inhibition while 50 pg/mL thiophanate methyl resulted in
18.54 and 22.33% inhibition. The combination of the above antifungal agents caused a decrease
in disease symptoms of the BEN-S isolates demonstrating an additive effect (SF:1.03 and 1.07,
respectively, see Table 4, Fig. 4.4a). Interestingly, a profound synergistic effect was observed
in the case of BEN-R isolates MF18 and MF25, when 1000 pg/mL thiophanate methyl was co-
applied with 100 png/mL Ag-NPs (SF: 1.38 to 2.53, respectively, see Table 4.5, Fig. 4.4b). The
synergy between Ag-NPs and fluazinam demonstrated in vitro was also observed in the in vivo
experiments (see Fig. 4.4c). This synergistic effect was observed regardless resistant phenotype
with SF values ranging from 1.31 to 1.51, indicating the potential of FM to enhance Ag-NPs
effectiveness against both sensitive and resistant isolates (see Table 4.4).
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Table 4.4 Synergistic activity of Cu-NPs co-applied with thiophanate methyl or fluazinam on apple fruit
against Monilia fructicola isolates sensitive and resistant to benzimidazole fungicides (TM:
thiophanate methyl, FM: fluazinam).

Percent inhibition?®
Isolate (mean+SDP) Percent inhibition (meanzSD)
Pheno- Ag-NPs ™ Ag-NPs FM
Ag-NPs +TM  SF
type (100)¢  (50/1000) "ENPS+TM S (100) (500)

Ag-NPs +FM  SF

MF1  BEN-S  16.67+2.17 18.54+1.85 33.33+1.99 1.03 20.30+2.12 19.39+1.30 47.96 + 1.65 1.34
MFS  BEN-S 6.75+0.56 22.33+0.66 29.60+2.62 1.07 14.43+1.00 21.41+2.00 43.91+0.18 1.31
MF18 BEN-R 12.53+0.12 37.50+2.38 62.29+0.34 1.38 6.76+0.56 24.32 +1.80 44.32+0.97 1.51
MF25 BEN-R  10.27 +1.08 0 25.37+1.45 2.53 13.21+1.35 24.90+1.67 51.56 +1.78 1.48

? Calculated as percent inhibition of lesion development on apple fruit sprayed with Ag-NPs/fungicides and their
combinations compared to the untreated control after 4-day incubation period at 25 °C (n = 3).

b Standard deviation of the means (n = 3).

¢BEN-S/R: Benzimidazole Sensitive/ Resistant isolate.

4 Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient.

¢ Apple fruit inoculated with BEN-S isolates were sprayed with 50 pg/mL while those with BEN-R isolates with 1000
pg/mL TM.

fSynergy Factor.
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Figure 4.4 Synergistic activity of Ag-NPs (100 ug/mL) in combination with a,b) thiophanate methyl (50,)
and c) fluazinam (500 pg/mL) on apple fruit against selected Botrytis cinerea isolates sensitive (MF1,
MF5) and resistant (MF18, MF25) to thiophanate methyl (TM: thiophanate methyl, FM: fluazinam).
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4.4.4 Sensitivity correlations between Ag-NPs, AgNO3 and fungicide combinations

In order to evaluate any possible contribution of Ag-NPs, thiophanate methyl (TM),
fluazinam (FM) and AgNO:s in the observed synergistic relations between them, correlations
were calculated using Pearson correlation coefficients (see Table 4.5). No significant
correlation was found between TM and Ag-NPs, FM and their respective combinations (see
Table 4.5). On the contrary, a significant correlation was found between Ag-NP and Ag-
NPs+TM treatments (see Fig. 4.5a) indicating that the enhanced fungitoxic effect of the above
combination is probably associated with the action of Ag-NPs rather than that of TM. No
correlation was found between AgNOs, FM or their combination. A significant correlation was
found between TM, AgNOs and their combination indicating that both antifungals contribute
in the fungitoxic effect of their mixture (see Table 4. 5, Fig. 4.5b). No correlation was found
between Ag-NPs and NaCl (see Table 4.5).

Table 4.5 Correlation between sensitivity of M. fructicola isolates to Ag-NPs, AgNOs NaCl, selected
fungicides and their combinations.

Ag-NPs Ag-NPs AgNOs AgNOs
Ag-NPs TM +TM FM +EM AgNO3 +TM +EM NaCl TEB
0.04
1.0 0.35 0.66** 0.00 -0.07 0.32 0.32 0.02 0.17
Ag-NPs
-0.37 -0.23
™ - 1.0 -0.32 0.20 0.19 0.80** 0.80** 0.05
045 0.33
Ag-NPs+TM - 1.0 -0.38 -0.01 0.10 0.13 0.14
-0.08 0.50*
- - - 1.0 0.18 0.00 -0.07 0.00
FM
0.03 0.32
- - - - 1.0 0.03 0.01 0.22
Ag-NPs+ FM
-0.12 0.04
- - - - - 1.0 0.71**  0.10
AgNO;
-0.40 -0.35
- - - - - - 1.0 0.34
AgNO3+TM
0.23 0.05
- - - - - - - 1.0
AgNOs+FM
- - - - - - _ _ 1.0 0.40
NacCl
1.0
TEB

2 Pearson correlation coefficient values.

TM: thiophanate methyl, FM:fluazinam,TEB:tebuconazole.
* corresponds to a significance lever of P=0.05.

** corresponds to a significance lever of P=0.01.
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Figure 4.5. Correlation between sensitivities of M. fructicola isolates to: (a) Ag-NPs (50 pg/mL) and its
combination with thiophanate methyl (TM) (0.5 pg/mL) and, (b) AgNOs (3 pg/mL), TM (0. 5 pg/mL)
and their combination. Here, r is the Pearson correlation coefficient, and P the significance level.
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4.5 Discussion

A total of 23 M. fructicola isolates collected from Greek orchards were screened for
resistance against 9 registered fungicides by in vitro bioassays in order to investigate Ag-NPs
potential to combat both sensitive and resistant isolates. Most of the isolates tested were
sensitive to all fungicides except for 18, which were highly resistant only to benzimidazoles
(BEN-R) thiophanate methyl and carbendazim. DNA sequencing and comparison between
resistant and sensitive isolates revealed a well-documented resistance mutation in the M.
fructicola f-tubulin gene, target site of benzimidazoles. The specific mutation (E198A) results
in a structural modification in the g-tubulin protein leading to a reduced affinity of the fungicide
with its target and has been associated with high resistance levels to benzimidazoles in plenty
plant pathogens including M. fructicola in many countries worldwide, however, it is reported
for the first time in Greece for this species (Luo et al., 2007; Ma et al., 2003; Stehmann and de
Waard 1996; Malandrakis et al., 2011; Ziogas et al., 2009; Ma Michailides 2005; FRAC 2018).
The effectiveness of Ag-NPs alone and in combination with selected fungicides against
resistant and sensitive phenotypes was investigated.

An increasing number of studies are focusing on the ability of metal NPs to combat
clinical drug-resistant pathogens, especially against life-threatening multi drug resistant
bacteria (MDR) and their potential as alternatives or antibiotics partners (Jampilek, 2016;
Punjabi et al., 2018). Most of these studies concern the broadening of antibiotic efficacy against
bacterial MDR-strains when used in combination with metal NPs, while very few reports are
available on the respectful interaction of nanoparticles with drugs/fungicides against sensitive
or fungicide resistant fungal strains. Sun et al. (2016) have reported an enhanced toxicity of
PVR-coated Ag-NPs when combined with azole fungicides against Candida albicans drug-
resistant strains. Ag-NPs and ZnO-NPs combined with fungicides carbendazim, mancozeb and
thiram, showed a significant synergistic effect against plant pathogens B. cinerea, Aspergilus
niger, Alternaria alternata, P. expansum and F. oxysporum, an effect which was more
profound when green synthesized NPs were utilized (Jamdagni et al., 2018). A similar
synergistic effect was reported by Huang et al. (2018) in Bipolaria maydis, when Ag-NPs were
used in mixtures with tebuconazole, fludioxonil or propineb. ZnO-NPs used in combination
with thiram have been reported to exhibit both synergistic and photo-degradation properties
against Phytophthora capsici (Xue et al., 2014). A recent study by Malandrakis et al. (2020)
reported a synergistic effect of Cu-NPs used in combination with thiophanate methyl and
fluazinam against both sensitive and fungicide resistant strains of B. cinerea.

Silver nanoparticles tested in this study, were effective against both BEN-S and BEN-
R M. fructicola isolates and significantly more effective compared to the reference protective
fungicide containing Cu(OH)2. Ag-NPs used in combination with TM in vitro were
significantly more fungitoxic to M. fructicola than any of the individual treatments. A similar
synergistic interaction was more profound in the case of BEN-R isolates in in vivo experiments
where the Ag-NPs-TM mixture significantly increased the suppression of disease symptoms
compared to the individual treatments. This synergy between Ag-NPs and TM, regardless
resistance phenotype and the positive correlation found between Ag-NPs and TM+Ag-NPs but
not between TM and TM+Ag-NPs treatments indicate that synergism observed is probably
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related to an enhancement in Ag-NPs fungitoxicity. Contrary to this, in our previous study
synergy observed between Cu-NPs and TM was mainly attributed to a higher TM
bioavailability in B. cinerea (Malandrakis et al., 2020). In the present study, it is probable that
the Ag-NPs+TM combination facilitates an enhancement of Ag-NPs bioavailability either by
increasing the quantity of silver nanoparticles in direct contact with the fungal membrane or by
influencing mechanisms that modulate delivery of the nanoparticle inside the fungal cell.
Possible interaction mechanisms between of nanoparticles with pathogen surfaces involve
forces of electrostatic or van der Waals nature and other interactions deriving from hydrophilic-
hydrophobic or ligand-receptor relations (Ruddaraju et al., 2019). Direct contact of positive
charged NPs with the microorganisms membrane is mediated by electrostatic attraction with
the highly-negative charged cell surface, especially in gram-negative bacteria (Ruddaraju et
al., 2019). PVP-coated Ag-NPs used in this study were negatively charged and, as a
consequence, are expected to be repelled by the also negatively charged fungal cell. Interaction
of Ag-NPs with TM through thiol-group or other lingands could be responsible for
reducing/negating the NPs negative charge promoting attachment of these particles to the
fungal cell surface. A similar negation effect between positively charged Na ions and negative
charged PVP-coated Ag-NPs could explain the synergy observed between Ag-NPs and NaCl
observed in the present study. Zheng et al. (2018) have reported such an interaction of citrate-
capped Ag-NPs when combined with TM through hydrogen bonding between the citrate
capping agent and a number of ligands of TM. PVP-coated Ag-NPs have exhibited enhanced
binding to the fungal cell membrane of C. albicans in the presence of the fungicide fluconazole
(Sunetal., 2016).

Another plausible explanation of the enhanced Ag-NPs toxicity when combined with
TM is a potential ‘protected’ transport of the NPs-fungicide complex to the fungal nucleus
where it reacts with DNA and prevent its unwinding, a phenomenon demonstrated by Batarseh
(2004) in the case of chelated silver in P. aeruginosa. This way, Ag-NPs are transferred
intracellularly as a “package” preventing Ag from binding with a large number of substances
such as thiol groups or enzymes present inside or in the cell membrane, explaining the increase
in toxicity observed in the case of the Ag-NPs+TM combination.

The enhanced inhibition rates the Ag-NPs/fluazinam combination compared to the
individual treatments indicate an involvement of ATP-dependent metabolism in the fungitoxic
activity of Ag-NPs. The biochemical mode of action of fluazinam as an ATP-synthetase
inhibitor is well established and directly influences the function of energy-dependent efflux
pumps (Kalamarakis et al., 2000; Leroux et al. 2013). The observed Ag-NPs/FM synergy could
be attributed to a potential decrease/inhibition of efflux pump activity by fluazinam resulting
an abnormal metal ion homeostasis and subsequent increased entry and accumulation of Ag-
NPs inside the fungal cell enhancing its fungitoxic effect. Although additional studies would
be required to validate this hypothesis, a similar synergy was found between fluazinam and
Cu-NPs against B. cinerea indicating the existence of an energy dependent mechanism
affecting nano metal fungitoxicity (Malandrakis et al., 2020). An efflux pumps dysregulation
associated with Ag-NPs effectiveness against MDR Candida albicans strains when used in
mixtures with antibiotics has been reported (Sun et al., 2016). A similar effect of CuO-NPs or
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copper ions against Mytilus galloprovincialis associated with multi-drug resistance transporter
activity was also observed (Torres-Duarte et al., 2019).

A number of mechanisms for the antibacterial/antifungal action of NPs have been
proposed including disruption of cell walls/membrane integrity, ROS production, enzyme
inactivation, intervention in electron transport and DNA damage (Rudramurthy et al., 2016;
Ruddaraju et al., 2019; Nisar et al, 2019). There is an ongoing debate between scientists
whether the observed antimicrobial action is caused by the metal ions escaping nanoparticle
surfaces (Sun et al., 2018; Hoseinzadeh et al., 2017; Krol et al., 2017). In an attempt to elucidate
this claim, a number of studies have utilized NaCl or KCI in combination with NPs in order to
capture metal cations released by NPs using chlorine anions (Jo et al., 2009). In the present
study, the use of NaCl in combination with Ag-NPs did not result any decrease in the fungitoxic
action of Ag-NPs against M. fructicola but, on the contrary, resulted a significant synergistic
effect. This result indicates that the role of [Ag*] ions in the fungitoxic action of the silver
nanoparticles in M. fructicola could be minor. Furthermore, the lack of any correlation
observed between AgNOz and Ag-NPs also indicates differences between the mode of
fungitoxic action between silver NPs and their bulk counterpart, which agrees with the above
hypothesis. Opposite results were obtained in our previous study where NaCl practically
inactivated Cu-NPs against B. cinerea suggesting potential differences in the mode of action
of various metal NPs (Malandrakis et al., 2020). In a number of studies, Ag-NPs have been
shown to interfere with ergosterol biosynthesis, which is essential for the structural integrity of
the fungal membrane (Prasher et al., 2018). Sun et al. (2016) observed a synergistic effect
between Ag-NPs with fluconazole — an ergosterol biosynthesis inhibitor (EBI)- against drug-
resistant C. albicans strains proposing dysregulation of the ergosterol biosynthesis pathway
and efflux pumps inhibition as possible mechanisms responsible for the synergy. In this study,
combination of Ag-NPs with the EBI tebuconazole resulted in an additive effect in most isolate
cases indicating a possible role of Ag-NPs in ergosterol biosynthesis although no correlation
was found between Ag-NPs and tebuconazole sensitivity.

In conclusion, Ag-NPs were effective against M. fructicola sensitive and resistant to
benzimidazoles phenotypes and exhibited an enhanced antifungal activity when applied was in
mixtures with thiophanate methyl or fluazinam both in vitro and in apple fruit. A potential
increase in Ag-NPs bioavailability is a probable cause for the observed synergy with TM while
ATP-dependent metabolism is more involved in the fungitoxic action of Ag-NPs than [Ag+]
ions. Effectiveness against sensitive and resistant isolates and synergy observed in this study
point out the promising potential of Ag-NPs to be used as antifungal alternatives, providing the
means for both effective anti-resistance strategies and reducing environmental impact of
synthetic fungicides.
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5. Copper nanoparticles against benzimidazole-resistant Monilinia
fructicola field isolates

Abstract

Nano-fungicides are expected to play an important role in future plant disease management. Their
unique properties include a broad antimicrobial action, increased effectiveness in lower doses, slower
a.i. release and/or enhanced drug delivery and an ability to control drug-resistant pathogens, which
makes them appealing candidates for use as eco-friendly antifungal alternatives to counter fungicides
resistance. Copper nanoparticles (Cu-NPs) could suppress mycelial growth in both sensitive (BEN-S)
and resistant (BEN-R) Monilinia fructicola isolates harbouring the E198A benzimidazole resistance
mutation, more effectively than copper oxide NPs (CuO-NPs) and Cu(OH).. A significant synergy of
Cu-NPs with thiophanate methyl (TM) was observed against BEN-S isolates both in vitro and when
applied on plum fruit suggesting enhanced availability or nanoparticle induced transformation of TM
to carbendazim. ATP-dependent metabolism is probably involved in the mode of fungitoxic action of
Cu-NPs as indicated by the synergy observed between Cu-NPs and the oxidative phosphorylation-
uncoupler fluazinam (FM). Copper ion release contributed in the toxic action of Cu-NPs against M.
fructicola, as indicated by synergism experiments with ethylenediaminetetraacetic acid (EDTA),
although the lack of correlation between nano and bulk/ionic copper forms indicate an additional nano-
property mediated mechanism of fungitoxic action. Results suggested that Cu-NPs can be effectively
used in future plant disease management as eco-friendly antifungal alternatives to counter fungicides
resistance and reduce the environmental footprint of synthetic fungicides.

5.1 Introduction

In modern crop protection systems, both conventional and integrated pest management
(IPM) heavily depends on chemical control of plant pathogens as a means for efficient and
economically feasible disease management. Systemic, highly effective modern fungicides
constitute an invaluable arsenal for farmers especially in the cases of hard to manage plant
pathogens (Pandey et al., 2018). Despite of their undeniable performance benefits -although
increasingly compromised by resistance development- conventional fungicides are subject to
negative criticism concerning the role of their residues in hazard issues related to food safety
and the environment. As a result, an increasingly high number of fungicide active ingredients
are being withdrawn by implementation of strict EU regulations concerning environmental
safety — especially water pollution by pesticide leakage (Malandrakis et al., 2020a).
Nanoparticle (NP) compounds are demonstrating a tremendous potential in various aspects of
the agricultural sector including plant protection. Their small size (typically less than 100 nm)
coupled with a set of unique properties that result in a wide range of antimicrobial action,
increased effectiveness in lower doses, slower active ingredient release and/or enhanced drug
delivery when formulated with fungicides, makes them promising, environmentally compatible
alternatives to synthetic fungicides( Pandey et al., 2018; Kah et al., 2018; Sun et al., 2018).
However, before NPs can be commercially introduced as antimicrobial agents, a number of
challenges such as compatibility with plants and safety against humans and generally non-
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target organisms (Hoseinzadeh et al., 2017). Micro- or nano-sized copper containing
compounds (Cu-NPs) add an enhanced effectiveness against a number of fungal pathogens to
the already well established properties of bulk sized copper fungicides such as low cost, wide
range of action -including bacterial diseases- and multi-site protective action that minimizes
the risk for resistance development (Keller et al., 2017, Malandrakis et al., 2019). Effectiveness
of Cu-NPs and CuO-NPs against various plant pathogens has been demonstrated in toxicity
studies against Fusarium oxysporum, F. oxysporum fsp radicis lycorersici, F. solani,
Aspergillus flavus, A. fumigatus, A. niger, Phytophthora parasitica, Botrytis cinerea,
Alternaria alternata, Vericillium dahliae, Colletotrichum gloiosporioides, Monilinia fructicola
and Penicillium digitatum (El-Abeid et al., 2020; Muthuchamy et al., 2020; Ammar et al., 2019;
Malandrakis et al., 2019; Khamis et al., 2017). Several biochemical mechanisms explaining
the antimicrobial action of copper nanoparticles have been proposed including damages
affecting membrane integrity or DNA replication/transcription, interruption of electron
transport and/or ATP synthesis, protein inactivation and oxidative stress induction (Nisar et al.,
2019; Rai et al., 2017; Khan et al., 2016; Malandrakis et al., 2019). An ongoing debate
regarding the role of ion release versus the nano-properties of the metal is fueled by the
typically greater effectiveness of copper nanoparticles compared with its bulk copper
containing counterparts (Rudramurthy et al.,2016; Franci et al.,2015; Huang et al., 2018;
Malandrakis et al., 2019).

Monilia fructicola (teleomorph Monilinia fructicola), is the causal agent of brown rot,
one of the most important stone-fruit pre- and post-harvest diseases in Greece and worldwide
(Agrios, 2005). Fungicides belonging to the chemical classes of benzimidazoles,
dicarboximides, triazoles, hydroxyanilides and more recently Qols and succinate
dehydrogenase inhibitors (SDHI) consist the main arsenal for controlling the disease (Miessner
and Stammler, 2010). Regardless of their initial effectiveness, most of the above chemical
compounds have suffered from the emergence of M. fructicola isolates with reduced
sensitivity over the last decades ( Chen et al., 2013; Penrose et al., 1985; Brent and Hollomon,
1998; Ma and Michailides 2005; FRAC 2018). Benzimidazoles, being the oldest systemic
fungicides used against brown rot, soon lost their efficacy against the pathogen due to their
extensive and exclusive use that led to resistance development (Ma et al., 2003; Stehmann and
de Waard 1996; Malandrakis et al., 2011). The most important mechanism leading to
benzimidazole resistance in M. fructicola has been identified to be target site modification in
most cases resulting from the E198A amino acid substitution of the S-tubulin gene that is
associated with high levels of benzimidazole resistance (Ma and Michailides, 2005; Chen et
al., 2014; Malandrakis et al., 2020). Benzimidazoles consist a paradigm demonstrating the risk
of resistance development compromising fungicide control efficacy worldwide and at the same
time the need of alternative means for combating resistance in order to safeguard the
increasingly diminishing arsenal against fungal diseases.

A promising approach to counter fungicide resistance and reduce the environmental
footprint of chemicals, concerns the use of metal nanoparticles alone or in combination with
conventional fungicides against fungal pathogens (Malandrakis et al., 2019,2020a). In the
public health sector, strong evidence of a marked efficacy of NPs containing copper, silver,
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zinc and ferric when used instead or in combination with antibiotics has been reported
especially against multi-drug (MDR) resistant pathogenic bacteria such as Eschericia coli,
Klebsiella pneumonia, Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus
and Enterococcus faecalis ( Assadi et al., 2018; Hamed et al., 2017; Punjabi et al., 2018;
Gabrielyan etal., 2019; Nejabatdoust et al., 2019; Paralikar et al., 2019). As far as plant health
is concerned, silver and zinc oxide NPs have shown a significant toxic action against fungal
pathogens resistant to conventional fungicides applied alone or in mixtures with fungicides
such as thiram, tebuconazole, propineb, carbendazim, fludioxonil, and mancozeb (Malandrakis
etal., ,2020b; Huang et al., 2018; Jamdagni et al., 2018; Xue et al., 2014). Apart from a recent
study by Malandrakis et al., (2020a) where Cu-NPs (alone or in combination with conventional
fungicides) were studied against B. cinerea fungicide-resistant isolates, no data is available
regarding the potential of copper nanoparticles to control fungal isolates resistant to fungicides.

In this study, the potential of Cu-NPs to control M. fructicola isolates sensitive or
resistant to benzimidazoles alone or in combination with fungicides was evaluated.
Specifically, the aim of this study was to: (a) evaluate the potential of Cu-NPs to be used
against sensitive/resistant M. fructicola phenotypes both in vitro and in vivo, (b) to investigate
any potential synergism between copper NPs and conventional fungicides when applied against
the above phenotypes, and (c) to elucidate mechanisms underlying the mode of fungitoxic
action of Cu-NPs and/or any synergistic relationships existing between Cu-NPs and tested
fungicides.

5.2 Materials and Methods
5.2.1 Nanoparticles, reagents and fungicides

Copper (Cu-NPs) (particle size 25 nm) and copper oxide (CuO-NPs) (particle size <50 nm)
nanoparticles, salicylhydroxamate (SHAM), CuSOs and ethylenediaminetetraacetic acid
(EDTA) used in this study were purchased from Sigma Aldrich, MO, USA. Commercial
fungicides containing Cu(OH)2 (Copperblau-N 50 WP), thiophanate methyl (Neotopsin 70
WG) and fluazinam (Azzuro 50 SC), were purchased from their respective manufacturers.
Other fungicides used in this study were of pure analytical grade: tebuconazole and
carbendazim were kindly supplied by Bayer CropScience AG (Leverkusen, Germany). All
analytical grade stock solutions were prepared using ethanol as a solvent. Antifungal agents
were added under aseptic conditions to sterilized growth medium prior to inoculation taking
care that the solvent never exceeded 1 % (v:v) of the total volume. Distilled-sterilized water
was used for the preparation of commercial fungicide and nanoparticle stock solutions. In order
to prevent particle aggregation, nanoparticle suspensions were sonicated for 30 min using a
Transonic 420 (Elma, Germany) sonicator prior to incorporation in growth media.

107



Chapter 5: Copper nanoparticles against benzimidazole-resistant Monilinia fructicola

5.2.2 Fungal isolates and culture conditions

Monilinia fructicola isolates used in this study originated from stone-fruit orchards of
southern Greece, collected during a monitoring survey in 2019. Positive identification at the
species level as well as sensitivity characterization of fungal isolates was conducted in a
previous study by Malandrakis et al. (2020b). Twenty-three single spore isolates were
positively identified to be Monilia fructicola, according to morphological examination and
sequencing of the cytb gene and subsequently used in fungitoxicity bioassays against Cu-NPs
and fungicides (Malandrakis et al., 2020b). Benzimidazole resistant isolates carried the E198A
resistance mutation resulting from the substitution of glutamic acid (E: GAG) by alanine (A:
GCQG) at the respective position of the s-tubulin protein as revealed by sequencing of the above
gene (Malandrakis et al., 2020b).

Fungal cultures grown on Potato Dextrose Agar (PDA), used for inoculum production
were kept in growth chambers at 25 °C with 14 h day™? light and 70% RH. For long-term
storage, isolates were transferred once a month in PDA containing glass tubes and stored at
4 °C in the dark.

5.2.3 In vitro bioassays

5.2.3.1 Sensitivity of M. fructicola to Copper-NPs and fungicides

The potential fungitoxic activity of Cu-NPs and CuO-NPs against sensitive and
benzimidazole-resistant M. fructicola isolates, was tested in vitro by poison agar assays.
Fungitoxicity of NPs and fungicides was assessed by inoculating isolates on growth medium
containing appropriate concentrations of the antifungal agents compared to the untreated
control and expressed as percent inhibition. Baseline sensitivity of M. fructicola to Cu-NPs and
Cu(OH). was evaluated by obtaining fungitoxicity-curves and subsequently calculating ECso
values based on concentrations of 10, 25, 50, 100, 250, 500 and 1000 pg/mL of each antifungal
agent. Sensitivity of M. fructicola to EDTA was determined by preliminary fungitoxicity tests
utilizing, concentrations of 0, 1, 100, and 1000 pug/mL. Each antifungal agent treatment was
applied trice. Specifically, following solidification of the treated and non-treated (control)
growth media, a 5-mm mycelial plug from the edge of a 5-day old colony of each isolate was
transferred to the center of each plate. Cultures were then incubated in a growth chamber at
25 °C with 70% RH for 4 days in the dark. Percent inhibition rates were calculated according
to the formula: 100-(mean diameter of the colony on the fungicide-treated plates divided by
the mean diameter of the untreated control)x100. Fungitoxicity tests conducted for each isolate
were repeated twice for each concentration and antifungal agent.

5.2.3.2 Synergy between copper nanoparticles and antifungal agents

The potential of Cu-NPs, CuO-NPs and Cu(OH)> to act synergistically in combination
with selected fungicides was assessed in vitro. Concentrations of 0.5 ug/mL thiophanate
methyl, 0.15 pg/mL carbendazim, 0.01 pg/mL tebuconazole, 0.2 pug/mL fluazinam and 100
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ug/mL EDTA and their combinations with 250 ug/mL Cu-NPs were applied aseptically from
stock solutions to PDA medium consequently poured on Petri plates. 500 pg/mL of CuO-NPs
or Cu(OH). were used in respective synergy bioassays with the above concentrations of
thiophanate methyl and fluazinam. Following inoculation with each M. fructicola isolate, plates
were incubated at 25 °C for 4 days in the dark and then the mycelial growth percent inhibition
was calculated. The Abbortt method was adopted in order to evaluate the potential synergistic
interactions of nanoparticles with antifungal agents (Gisi, 1996). Briefly, the expected
combined percent inhibition (% Clexp) was calculated according to the formula:

% Clexp = Iatlz—(1axIs/100),
where Ia and Ig represent the percent inhibition of each treatment.

% Clexp values were subsequently used to calculate Synergy factors (SFs) according to the
formula: SF=Ias/(% Clexp), Where lag is the observed combined percent inhibition caused by
the antifungal agents. SF values close to 1 were considered to indicate additive, greater than 1
synergistic, and less than 0.75 antagonistic interactions.

5.2.4 Fungitoxicity tests in vivo

Plum fruit (Prunus domestica) without any visible wound, selected based on their
uniformity of size, shape and maturity were used to assess the in vivo efficacy of Cu-NPs to
suppress sensitive/benzimidazole-resistant M. fructicola isolates, alone or in combination with
thiophanate methyl and fluazinam. Four representative -2 sensitive (MF1, MF5) and 2
benzimidazole-resistant (MF18, MF28)- M. fructicola isolates were used to inoculate 4 fruits
treated with Cu-NPs, fungicides and their respective combinations. Plum fruits sprayed with
sterilized distilled water were used as control treatments. Before treatment, fruits were surface-
disinfected by immersion in a 1% sodium hypochlorite solution for 10 min, rinsed 3 times with
distilled-sterilized water and then left to dry for 1 hr. Fruit were then sprayed with solutions
containing 250 pg/mL Cu-NPs; 50 and 1000 pg/mL thiophanate methyl (1/20, 1x of the
maximum recommended dose) and 500 pg/mL fluazinam (1/2 of the maximum recommended
dose), and their combinations. Fruit were air-dried for 2 hrs and then, the front face of each
fruit was wounded using a needle, creating a 2x2 mm [lengthxwidth] cross-shaped scar.
Inoculum consisting of a 5-mm mycelial plug cut from the edge of a 4-day old colony from
each M. fructicola isolate was placed in each wound. Inoculated fruit were placed on top of a
wet sterilized paper inside plastic boxes 24x34x10 cm [lengthxwidthxheight], covered by a lid
and were incubated at 25 °C for 4 days in the dark. Symptom severity was scored by the
following formula:

% Symprom severity = (lesion diameter around each wound of treated fruit) / (lesion diameter
of the water-treated control) x 100. All experiments were repeated two times.
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5.2.5 Carbendazim detection

In order to investigate any possible contribution of copper-mediated TM transformation to
carbendazim in the observed synergism profile between Cu-NPs and TM, UV-measurements
were conducted using a UVICON 922 UV spectrophotometer. Water suspensions containing
250 ug/mL Cu-NPs, 500 pg/mL CuO-NPs, 500 pg/mL Cu(OH)2, 0.5 pg/mL TM and their
respective mixtures were prepared. Standard curves of thiophanate methyl and carbendazim
were obtained using concentrations of 0.01, 0.05, 0.075, 0.1, 0.35, 0.5, 1.0 ,1.25 pg/mL from
stock solutions. In order to remove background absorbance caused by nano/Cu(OH): particles,
mixtures were agitated for 10 min, then centrifuged at 2000 rpm for 10 min and then
carbendazim concentration of the supernatant was measured. The concentrations of
carbendazim and TM were calculated by measuring the absorbance of samples at 285 and 265
nm, respectively, and using equations of the standard curves. For each treatment, three
replicates were used.

5.2.6 Statistical analysis

ECso values for each isolate and antifungal compound were estimated by regressing the relative
inhibition of mycelial growth against the Logio of the compound concentrations. Sensitivity
correlation to tested NPs/fungicides in all isolates was evaluated using Pearson correlation
coefficients. Inhibition rates of Cu-NPs and fungicides were subjected to analysis of variance
and means were separated according to Tukey’s HSD test (a = 0.05). All statistical analyses
were conducted using the SPSS v20 software (SPSS Inc., Chicago, IL, USA).

5.3 Results

5.3.1 In vitro sensitivity of M. fructicola isolates to Cu-NPs and fungicides

The sensitivity distribution of M. fructicola isolates to Cu-NPs and Cu(OH)2 based on
ECso values revealed by in vitro fungitoxicity assays is shown in Fig.5.1. Sensitivity to Cu-NPs
ranged between 104 and 395 pg/mL and a median value of 252 pg/mL , while respective values
for Cu(OH)2 were more widely distributed with ECso values ranging between 200 and 792
ug/mL with a median value of 498 pug/mL. Note that Cu-NPs were significantly more effective
against M. fructicola (P<0.01) than CuO-NPs, CuSQO4 and the protective fungicide containing
Cu(OH). in vitro (see Table 5.1). Despite the wide range of variation in the sensitivity
observed, Cu-NPs were generally equally effective against both BEN-S and BEN-R isolates
(see Tables 5.1, 5.51).
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Figure 5.1. Sensitivity distribution of Monilia fructicola field isolates to Cu-NPs and Cu(OH), based on
ECsovalues.

Table 5.1 Sensitivity of Monilia fructicola isolates to copper nanoparticles, their bulk counterparts and
benzimidazole-resistance phenotypes.

Resistance Percent Inhibition @
phenotypes/mutations (mean+SD®)
in the g-tubulin gene

Amino

Phenotype  acid Cu-NPs CuO-NPs Cu(OH) CuSOs EDTA
substitution (250) (500) (500) (250) (100)
BEN-SY  E198 ME+1606 10934935 4401£1659 16531734 1326108
(b/A)® (@A) (b/A) (@A) (@A)

BEN-R  EI9A 3255+1872  766+790  STIS+1147 1008799 24901274
(b/A) (alA) (b/A) (alA) (@lA)

a Calculated as percent inhibition of mycelial growth compared to the untreated control after 4 days incubation at 25 °C (n
= 3). b Standard deviation of the means (n = 3).¢ Numbers in parenthesis indicate fungicide concentrations in ug/mL of
active ingredient;? BEN-S/R: Benzimidazole Sensitive/ Resistant isolate.©c Means followed by the same letter do not differ
significantly according to Tukey's HSD test (o = 0.05). Small letters correspond to statistical differences between rows
(treatments) while capitals to columns (phenotypic groups).
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Table 5.51. Sensitivity of Monilia fructicola isolates to copper nanoparticles. their bulk counterparts
and benzimidazole-resistance phenotypes.

Percent Inhibition @

Resistance
phenotypes/mutations

(mean+SD") in the g-tubulin gene
Cu-NPCs CuO-NPs Cu(OH): CuSO4 EDTA Phenotype Aminp apid

solate (250) (500) (500) (250) (100) substitution
MF1 27144201 823033  4250+223 2> 13F223 3333104 BEN-S ¢ E108
MF3 52.63+025 4544014 4545400 1223%305 2222+054 BEN-S E198
MF4 4677+130 740200 4906109 |212£227 1LIT=LI0 BEN-R E198A
MF5 39394002 12765102 5500198 O+3 =406 17.95£0.78 BEN-S E198
MF6 2353+440 26.19:3.10 5641+099 222*001 1.00£003 BEN-S E198
MF7 57.69+2.15 0.00 55.00£073 2033+282 0.00 BEN-R E198A
MF8 31754007  3.63£022  40.00+7.15 16005222 3692155 BEN-R E198A
MF9 67.86+563 1600+0.11 4773393 /74135 6982044 BEN-R E198A
MF10 26.15+£3.00 21.73£098 4655+ 5.01 0.00 13.23+0.98 BEN-R E198A
MF12 3636+039 2353+0.18  40.00%6.00 0.00 4.00+1.00 BEN-S E198
MF14 63.16 % 0.85 0.00 6254014 |364E138  2.56£1.12 BEN-S E198
MF15 22.00+5.11 0.00 64294225 1379+£400 23.4041.90 BEN-R E198A
MF16 32142098 5.02+018 35424509 o28E148 17072200 BEN-R E198A
MF17 40.00£083 7.05£1.00 57.04+111 1223330 1527115 BEN-R E198A
MF18 6000333 675+0.10 4000788 >0 +1.04 12.10+167 BEN-R E198A
MF20 10.00£232 7812020 51.72+172 1067089 1695%0.26 BEN-R E198A
MF21 50.00 + 5.45 0.00 7000+ 632 1228+£290  4118£2.68 BEN-R E198A
MF22 9094133 3854005 50.02+445 P L0 29.09£003 BEN-R E198A
MF23 2444200 2592+202 78.18+015  So0*185  3390+208 BEN-R E198A
MF25 1667+ 174 877+281  4898+3.14 2188+£240 3898199 BEN-R E198A
MF27 3421+ 1.00 0.00 55.56+089 |449E156 652+0.18 BEN-R E198A
MF28 5600262 820+0.19  5400£900 23+004  2045£223 BEN-R E198A
MF29 68.00=424 476+104 5745+534 o0=018 13892082 BEN-S E198

@ Calculated as percent inhibition of mycelial growth compared to the untreated control after 4 days incubation at 25 °C

(n=23).

b Standard deviation of the means (n = 3).
¢ Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient

d BEN-S/R: Benzimidazole Sensitive/ Resistant isolate
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5.3.2 Synergy between copper NPs and fungicides

5.3.2.1 In vitro bioassays

Synergy factors (SF) calculated between copper nanoparticles and combinations with
fungicides in in vitro fungitoxicity tests are listed in Table 5.2. A significant synergistic effect was
observed between Cu-NPs and fluazinam with the respective mixture completely inhibiting mycelial
growth in almost all cases of BEN-S and BEN-R isolates (see Fig. 5.2c). Respective SF values ranged
between 0.99 to 1.61 (see Table5. 2). An additive effect was observed in the combination of CuO-NPs
with fluazinam with SF values ranging from 0.92 to 1.06 (see Table 5.3). The addition of thiophanate
methyl significantly enhanced the Cu-NPs fungitoxic action only in the case of BEN-S isolates, which
were completely inhibited by the combination (see Fig 5.2b). On the contrary, in most BEN-R isolates
an antagonistic effect was observed although in more than half of those isolates the mixture toxicity
did not differ statistically from the most toxic individual treatment (see Table 5.2, Fig. 5.2b, Fig.5.3). A
similar synergistic profile, although to a lesser extend, was observed between CuO-NPs and
thiophanate methyl (see Table 5.2, Fig. 5.2a). The above combination significantly enhanced the
inhibition of BEN-S isolates while it did not increase the fungitoxic action of the CuO-NPs in most of
the BEN-R isolates (see Fig. 5.2a). In most isolate cases the synergistic relationship between Cu-NPs
and tebuconazole ranged between additive (SF:0.89) and synergistic (SF:2.50) regardless the
benzimidazole resistance phenotype (see Table 5.3, Fig. 5.2d).

In an attempt to evaluate the potential involvement of copper ions release on the synergistic
patterns observed between Cu-NPs/CuO-NPs and thiophanate methyl or fluazinam, a bulk
counterpart fungicide containing Cu(OH), was used instead of the above copper nanoparticles in
synergism bioassays. Combination of Cu(OH), with thiophanate methyl resulted in mixed synergy
patterns that were isolate dependent and could not be associated with the resistance phenotypes. In
most isolates, an additive effect was recorded, although antagonistic as well as synergistic effects were
also observed (see Table 5.2). In the case of the fluazinam/Cu(OH), combination, most isolates
responded in an additive manner while the fungitoxic activity was decreased in a few isolates (see
Table 5.2), probably indicating that copper ions release contributes less than nanoparticles to the
observed synergistic effect between Cu-NPs and fluazinam.

Evidence of the involvement of copper ion release in the fungitoxic activity of Cu-NPs against
M. fructicola isolates was found in the combination of Cu-NPs with the strong chelating agent EDTA.
Addition of 100 pg/mL EDTA in growth medium containing 250 pug/mL Cu-NPs resulted in the
neutralizing of the fungitoxic action of the copper nanoparticles. This was evident by the synergy
factors values between Cu-NPs and EDTA that ranged between 0.02 and 0.45 (see Table 5.2).
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Table 5.2. In vitro synergistic activity of Cu-NPs or Cu(OH), with selected fungicides against fungicide
sensitive and resistant Monilia fructicola isolates (TM: thiophanate methyl. FM: fluazinam. TEB:
tebuconazole).

SF?
Cu-NPs Cu(OH)2 CuO-NPs
(250) (500) (500)
Isolate Resistance (-(I;I.\g) FM (%Ag; 2—;2 EDTA ™ FM ™ FM
Phenotype . (0.2) 1) (100) (0.5) (0.2) (0.5) (0.2)
MF1 BEN-S° 1.29 1.16 0.39 1.49 0.02 1.16  0.67 1.03 1.06
MF3 BEN-S 1.20 1.10 0.96 096 0.04 084 094 1.09  1.00
MF5 BEN-S 121  1.03 1.04 1.01 0.03 089 1.02 1.46  1.00
MF6 BEN-S 1.10 1.61 0.56 1.53 0.14 069 0.63 098 092
MF12 BEN-S 1.18  1.24 1.02 1.12 0.23 081 1.00 096 0.94
MF14 BEN-S 170 0.99 1.03 096 0.13 090 098 1.15  0.95
MF29 BEN-S 113  1.16 0.70 2,50 0.07 1.08 0.99 1.01  1.00
Group Mean 1.26 1.18 0.81 1.37 0.09 091 0.89 1.10 0.98
d/B? /A b/A d/B a/A a/A a/A a/B a/A
MF4 BEN-R 076 1.10 0.95 1.09 0.05 092 1.00 0.72 0.90
MF7 BEN-R 066 1.11 0.96 095 0.13 0.64 0.59 0.65 0.94
MF8 BEN-R 0.56 1.10 0.56 1.41 042 043 1.00 0.63 0.89
MF9 BEN-R 075 112 0.86 096 0.06 1.68 0.85 037 1.02
MF10 BEN-R 095 1.42 0.35 0.93 0.09 093 1.00 094 1.01
MF15 BEN-R 058  1.13 0.91 1.02 0.43 086 0.90 0.78 1.03
MF16 BEN-R 0.74 1.10 1.04 089 0.71 058 0.96 0.79 095
MF17 BEN-R 014  1.02 0.56 091 0.34 089 097 0.68 0.99
MF18 BEN-R 0.71 1.07 0.61 1.13  0.21 095 0.80 0.84 097
MF20 BEN-R 054 1.18 1.01 097 0.17 0.78 1.00 0.46 0.98
MF21 BEN-R 0.64 1.20 0.70 0.86 0.17 098 071 0.65 1.00
MF22 BEN-R 071  1.23 0.92 1.46  0.45 079 092 0.42 0093
MF23 BEN-R 013  1.03 0.90 0.93 0.24 1.02 099 0.63 0.97
MF25 BEN-R 0.53  0.96 0.46 0.89 0.34 1.08 0.99 0.76 0.92
MF27 BEN-R 0.67  1.07 0.87 099 0.05 0.83 1.00 021 1.01
MF28 BEN-R 044 1.6 0.67 0.86 0.29 090 1.03 0.47 1.01
Group Mean ?9/5: 1c/1: Ob;; t/OAZ 0.26 a/ ?’7: ob?f\ 0.63 a/ ob!;Z

@ Synergy Factor.

b BEN-S/R: Benzimidazole Sensitive/ Resistant isolate.

¢Numbers in parenthesis indicate antifungal agent concentrations in ug/mL of active ingredient.

d Means followed by the same letter do not differ significantly according to Tukey's HSD test (a = 0.05). Small letters
correspond to statistical differences between rows (treatments) while capitals to columns (phenotypic groups).
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0.05).

ISOLATES

BEN-S
represent the standard deviation of means. Between treatments, bars marked by the same letter do

pg/mL). (c) fluazinam (0.2 pug/mL). d) TEB (0.01 pug/mL) and combinations. BEN-S/R: benzimidazole-
Sensitive/Resistant isolates (TM: thiophanate methyl. FM: fluazinam. TEB: tebuconazole). Error lines

Figure 5.2. Sensitivity of fungicide-sensitive/resistant M. fructicola isolates to (a) CuO-NP and (500
pg/mL) in comparison with TM (0.5 pg/mL) and Cu-NPs (250 pg/mL) in comparison with: (b) TM (0.5

not differ significantly according to Tukey's HSD test (a
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Figure 5.3. Fungitoxic activity of Cu-NPs. TM and their combination in sensitive (MF14) and TM-
resistant (MF15) M. fructicola isolates (TM: thiophanate methyl. BEN-S/R: Benzimidazole Sensitive/
Resistant).

5.3.2.2 In vivo bioassays

The potential synergistic activity of Cu-NPs used in combination with thiophanate methyl and
fluazinam was evaluated on accordingly treated plum fruit artificially inoculated with selected BEN-S
and BEN-R M. fructicola isolates. Treatment of plum fruit inoculated with BEN-S isolates MF1 and MF5,
with 250 pug/mL Cu-NPs resulted in a 32.05 and 16.67% inhibition while 50 pg/mL thiophanate methyl
resulted in 52.56 and 30.00 % inhibition. Combination of the above treatments caused a complete
inhibition of disease symptoms of the BEN-S isolates demonstrating a strong synergistic effect (SF:1.48
and 2.40, respectively, Table 5.3, Fig. 5.4a). A slight additive effect was observed in the case of BEN-R
isolates MF18 and MF28, when 1000 pg/mL thiophanate methyl was combined with 250 pg/mL Ag-
NPs (SF: 0.81 and 0.88, respectively, Table 5.4, Fig. 5.4b). The synergy profiles observed in vitro
between Cu-NPs and fluazinam were consistent with that observed in vivo (see Fig. 5.4c). This strong
synergistic effect was observed in both resistance phenotypes with SF values ranging from 1.36 to
2.08, pointing out a promising potential of FM to enhance Cu-NPs effectiveness against sensitive and
resistant isolates (see Table 5.3).
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Table 5.3. Synergistic activity of Cu-NPs co-applied with thiophanate mehyl or fluazinam on plum fruit
against  Monilia fructicola isolates sensitive and resistant to
thiophanate methyl. FM: fluazinam).

benzimidazole fungicides (TM:

Percent inhibition? Percent inhibition

Isolate (mean=SDY) (mean=SD)

Phenotype Cu-NPs ™ Cu-NPs Cu-NPs M Cu-NPs

(2508 (s01000c  +IM  SFE (250) (500) +FM .
ME| BEN-S 32055100 5256345 10000 148 32052100 4744370  87.18:465 136
MF5 BEN-S 16672059 3000£215 10000 240 1667£059 3167£167  §333£318 194
MF18 BEN-R 2687115 20902407 34332294 081 2687=115 2239£200  8507£255 197
MF28 BEN-R 6155004 462200 9232045 088 6152004 3846:186  87.69:084 208

2 Calculated as percent inhibition of lesion development on plum fruit sprayed with Ag-NPs/fungicides and their
combinations compared to the untreated control after 4 days incubation at 25 °C (n = 3).

b Standard deviation of the means (n = 3).

¢BEN-S/R: Benzimidazole Sensitive/ Resistant isolate.
4 Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient.
e Plum fruit inoculated with BEN-S isolates were sprayed with 50 ug/mL while those with BEN-R isolates with 1000 pg/mL

TM. fSynergy Factor.

(a) Control 250 Cu-NPs

50T™™M

Cu-NPs+TM

Cu-NPs+TM

(c) Control 250 Cu-NPs

500 FM

Cu-NPs+FM

Figure 5.4. Synergistic activity
of Cu-NPs (250 pg/mL) in
combination with a,b)
thiophanate methyl (50,1000
pg/mL) and c) fluazinam (500
pg/mL) on plum fruit against
selected Monilia fructicola
isolates sensitive (MF1, MF5)
and resistant (MF18, MF28)
to thiophanate methyl (TM:
thiophanate methyl. FM:
fluazinam).
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5.3.3 Sensitivity correlations between copper nanoparticles their bulk counterparts and
fungicide combinations

Pearson correlation coefficients were calculated in an attempt to evaluate any possible
contribution of Cu-NPs, thiophanate methyl (TM), fluazinam (FM) and Cu(OH), in the observed
synergistic relations between them, and the potential involvement of copper ions in the fungitoxic
activity of Cu-NPs (see Table 4). No significant correlation was found between TM and Cu-NPs, FM or
their respective combinations while, the correlation found between TM and Cu-NPs+TM treatments
(see Fig. 5.5a) probably indicate that TM contributed more to the enhanced fungitoxic effect of the
above combination than Cu-NPs. A similar significant correlation was found between TM and the
TM+Cu(OH); and TM+CuO-NPs treatments also indicating a possible contribution of TM on the
fungitoxic effect of the combination (see Fig.5b,c). In the cases of Cu(OH),, FM and Cu-NPs and the
respective combinations, no significant correlation was found (see Table 5.5). No correlation was
found between the inhibition caused by Cu-NPs and CuO-NPs or its bulk-ionic counterparts Cu(OH),
and CuS04 (see Table 5.5) while CuO-NPs toxicity was positively (r=0.43, P=0.038) correlated with the
toxicity exerted by the commercial fungicide containing Cu(OH), .

Table 5.4. Correlation between sensitivity of M. fructicola isolates to copper nanoparticles, selected
fungicides and their combinations.

CoNPs CuONPs  CuOH), CuSO. ™ ™ Cu-NPs  CuO-NPs Cu(OH) Cu-NPs CuQ-NPs Cu(OH),

+TM +TM +TM +FM +FM +FM
10 029 -0.28 0.13 0.06 -0.04 0.17 022 -0.09 % 04 0.15
Cu-NPs
10 0.46% 024 034 0.33 0.36 023 041 o1 0.02 0.16
CuO-INPs
012 0.06 0.20 -0.16 0.4 0.33 0.12 0.11
Cu(OH), 10 022
10 -0.17 0.04 023 -0.16 -020 035 0.05 -0.17
CuS0; '
10 0.14 0.87%* 0.49* 053* 022 0.14 0.10
™ )
0.18 0.26 028 004 0.14 020
1.0
M
032 0.05 0.02 -0.03 0.16
1.0
Cu-NPs +TM
1.0 0.38 0.04 0.36 0.12
CuD-INPs +TM
1.0 0.05 0.15 -0.10
Cu(OH);+ TM
40 0M 0.17
Cu-NPstFM -
1.0 -0.21
CuD-NPs +FM
1.0
Cu(OH); + FM

2 Pearson correlation coefficient values.

TM: thiophanate methyl. FM: fluazinam.

* corresponds to a significance lever of P=0.05.
** corresponds to a significance lever of P=0.01.
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Figure 5.5. Correlation between sensitivities of M. fructicola isolates to TM (0.5 pg/mL) and its
combination with (a) Cu-NPs (250 pug/mL). (b) Cu(OH), (500 pg/mL) and (c) and CuO-NPs (500 pg/mL).
r is the Pearson correlation coefficient. and p the significance level.
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5.3.4 Copper mediated TM transformation to carbendazim

After 10 min incubation of 0.5 pg/mL TM with 250 pg/mL Cu-NPs, 500 CuO-NPs
ug/mL, and 500 pg/mL Cu(OH)., the carbendazim concentration was found to be 0.25, 0.05
and 0.15 pg/mL, respectively, while no detectable carbendazim amount was found in the
sample containing only TM. These results indicate a possible copper-mediated acceleration of
the known natural process of TM transformation to carbendazim.

5.4. Discussion

The potential of Cu-NPs to combat sensitive or fungicide resistant M. fructicola isolates
collected from Greek orchards was tested. In vitro screening for resistance among a number
registered fungicides revealed 16 isolates with high resistant levels to the benzimidazole (BEN-
R) fungicides carbendazim and thiophanate methyl. All BEN-R isolates harbored the E198A
resistance mutation in the g-tubulin gene, as revealed by DNA sequencing analysis. The above
well-documented target site mutation is one of the major benzimidazole resistance mutations
associated with high resistance levels in many plant fungal pathogens including M. fructicola
worldwide (Ma et al., 2003; Stehmann and de Waard 1996; Malandrakis et al., 2011; Ziogas
et al., 2009; Ma & Michailides 2005; FRAC 2018). The Cu-NPs toxicity, individually or in
combination with selected fungicides, was subsequently evaluated against both BEN-S and
BEN-R phenotypes.

The ability of metal NPs alone or in combination with drugs to control clinical drug-
resistant pathogens, has recently become subject of scientific focus in an increasing number of
studies (Jampilek, 2016; Punjabi et al., 2018). Jankauskaité¢ et al. (2016) reported that
combination of Cu and Ag-NPs, as well as GO-Cu-Ag nanocomposite materials exhibit
enhanced antibacterial activity against Escherichia coli, Pseudomonas aeruginosa, Klebsiella
pneumoniae, Staphylococcus aureus and Methicillin-resistant S. aureus strains through a
possible synergy of multiple toxicity mechanisms. Also, CuO-Nps have been reported to act as
a tetracycline carrier resulting in a synergistic effect against P.aeruginosa and S.aureus due to
an enhanced accumulation of the antibiotic (Assadi et al., 2018). Similar synergistic effects of
copper nanoparticles with antibiotics, tetracycline, and kanamycin against Bacillus subtilis and
Pseudomonas fluorescens have been reported in the literature (Khurana et al., 2016).

The majority of cases studied involve bacterial infections caused by MDR-strains,
while limited are the reports on the effect of nanoparticles with fungicides on sensitive or
fungicide resistant fungal pathogens. Jamdagni et al. (2018) reported a significant synergy of
Ag-NPs and ZnO-NPs when combined with mancozeb, carbendazim and thiram against plant
pathogens Alternaria alternata, Aspergilus niger, B. cinerea, P. expansum and F. oxysporum.
Similar results were reported by Huang et al. (2018) concerning the synergy observed between
Ag-NPs and fungicides propineb, tebuconazole and fludioxonil in Bipolaria maydis. Zinc
oxide NPs combined with thiram resulted in an enhanced fungitoxicity against Phytophthora
capsici and at the same time led to a quicker thiram degradation due to ZnO-NPs photo-
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catalytic properties (Xue et al., 2014). Recently, a study on fungicide resistant strains of B.
cinerea showed a strong synergy of Cu-NPs when used with fungicides fluazinam and
thiophanate methyl (Malandrakis et al., 2020a).

Cu-NPs evaluated in the present study, were significantly more effective against both
BEN-S and BEN-R M. fructicola isolates compared to CuO-NPs, CuSO4 and the protective
fungicide containing Cu(OH)2. A significant synergy between Cu-NPs and TM was observed
both in vitro and in vivo in all the BEN-S M. fructicola isolates whereas an antagonistic/additive
effect was observed in the case of BEN-R isolates. Similar -but less profound- synergy patterns
were observed when CuO-NPs were co-applied with TM in vitro. On the contrary, in the case
of Cu(OH).+TM treatment, no conclusive synergy pattern could be attributed to the different
resistance phenotypes. This differential response between benzimidazole phenotypes to the
Cu-NPs+TM combination, backed by the positive correlation found between TM and TM+Cu-
NPs sensitivities, indicates that the major factor underlying the observed synergism is probably
an enhancement of TM toxicity. This is in accordance with a previous study with B. cinerea
resistant isolates, where Cu-NPs/TM synergy was mainly correlated with a higher TM
bioavailability (Malandrakis et al., 2020a). Another possible explanation about the enhanced
toxicity of TM in the Cu/CuO-NPs +TM combination could be an accelerated transformation
of TM to the more toxic carbendazim. This could explain why BEN-S isolates were affected
by the mixtures while the BEN-R, harboring the E198A target site resistance mutation, were
not. The fact that bulk sized Cu(OH). did not facilitate a similar synergy probably indicates
that nanoparticle properties rather than [Cu]*? ion release are responsible for such an
accelerated transformation.

The synergy observed between Cu-NPs and fluazinam is indicative for an involvement
of ATP-dependent metabolism in the fungitoxic action of Cu-NPs against M. fructicola.
Fluazinam, being a well-known ATP-synthetase inhibitor, is associated with the function of
energy-dependent efflux pumps (Leroux et al. 2013). One major copper detoxification
mechanism relies on extrusion pumps which are in fact ATP-dependent heavy metal
translocators (Antsotegi-Uskola et al., 2020). A possible inhibition of the activity of such
pumps by fluazinam disturbing metal ion homeostasis, could be responsible for an increased
accumulation of Cu-NPs inside the fungal cell enhancing its fungitoxic effect. This synergistic
effect between Cu-NPs and fluazinam was also observed in B. cinerea probably indicating the
existence of an energy dependent mechanism affecting nano metal fungitoxicity common in
fungal species (Malandrakis et al., 2020a). A similar implication of CuO-NPs associated with
multi-drug resistance transporter activity was observed in Mytilus galloprovincialis (Torres-
Duarte et al., 2019). The additive rather than synergistic effect of fluazinam when applied with
CuO-NPs or Cu(OH)2 observed in the present study could be due to the significantly decreased
effectiveness of the two compounds compared to Cu-NPs.

The mechanisms underlying the anti-microbial action of metal NPs are being
scrutinized by scientists and include cell walls/membrane disruption, production of reactive
oxygen species (ROS), interference with/or enzyme inactivation, DNA damage and disruption
of electron transport during the respiration process (Rudramurthy et al., 2016; Ruddaraju et
al.,2020). Whether the exhibited antimicrobial action is due to metal ions released from
nanoparticle surfaces or other nanoparticle properties is under debate (Sun et al., 2018;
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Hoseinzadeh et al., 2017; Krol et al., 2017). In order to shed light about the mechanism of
fungitoxic action of Cu-NPs against M. fructicola, a strong chelating agent (EDTA) was mixed
with Cu-NPs and their synergistic effect was studied. The addition of EDTA resulted in an
almost complete inactivation of the Cu-NPs toxicity indicating a significant role of [Cu]*? in
the mechanism of fungitoxic action of the above NPs. Similar results were obtained when NaCl
was used instead of EDTA in combination with Cu-NPs resulting in the negation of the
fungitoxic effect of the NPs against B. cinerea (Malandrakis et al., 2020). Nevertheless, an
additional mechanism related with nanoparticle properties could be partly responsible for Cu-
NPs fungitoxic action since no significant correlation was found between M. fructicola
sensitivity to Cu-NPs and either Cu(OH)2 or CuSOa. The lack of correlation between NPs and
their respective bulk/ionic counterparts has also been reported in previous studies (Malandrakis
et al., 2019, 2020a, 2020b). Metal nanoparticles have been reported to interfere with/inhibit
ergosterol biosynthesis which leads to the disruption of the fungal membrane integrity and
function in a way resembling ergosterol biosynthesis inhibitor (EBI) fungicides (Prasher et al.,
2018). Marathe et al. (2020) reported a reduction of ergosterol biosynthesis in Fusarium
verticillioides following treatment with Ag-NPs, while Abed-Alwahed et al. (observed that
silver nanoparticles reduced the ergosterol biosynthesis gene (ergll) expression levels in C.
albicans. To investigate a possible involvement of Cu-NPs in ergosterol biosynthesis of M.
fructicola, the synergistic interaction of Cu-NPs with the EBI fungicide tebuconazole was
studied. The additive/synergistic effect observed could be an indication for such a possible role,
although further studies should be performed before any definite claim could be expressed.
Concluding, Cu-NPs were more effective against M. fructicola sensitive and
benzimidazole-resistant isolates compared to CuO-NPs and the reference fungicide containing
Cu(OH)2. An enhanced antifungal activity of Cu-NPs was observed when applied in mixtures
with fluazinam both in vitro and in plum fruit while in the case of TM, a strong synergy was
observed mostly against BEN-S isolates. A potential increase in TM bioavailability or NP-
mediated TM transformation to carbendazim could be responsible for the observed Cu-
NPs/TM synergy, while indications that ATP-dependent metabolism and copper ion release
are involved in the Cu-NPs fungitoxic mechanism were found. The demonstrated effectiveness
of Cu-NPs against sensitive and benzimidazole-resistant isolates both in vitro and in vivo and
synergistic profiles with fluazinam and TM render copper NPs promising candidates for use as
fungicide alternatives/partners, both for effective anti-resistance strategies and for reducing
fungicide doses/residues and thus, the environmental footprint of synthetic fungicides.
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6. Zinc nanoparticles: Mode of action and efficacy against
boscalid-resistant Alternaria alternata isolates

Abstract

The antifungal potential of ZnO-NPs against Alternaria alternata isolates with reduced
sensitivity to the succinate dehydrogenase inhibitor (SDHI) boscalid, resulting from target site
modifications, was evaluated in vitro and in vivo. ZnO-NPs could effectively inhibit mycelial growth
in a dose-dependent way in both boscalid (BOSC) sensitive (BOSC-S) and resistant (BOSC-R) isolates.
The fungitoxic effect of ZnO-NPs against the pathogen was significantly enhanced when combined
with boscalid compared to the individual treatments in all phenotype cases (BOSC-S/R) both in vitro
and in vivo. Fungitoxic effect of ZnO-NPs could be —at least partly— attributed to zinc ion release as
indicated by the positive correlation between sensitivities to the nanoparticles and their ionic
counterpart ZnSQO4and the alleviation of the ZnO-NPs fungitoxic action in the presence of the strong
chelating agent EDTA. The superior effectiveness of ZnO-NPs against A. alternata compared to ZnSO4
could be due to nanoparticle properties interfering with cellular ion homeostasis mechanisms. The
observed additive action of the oxidative phosphorylation-uncoupler fluazinam (FM) against all
phenotypes indicates a possible role of ATP-dependent ion efflux mechanism in the mode of action of
ZnO-NPs. A potential role of ROS production in the fungitoxic action of ZnO-NPs was evident by the
additive/synergistic action of Salicylhydroxamate (SHAM), which blocks the alternative oxidase
antioxidant action. Mixture of ZnO-NPs and boscalid resulting in a “capping” effect for the
nanoparticles significantly reducing their mean size probably accounted for the synergistic effect of the
mixture against both sensitive and resistant A. alternata isolates. Summarizing, results indicated that
ZnO-NPs can be effectively used against A. alternata while combination with boscalid optimizes their
performance and provides an effective tool for combating SDHI-resistance and reducing the
environmental fingerprint of synthetic fungicides by reducing recommended doses for the control of
the pathogen.

6.1 Introduction

All alternative measures to combat plant diseases considered, chemical control utilizing
protective or systemic synthetic fungicides still remains the most efficient and economically
feasible disease management strategy so far, ensuring food sustainability and safety (Pandey
et al., 2018; Malandrakis et al., 2018). Nevertheless, certain drawbacks of conventional
fungicides such as side effects to non-target organisms and environmental pollution —especially
aquifer contamination— have caused the withdrawal of a great number of fungicide active
ingredients enforced by implementation of strict EU regulations (Malandrakis et al., 2021).
This fact in combination with the compromise of fungicide efficacy due to the emergence of
fungicide-resistant pathogens underline the necessity of alternative disease control measures
capable of reducing disease incidence and, at the same time, mitigating environmental risks.
Nanofungicides, containing nanoparticles (NPs) as active ingredients, are promising
environmentally compatible fungicide alternatives due to their unique properties that include
high antifungal effectiveness, enhanced residual action and drug delivery and low resistance
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risk (Pandey et al., 2018; Kah et al., 2018; Sun et al., 2018). Zinc oxide NPs have a number of
advantages including low cost, increased stability in extreme conditions compared to their bulk
counterparts and substantial antimicrobial activity at low concentrations while being relatively
safe to humans (Krdl et al., 2017; Sardella et al., 2017; Malandrakis et al., 2019; Sun et al.,
2018). The fungitoxic potential of ZnO-NPs against fungal plant pathogens including Fusarium
sp., Sclerotinia homoeocarpa, Botrytis cinerea, Aspergillus niger, Penicillium expansum and
Rhizopus stolonifer has been evaluated in a number of studies (Li et al., 2017; Krol et al., 2017,
Ashajyothi et al., 2016; Sardella et al., 2017). Several biochemical mechanisms responsible for
their mycotoxic mode of action have been proposed even though further studies are needed to
acquire conclusive evidence in order to elucidate/validate these potential mechanisms (Sardella
et al., 2017). DNA recombination, membrane/transmembrane transport, protein synthesis, ion
homeostasis, and ROS generation/induction of oxidative stress are some of the proposed
physiological processes that ZnO-NPs interfere with causing the toxic action against plant
pathogens (Marquez et al., 2018; Rai et al., 2017; Khan et al., 2016; Malandrakis et al., 2019).

Alternaria alternata is a cosmopolitan fungal pathogen with a wide range of hosts
causing economically significant yield losses in cucurbitaceae, brassicaceae and solanaceae
vegetables (Strandberg, 1992). Symptom severity depends on weather conditions, host and
cultivar susceptibility and pathogen pathotype and vary from preharvest leaf blight, brown leaf
spot, stem canker to postharvest fruit rot (Morris et al., 2000; Strandberg, 1992). On tomato
plants, the pathogen is mostly responsible for post-harvest damage of ripe tomato especially
affecting the tomato processing industry (Morris et al., 2000; Davis et al., 1997). On top of
that, food safety issues arise from the ability of A. alternata to produce a number of mycotoxins
(secondary metabolites that exert genotoxic, mutagenic or even acute toxic effects on humans)
including tenuazonic acid (TeA), alternariol (AOH) and alternariol monomethyl ether (AME),
highlighting the importance of effective control of the fungus (Logrieco et al., 2009).

Chemical control represents the main method for reducing incidence of A. alternata
utilizing both protective or systemic fungicides such as DeMethylation Inhibitors (DMIs),
Succinate DeHydrogenase Inhibitors (SDHIs) and Quinone outside Inhibitors (Qols) (Sierotzki
and Scalliet, 2013; Malandrakis et al., 2018). The SDHI, carboxamide boscalid is a very
effective fungicide used against a wide range of plant pathogens including A. alternata
(Malandrakis et al., 2018; Xiao and Boal, 2009; Avenot and Michailides, 2015). SDHIs target
complex 11 of the respiration pathway by specifically binding with the succinate dehydrogenase
enzyme blocking the electron transport chain and eventually resulting cell death due to ATP
starvation (Bartlett et al., 2002; Sierotzki and Scalliet, 2013). Unfortunately, due to the intensity
of usage and their site-specific mode of action, efficacy of these fungicides has been
compromised due to the emergence of SDHI-resistant strains (Avenot et al., 2008; Veloukas et
al., 2013; Avenot and Michailides, 2015; Fan et al., 2015; Malandrakis et al., 2017). Isolates
of A. alternata resistant to SDHIs bearing mutations in 3 out of 4 SDH subunits were reported
shortly after their introduction (Ma et al., 2003; Avenot and Michailides, 2015; Fan et al.,
2015). Specifically, several substitutions in positions 277 of the sdhB subunit, 134 and 135 of
the sdhC, and 47, 123 or 133 of the sdhD subunits of the SDH enzyme were associated with
resistance to SDHIs in A. alternata (Sierotzki and Scalliet, 2013; Sang and Lee, 2020).
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A novel, recently proposed, environmentally compatible countermeasure against
drug/fungicide resistance concerns the use of metal nanoparticles alone or in combination with
conventional drugs (Malandrakis et al., 2019; 2020a, b; 2021b). Ag-NPs, ZnO-NP and Fe-NPs
have been reported to be effective (alone or in combination with antibiotics) against drug-
resistant pathogenic bacteria including Proteus mirabilis, Klebsiella pneumonia, Pseudomonas
aeruginosa, Eschericia coli, Enterococcus faecalis, and Staphylococcus aureus (Punjabi et al.,
2018; Gabrielyan et al., 2019; Nejabatdoust et al., 2019; Paralikar et al., 2019). Furthermore,
Ag-NPs, Cu-NPs and ZnO-NPs used individually or in combination with conventional
fungicides, have also been reported to be effective against fungicide resistant fungal pathogens
in a limited number of cases (Malandrakis et al., 2020; 2021a, b; Huang et al., 2018; Jamdagni
et al., 2018; Xue et al., 2014).

Under this light, this study aimed to: (a) evaluate the effectiveness of ZnO-NPs against
sensitive and boscalid resistant A. altarnata isolates, (b) investigate the potential of ZnO-NPs
used in combinations with fungicides against sensitive/resistant A. alternata phenotypes both
in vitro and on fruit, and (c) elucidate mechanisms underlying the mode of fungitoxic action of
ZnO-NPs, and the synergy observed between ZnO-NPs and boscalid.

6.2. Materials and Methods

6.2.1 Nanoparticles, fungicides and reagents

Zinc oxide nanoparticles [ZnO-NPs] (<100nm particle size), zinc sulphate [ZnSO4],
Ethylenediaminetetraacetic acid (EDTA) and Salicylhydroxamate [SHAM], were purchased
from Sigma Aldrich, MO, USA. Commercial fungicides containing active ingredients boscalid
(Cantus 50 WG), fluazinam (Azzuro 50 SC), mancozeb (Trimanoc 75 WG) and Cu(OH)2
(Copperblau-N 50 WP), were purchased from their respective manufacturers. Analytical grade
active ingredients of remaining fungicides: tebuconazole and fenhexamid were supplied by
Bayer CropScience AG (Leverkusen, Germany), pyraclostrobin and boscalid by BASF AG
(Limburgerhof, Germany) and fludioxonil by Syngenta Crop Protection AG (Basle,
Switzerland). All analytical grade stock solutions contained ethanol as a solvent in except for
boscalid, and pyraclostrobin which were dispersed in methanol. In in vitro bioassays, active
ingredients were added aseptically to sterilized growth medium prior to inoculation. Antifungal
agent concentrations were prepared by adding appropriate quantities of the active ingredients
making sure that the solvent never exceeded 1 % (v:v) of the total volume. An appropriate
volume of solvent was also added in the control treatments. Stock solutions of nanoparticles
and commercial fungicides were prepared in distilled-sterilized water. In order to deter particle
aggregation, nanoparticle suspensions were sonicated for 30 min using a Transonic 420 (Elma,
Germany) sonicator prior to their incorporation in growth media. Zeta potential and
hydrodynamic diameter measurements for the ZnO-NPs were measured in triplicate with a
Zetasizer (Nano ZS90, Malvern Instruments, Southborough, MA).
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6.2.2 Fungal isolates and culture conditions

Alternaria alternata isolates originated from infected tomato fruits collected from
greenhouses located in Crete (southern Greece) during a survey conducted in 2020. Most
greenhouses of collection had a prior history of frequent spaying with SDHIs (boscalid and
fluopyram) and Qols (pyraclostrobin, famoxadone) for at least 2 years. Conidia from infected
fruit were scrapped using a sterilized needle under aseptic conditions, transferred in glass tubes
containing sterilized water and plated on acidified PDA medium (containing 1mL/L of lactic
acid) in order to acquire single spore isolates and avoid bacterial infections. Single spore
isolates were identified to be A. alternata by morphological examination under a microscope,
a fact subsequently validated by sequencing of the sdh gene subunits evaluated in this study.
Ten isolates were selected for further assessment. Isolates used in fungitoxicity assays were
kept on Potato Dextrose Agar (PDA) medium in growth chambers at 25 °C with 14h day™ light
and 70% RH. Once every two months, isolates were transferred in PDA-containing glass tubes
and stored at 4 °C in the dark for long-term storage.

6.2.3 In vitro bioassays

6.2.3.1 Sensitivity of A. alternata to ZnO-NPs and selected fungicides

The potential of zinc oxide NPs to control sensitive and fungicide-resistant A. alternata
isolates, was evaluated by fungitoxicity tests in vitro utilizing the poison agar assay.
Fungitoxicity was expressed as percent relative inhibition of isolates grown on PDA (except in
the cases of treatments containing fluopyram and boscalid where water agar was used)
amended with appropriate concentrations of the antifungal active ingredients. In order to assess
the sensitivity of A. alternata isolates to fungicides, discriminatory concentrations equal to
mean ECso values (effective concentration causing 50% inhibition of mycelial growth) reported
previously were used in the in vitro bioassays. Specifically, concentrations used were:
500ug/mL for Cu(OH)2, 0.05 ug/mL for fluazinam, 0.2 pug/mL for fludioxonil, 2 ug/mL for
tebuconazole and 2.5 ug/mL for boscalid (Avenot and Michailides, 2015; Kalamarakis et al.,
2000; Malandrakis et al., 2019; Markoglou et al., 2006). Sensitivity of A. alternata to ZnO-
NPs was evaluated by applying concentrations of 10, 25, 50, 100, 250, 500 and 1000 pg/mL
ZnO-NPs in order to obtain fungitoxicity-curves and calculate a mean ECso value. ECsg values
and respective resistance factors (Rf: ECso of the resistant isolate over mean ECso of sensitive
isolates) of isolates with reduced sensitivity to boscalid were calculated by subjecting them to
additional fungicide doses. Specifically, concentrations of 0, 0.1, 1, 2.5, 5, 10, 50, 100 and 150
ug/mL boscalid and 0, 0.01, 0.05, 1, 2.5, 5, 10 ug/mL fluopyram were used to obtain
fungitoxicity-curves for A. alternata SDHI-resistant isolates. All fungicide concentrations were
applied in triplicate. Growth media treated with antifungal agents or not (control) were
inoculated with a 5-mm mycelial plug cut from the edge of a 4-day old colony of each isolate
placed the center of each plate. Cultures were then incubated in a growth chamber at 25 °C
with 70% RH in the dark for 4 days. The following formula: 100-(mean diameter of the colony
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on the fungicide-treated plates divided by the mean diameter of the untreated control) X100
was used to calculate percent inhibition rates. Tests were repeated twice for each isolate and
antifungal agent concentration.

6.2.3.2 Synergy between ZnO-NPs and antifungal agents

Potential synergy activity of ZnO-NPs or their bulk/ionic counterpart ZnSO4 when
applied in mixtures with fungicides or other reagents was assessed in vitro by poison agar
assays. Appropriate volumes from stock solutions were added to PDA medium (or WA in the
case of treatments containing boscalid or fluopyram) in order to obtain concentrations of 10
ug/mL boscalid, 2 pg/mL fluopyram and tebuconazole, 0.05 pug/mL fluazinam and 0.2 ug/mL
fludioxonil individually or in combination with 300 ug/mL ZnO-NPs or 500 pg/mL ZnSOa,
The effect of EDTA (100ug/mL) and SHAM (100ug/mL) on the sensitivity of isolates to ZnO-
NPs or ZnSO4 was also evaluated. Plates inoculated with each A. alternata isolate were
incubated for 4 days at 25 °C in the dark. Subsequently, mycelial growth was measured in
terms of colony diameter and percent inhibition rates were calculated. Synergistic interaction
of ZnO-NPs/ZnSO4 with tested antifungal agents was evaluated according to the Abbortt
method (Gisi, 1996). Briefly, the expected combined percent inhibition (% Clexp) was
calculated as: % Clexp = Iatlz—(1axIs/100), where Ia and Ig are the percent inhibition of each
antifungal agent. Synergy factors (SFs) were determined according to the formula SF=1ags/(%
Clexp), Where 1ag stands for the observed combined percent inhibition of the antifungal agents.
SF values close to 1 were considered to indicate additive, greater than 1 synergistic, and less
than 0.75 antagonistic interactions.

6.2.4 Characterization of ZnO-NPs/boscalid mixtures

In an attempt to elucidate the possible mechanism underlying the synergy observed
between ZnO-NPs and boscalid against A. alternata isolates, suspensions containing 10 pg/mL
boscalid, 300 pg/mL ZnO-NPs and their mixture were prepared. All suspensions were
subjected to sonication for 30 mins to prevent nanoparticle aggregation. Subsequently, zeta
potential and hydrodynamic diameter measurements for the ZnO-NPs, boscalid and mixtures
were measured in triplicate with a zetasizer (Nano ZS90, Malvern Instruments, Southborough,
MA). pH values were also measured for all suspensions using a WTW pH-meter (inoLab® pH
7110).

6.2.5 Fungitoxicity tests in vivo

The effectiveness of ZnO-NPs alone or in combination with boscalid to control
sensitive and fungicide-resistant A. alternata isolates in vivo was tested using wound-free
tomato fruit (Lycopersicon esculentum cv mojito) with uniform maturity, shape and size. Four
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tomato fruits per isolate were treated with ZnO-NPs, boscalid and their combinations and then
inoculated with two sensitive (AA236, AA239), one medium (AA203) and one highly
(AA171) boscalid-resistant isolates. Control treatment consisted of four tomato fruits spayed
with distilled water. Fruits were immersed in a 1% sodium hypochlorite water solution for 10
min in order to be surface-disinfected. Following disinfection, the fruit were rinsed three times
with distilled-sterilized water and left to dry before treatment with boscalid or ZnO-NPs. Dry
fruits were then sprayed with solutions of 1000 pg/mL ZnO-NPs, 500 and 1000 pg/mL boscalid
(1/2, 1x of the maximum recommended dose) and their combinations. Fruits were left to air-
dry for an additional a period of 2 hr and then wounded with a lancet creating a 2x2 mm
[lengthxwidth] cross-shaped scar. A 5-mm mycelial plug from the edge of a 4-day old colony
from each A. alternata isolate was placed on top of each wound. Inoculated fruits were placed
inside plastic boxes 24x34x10 cm [lengthxwidthxheight] on top of a wet sterilized paper and
covered by a lid to ensure moist conditions before incubation at 25 °C in the dark for 4 days.
Percent symptom severity was calculated by dividing mean lesion diameter around each wound
of treated fruit by the respective lesion diameter of the water-treated control. All experiments
were conducted in triplicate.

6.2.6 DNA extraction and sequence analysis of SDH gene subunits from A. alternata
isolates

In an attempt to investigate the resistance mechanism of boscalid-resistant A. altarnata
isolates, 3 subunits (sdhB, sdhC, sdhD) of the gene encoding the succinate dehydrogenase
(SDH), target of the SDH-inhibitor fungicides, were amplified and sequenced. Specifically,
fungal cultures were grown on fungicide-free PDA at 25 °C for ten days. Subsequently, mycelia
were collected by scraping and ground using a mortar and pestle in the presence of liquid
nitrogen. Total DNA was isolated using TRI reagent (Sigma) following the manufacturer’s
instructions. Primer pairs AaSDHB-F (5 ATACGCGCTTTCACTCGTCT 3’) and AaSDHB-
R (5 GCATGTCCTTGAGCAGTTGA 3%), AaSDHC-F (5
ATGGCTTCTCAGCGGGTATTTC 3%) and AaSDHC-R (5
CATCCGAGGAAGGTGTAGTA 3’), AaSDHD-F (5> GCCTCCGTCATGCGTCCCGG 3°)
and AaSDHD-R (5 CTATGCGTGCCACAACCTC 3’) were used for the amplification of the
respective sdhB, sdhC and sdhD gene fragments from each A. alternata isolate using gDNA as
template. PCR reactions comprised of 0.2 mM from each of the primers, 1.5 mM MqgCly,
0.5mM dNTPs, and 1.25 units of HotStar Taqg DNA polymerase (Qiagen) in 20 mM TrisHCI
and 50 mM KCI. The PCR conditions were: 95 °C for 15 min followed by 40 cycles of 94 °C
for 30 s, 58 °C for 30 s, and 72 °C for 1 min with a final 10 min extension at 72 °C. QIAquick
gel extraction kit (Qiagen)was used to purify PCR products which were subsequently ligated
to pGEM-Teasy (Promega) vectors and transformed into E. coli competent cells (DH5a Library
Efficiency® Competent Cells, Invitrogen). Plasmids containing the sdhB, sdhC sdhD respective
gene fragments were purified using QlAprep spin miniprep kit plasmid (Qiagen) and then
sequenced in both directions. Ten independent clones from each A. alternata tested isolate were
analyzed. Sequence data analysis was performed using the Lasergene (DNAstar, Madison,
USA) software.
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6.3. Statistical analysis

The ECso values for each isolate and fungicide were estimated by regression of the
relative inhibition of mycelial growth against the Logio of the compound concentrations.
Pearson correlation coefficients were used to evaluate correlation between isolate sensitivities
to tested NPs/fungicides. Inhibition rates caused by ZnO-NPs and fungicides were subjected to
analysis of variance (ANOVA) while means were separated according to Tukey’s HSD test (o
= 0.05). All statistical analyses were conducted using the SPSS v20 software (SPSS Inc.,
Chicago, IL, USA).
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6.4. Results

6.4.1 Sensitivity screening of A. alternata isolates in vitro

Sensitivity of A. alternata to ZnO-NPs in terms of ECsg values ranged between 250 and
388 pug mL™! with a median value of 303 g mL™. Fungitoxicity tests showed that ZnO-NPs
were significantly (P<0.01) more effective against A. alternata than its ionic counterpart ZnSO4
or the reference protective fungicide containing Cu(OH)2 in vitro (see Table 6.1). Screening
fungicide resistant isolates using discriminatory doses revealed that A. alternata isolates
exhibited baseline sensitivity to most fungicides tested (see Table 6.1). This was not the case
for boscalid, where all but 2 isolates tested exhibited reduced sensitivity to the SDHI boscalid
(see table 6.1,6.2), probably due to the extensive use of this class of fungicides against the
pathogen during the last years. Resistance factors (Rfs) for boscalid and fluopyram, of SHHI-
resistant isolates were calculated based on ECsg values determined by additional fungitoxicity
tests (see Table 6.2). Analysis revealed one A. alternata isolate (AA171) highly resistant
(BOSC-HR) to SDHIs boscalid and fluopyram (Rf: >96 and 145 respectively), seven isolates
with medium resistance (BOSC-MR) to boscalid but not to fluopyram (Rf: 28.44-36.76) and
two isolates (AA236, AA239) sensitive to both boscalid (BOSC-S) and fluopyram (see Table
6.2).

Table 6.1 Sensitivity of Monilia fructicola isolates to Ag-NPs and selected fungicides.

Percent Inhibition ?
(mean+SDP")

ZnO-NPs ZnSO4 Cu(OH), mancozeb boscalid Fluopyram Tebucona-  fluazinam FIUdi.OX
Isolate (500)¢ (500) (500) (100) (10) (2) zole (2) (0.05) (8”2';
T P
aasa TS OEL L mme mme g %R 9T
aaion HPE KT mEE o mme wa o omaen BNT RS
aaos S R mme mee 60 o sosee 29T U
aave T RBE M me S w mpew Y5 U
T L S S R S T o S
aaso I Rl mme o Ame 90 g BR0 TN

@ Calculated as percent inhibition of mycelial growth compared to the untreated control after a 4-day
incubation period at 25 °C (n = 3).

b Standard deviation of the means (n = 3).

¢ Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient.
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Table 6.2 Sensitivity profiles of representative A. alternata isolates to SDHI fungicides boscalid and
fluopyram and respective resistance mutations in the target site gene subunits (sdhB, sdhC, sdhD).

Succinate Dehydrogenase gene

Fungicides subunits
Boscalid fluopyram amino acid substitutions

EC-’f X Rf¢ EC-‘f Rf sdhB  sdhC  sdhD
Isolate (mean % SD®) (mean % SD)
AA236 1.55+0.25 1.00 0.04 £0.01 1.33 - - -
AA239 1.65%+0.30 1.06 0.03+0.00 1.00 - - -
AA201 56.37 £3.36 36.37 0.05+0.02 2.50 - - A47T
AA234 44.09 +2.51 28.44 0.10+£0.05 3.33 - - A47T
AA191 45.62 +3.70 29.32 0.15+0.10 5.00 - - A47T
AA203 52.60+5.18 33.93 0.08 £0.02 2.66 - - A47T
AA202 48.29 £ 4.07 31.15 0.11+£0.04 3.67 - - A47T
AA204 54.22 + 4.05 34,98 0.09 £0.02 3.00 - - A47T
AA235 56.98 + 1.88 36.76 0.12+£0.04 4.00 - - A47T
AA171 >150 >96.77 4.35+0.05 145.0 - H134R A47T

2 Effective concentration causing 50% reduction in mycelial growth rate after a 4-day incubation
period at 25 °C (n = 3).

® Standard deviation of the means (n = 3).

¢ Resistance factor (ECso of each isolate/ mean ECso of the most sensitive isolate).

6.4.2 Identification of target-site resistance mutations

The existence of resistance mutations in the gene encoding the target site of SDHI
fungicides in the BOSC-MR/HR isolates was validated by sequencing sdhB, sdhC and sdhD
gene fragments isolated from sensitive and resistant isolates.

Sequencing analysis and comparison of the deduced amino-acid sequence between BOSC-
M/HR and BOSC-S isolates revealed an alanine (A: GCC) substitution by threonine (T: ACC)
at position 47 of the sdhD protein leading to the A47T resistance mutation in all boscalid
resistant isolates. An additional resistance mutation was found in the highly boscalid and
fluopyram resistant AA171 isolate resulting from the replacement of histidine (H: CAC) with
arginine (CGC) at position 134 (H134R) of the sdhC protein (see Table 6.2). The H134R amino
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acid substitution is a well-documented SDHI resistance mutation, known to confer high
resistance levels in A. alternata and A. solani (Sang and Lee, 2020). These results indicated
that target-site modification reducing the affinity between boscalid and their succinate
dehydrogenase (SDH) target was the mechanism responsible for the observed BOSC-MR and
BOSC-HR resistant phenotypes.

6.4.3 Synergy between ZnO-NPs and fungicides
6.4.3.1 In vitro bioassays

ZnO-NPs were tested in vitro against sensitive and boscalid-resistant A. alternata
isolates in combination with boscalid, fluopyram, fludioxonil, tebuconazole, SHAM, EDTA
and fluazinam. Similar tests were carried out to evaluate potential synergism between ZnSQO4
and boscalid, fluopyram, EDTA and SHAM. Synergy factors (SF) were calculated for ZnO-
NPs/ZnSO4 and combinations and the respective values are shown in Table 6.4. ZnO-NPs
significantly enhanced the fungitoxic effect of boscalid against both BOSC-S and BOSC-
M/HR A. alternata isolates, resulting in almost complete inhibition of mycelial growth in most
cases (see Fig. 6.1a, 6.2). SF values between ZnO-NPs and boscalid ranged between 1.08 to
2.57 (see Table 6.3). Contrary to the profound synergistic profile exhibited by ZnO-NPs, the
combined use of its ionic counterpart ZnSO4 with boscalid resulted in a mostly additive effect
with SF values ranging between 0.85 and 1.06 (see Table 6.3, Fig. 6.1b), probably indicating
an additional role of nanoparticle properties to the observed synergism between ZnO-NPs and
boscalid other than zinc ion release. An additive or synergistic effect (SF: 0.91 - 1.34) was
observed between ZnO-NPs and fluazinam (see Table 3). In most cases, the addition of
fluazinam enhanced toxicity of ZnO-NPs while, in some BOSC-MR cases, it led to complete
inhibition of mycelial growth (Fig. 6.1c). A slight additive effect was observed in the cases of
ZnO-NPs/fludioxonil (SF: 0.80 - 1.17) and ZnO-NPs/tebuconazole (SF: 0.80 - 0.89)
combinations (see Table 6.3).

The possible role of zinc ions release on the fungitoxic mode of action of ZnO-NPs was
investigated by combining them with the strong chelating agent EDTA in a synergism bioassay
in vitro. Addition of 100 pg/mL EDTA in growth medium containing 300 pg/mL ZnO-NPs
resulted in the alleviation of the fungitoxic effects of the zinc oxide nanoparticles against A.
alternata indicating that zinc ion release contributes -at least partly- on the nanoparticle
inhibitory action. This was evident on the synergy factor values between ZnO-NPs and EDTA
that ranged between 0.16 and 0.60 suggesting a strong antagonistic effect (see Table 6.3). A
similar antagonistic effect was observed between ZnSO4 and EDTA in most isolate cases.

In a similar context, aiming to investigate the involvement of the ROS generation on
the fungitoxic mode of action of ZnO-NPs, the alternative oxidase (AOX) specific inhibitor
SHAM was employed. Inhibiting the AOX pathway with SHAM resulted in an enhanced
fungitoxic effect of both ZnO-NPs and its ionic counterpart ZnSQO4. Synergy factor values
recorded were close to 1 in both cases indicating an additive effect (see Table 6.3).
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Figure 6.1. Sensitivity of fungicide-sensitive/resistant A. alternata isolates to boscalid (10 pug/mL) in
comparison with: (a) ZnO-NPs (300 pg/mL), (b) ZnSO4 (500 pg/mL), and fluazinam (0.2 pg/mL) with (c)
ZnO-NPs (300 pg/mL) and their combinations. BOSC-S/MR/HR: boscalid-Sensitive/Moderately or
Highly Resistant isolates (BOSC: boscalid, FM: fluazinam). Error bars represent the standard deviation
of means. Between treatments, bars marked by the same letter do not differ significantly according
to Tukey's HSD test (a = 0.05).
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Table 6.3. In vitro synergistic activity of ZnO-NPs or ZnSO, with selected fungicides against boscalid
sensitive and resistant Alternaria alternata isolates (Bosc: boscalid, Fluo: fluopyram, FM: fluazinam,
TEB: tebuconazole, FLUD: fludioxonil).

SF
ZnO-NPs ZnS04
Isolate (300) (500)
Resistance BOSC FLUO FM EDTA SHAM TEB FLUD BOSC FLUO EDTA SHAM
Phenotype (75)¢  (2) (0.05) (100) (100) (2) (0.2) (75) (2) (100) (100)
AA236  BOSCS 145 104 091 038 135 0.86 0.87 103 091 052 093
AA239 BOSC-S 1.89 091 098 044 0.98 0.80 0.80 0.85 0.81 1.80 1.05
AA201 BOSC-MR 1.08 0.76 1.26 0.51 0.99 0.88 0.98 1.04 1.01 0.42 1.09
AA234 BOSC-MR 2.24 0.69 0.95 0.52 0.84 0.89 0.81 0.94 0.96 2.25 0.84
AA191 BOSC-MR 1.60 160 1.34 0.16 0.94 0.80 0.98 0.86 0.91 1.02 0.82
AA203 BOSC-MR 135 211 091 0.52 0.96 0.88 0.90 0.87 1.05 0.20 1.09
AA202 BOSC-MR 1.15 121 1.08 0.35 1.75 0.89 1.17 1.06 0.97 0.49 1.02
AA204 BOSC-MR 1.28 0.99 0.95 0.60 1.17 0.81 0.90 1.00 0.89 0.38 1.28
AA235 BOSC-MR 2.57 0.97 0.98 0.51 0.86 0.88 1.02 1.03 0.86 0.55 0.89
AA171 BOSC-HR 1.89 146 093 o061 0.99 0.83 1.02 0.92 2.23 0.54 1.01

a Calculated as percent inhibition of mycelial growth compared to the untreated control after a 4-day incubation period at
25°C (n=3).

b Standard deviation of the means (n = 3).

¢ Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient

300 ZnO-NPs 10 BOSC ZnO-NPs + BOSC

Figure 6.2. Fungitoxic activity of ZnO-NPs, boscalid (BOSC) and their combination in sensitive (AA236,
AA239, moderately (AA203) and highly (AA171) boscalid-resistant Alternaria alternata isolates. Green
dashed circles indicate colony margins.
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6.4.3.2 In vivo bioassays

The synergistic activity between ZnO-NPs and boscalid against both sensitive and
boscalid-resistant A. alternata isolates observed in vitro, was tested on tomato fruit inoculated
with representative isolates from each phenotypic category. The addition of boscalid
significantly enhanced percent disease suppression caused by ZnO-NPs (see Fig. 6.3).
Specifically, percent inhibition of lesion development in ZnO-NPs/boscalid combinations
ranged between 34.21 and 82.32% while the respective values for ZnO-NPs alone ranged
between 0 and 32.25% (see Table 6.4). Synergy factors (SF:1.18 to 1.57) between ZnO-NPs
and boscalid clearly indicated a strong synergistic effect between the two antifungals
confirming the findings of the in vitro experiments.

' "

(a) Control 1000 ZnO-NPs 200 BOSC ZnO-NPs+BOSC

= X

(5) | R
AA239

(5) ,

(b)  Control 1000 ZnO-NPs 1000 BOSC ZnO-NPs+BOSC

AA201 |

(MR) % |
AAl171

(HR) | |

Figure 6.3 Synergistic activity of ZnO-NPs (1000 pg/mL) in combination with boscalid (200/1000
pug/mL) against representative (a) sensitive and (b) medium (AA201) or highly (AA171) boscalid-
resistant Alternaria alternata isolates (BOSC: boscalid).
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Table 6.4 Synergistic activity of ZnO-NPs co-applied with boscalid on tomato fruit against Alternaria

alternata isolates sensitive and resistant to boscalid (BOSC) fungicide.

Isolate Percent inhibition?
(mean+SD®)
Phenotype ZnO-NPs BOSC ZnO-NPs + Expected -
(1000) ¢ (500/1000°) BOSC Inhibition (%)

AA236 BOSC-S 1424 +3.19 44.42+235 82.32+0.12 52.33 1.57
AA239 BOSC-S 205+1.52 50.35+3.08 74.56%1.05 51.37 1.45
AA191  BOSC-MR  3350+0.13 30.25+0.75 80.34 +3.42 52.92 1.52
AA201  BOSC-MR  1698+245 19.06+1.17 43.40+0.88 32.80 1.32
AA203  BOSC-MR 0.00 28.95+2.90 34.21+1.45 28.95 1.18
AA171  BOSC-HR  7781+206 10.05+0.05 52.63+3.19 30.57 1.72

a Calculated as percent inhibition of lesion development on apple fruit sprayed with ZnO-NPs/fungicides and their
combinations compared to the untreated control after 4-day incubation period at 25 °C (n = 3).

b Standard deviation of the means (n = 3).

¢ BOSC-S: Boscalid Sensitive, BOSC-MR/HR: boscalid Medium/Highly Resistant isolate.

4 Numbers in parenthesis indicate fungicide concentrations in ug/mL of active ingredient.

e Boscalid concentrations applied on tomato fruit were 500 pg/mL for the BOSC-S and 1000 pg/mL for the BOSC-MR/HR
isolates.

fSynergy Factor calculated as observed inhibition caused by the ZnO-NPs+BOSC mixture over the expected inhibition by the
individual treatments.

6.4.3.3 Characterization of ZnO-NPs, boscalid and mixture

Size, charge and pH values of 10 pg/mL boscalid, 300 pg/mL ZnO-NPs and their
mixture are shown in Table 6.5. Mean hydrodynamic diameter of ZnO-NPs were measured to
be 237.3 nm while boscalid had a respective value of 360.2 nm. Interestingly, their mixture
resulted in a homogenous suspension of particles with a mean size of 169.6 nm and a similar
to boscalid distribution (see Table 6.5, Fig. 6.4). Furthermore, the addition of the negatively
charged boscalid (-42.4 mV) to positively charged ZnO-NPs (25.9 mV) resulted in an also
negatively charged (-35.6 mV) suspension of ZnO-NPs-boscalid conjugates. This negative
charge probably acted as a dispersive factor resulting to a homogenous suspension with lower
hydrodynamic particle sizes. This reduction in nanoparticle size could be a reason for the
enhanced fungitoxic effect of the ZnO-NPs+boscalid mixture compared to ZnO-NPs alone.
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Figure 6.4 Mean size distribution of boscalid (10 pg/mL), ZnO-NPs (300 pg/mL) particles and their

mixture measured by Dynamic Light Scattering.

Table 6.5 Zeta potential, diameter size and pH values of ZnO-NPs (300 mg/mL), boscalid (10 mg/mL)

and mixture.

Zeta potential (mV) Size (d.nm)

pH (mean % SD?) (mean £ SD)
ZnO-NPs 7.0 25.9+0.2 2373+2.7
boscalid 5.7 -42.4+5.5 360.2+4.1
ZnO-NPs + boscalid 6.7 -35.6+1.5 169.6+1.0

2 Standard deviation of the means (n = 3).
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6.4.4 Sensitivity correlations between ZnO-NPs, ZnSOs antifungal agents and
combinations

In order to investigate the possible mode of action of ZnO-NPs or its contribution in
the observed synergistic relationship with fungicides or reagents tested, correlations were
calculated using Pearson correlation coefficients (see Table 6.6, Fig. 6.5). The significant
correlation (r =0.73, P=0.05) found between ZnO-NP and ZnSOs indicated a similar mode of
action between the counterparts suggesting that zinc ion release plays an important role in the
observed antifungal action of ZnO-NPs (See Fig 5a). Both ZnO-NPs and fluazinam seem to
contribute on the observed additive fungitoxic effect of their combination as indicated by the
positive correlation of each of both antifungals with ZnO-NPs+fluazinam in terms of sensitivity
(see Fig. 6.5d). On the contrary, no statistically significant correlation was observed between
ZnO-NPs, boscalid and their combination (see Table 6.6). A positive correlation (r = 0.67,
P=0.05) was found between boscalid and fluazinam while a negative one between boscalid and
SHAM (see Table 6.6, Fig. 6.5c). Sensitivity of A. alternata to ZnO-NPs was positively
correlated with their respective sensitivity to EDTA as shown in Fig. 5b.

Table 6.6 Correlation between sensitivity of A. alternata isolates to ZnO-NPs, ZnSO4, boscalid (BOSC),
fluazinam (FM) and their combinations.

ZnO-NPs + ZnO-NPs +

ZnO-NPs ZnS0, BOSC FM
BOSC FM
ZnO-NPs 1.0° 0.73* 0.23  0.88** 0.32 0.92%*
ZnSO, - 1.0 -0.27 -0.46 -0.04 -0.20
BOSC - - 1.0 0.672* -0.10 0.43
EM - - - 1.0 -0.28 0.81**
ZnO-NPs + - 1.0
- - - -0.61
BOSC
ZnO-NPs + _
- - - - 1.0
FM

@ Pearson correlation coefficient values.
* Corresponds to a significance lever of P=0.05.
** Corresponds to a significance lever of P=0.01
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Figure 6.5 Correlation between sensitivities of A. alternata isolates to ZnO-NPs (300 pg/mL) and (a)
ZnS04 (500 pg/mL), (b) EDTA (100 pg/mL), (c) boscalid (10 pg/mL) and SHAM (100 pg/mL) or fluazinam
(0.05 pg/mL), and (d) fluazinam (0.05 pg/mL) and ZnO-NPs alone or in combination with fluazinam.
Here, r is the Pearson correlation coefficient, and P the significance level.

6.5. Discussion

The potential of ZnO-NPs to control sensitive and boscalid resistant A. alternata
isolates collected from Greek tomato-growing greenhouses was evaluated by bioassays
conducted both in vitro and in vivo. Sensitivity screening of A. alternata isolates revealed 3
boscalid-sensitivity phenotypes: sensitive (S), moderately (MR) and Highly (HR) boscalid
resistant. Sequencing analysis of the succinate dehydrogenase (SDH) gene, encoding the target
enzyme of the SHDI boscalid revealed one resistance mutation (A47T) in the sdhD subunit of
the gene, present in all resistant phenotypes. An additional mutation (H134R) in the sdhC
subunit was found in the case of the AA171 HR isolate. The H134R mutation has been
implicated with high-level SDHI-resistance in various plant pathogens while the A47T has
only been reported in A. alternata (Sang and Lee, 2020; Sierotzki and Scalliet, 2013;
Malandrakis et al., 2018). These results confirmed that target site modification was the main
resistance mechanism of MR and HR isolates. Subsequently, characterized sensitive and
boscalid resistant isolates were utilized to evaluate the effectiveness of ZnO-NPs as antifungal
agents and their potential as fungicide-partners in the combat against drug-resistance.

Research on metal nanoparticles used as antibiotic alternatives/partners is gaining
ground following their successful use against life-threatening clinical drug or multi drug-
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resistant (MDR) pathogens (Jampilek, 2016; Punjabi et al., 2018). The majority of these studies
are about bacterial infections due to their importance in human health while limited are the
reports available on the respectful interaction of metal nanoparticles with fungicides controlling
sensitive or, even less, with drug-resistant fungal strains (Malandrakis et al., 2021b).
Polyvinylpyrrolidone (PVP)-coated Ag-NPs were shown to be effective against the drug-
resistant strains of the human fungal pathogen Candida albicans alone or in combination with
sterol biosynthesis inhibiting fungicides (Sun et al., 2016). In the case of plant pathogenic
fungi, an enhanced toxicity of. Ag-NPs and ZnO-NPs combined with fungicides carbendazim,
mancozeb and thiram, was reported against B. cinerea, A. alternata, Fusarium oxysporum,
Aspergilus niger and, Penicillium expansum (Jamdagni et al., 2018). Synergy as well as photo-
degradation properties of ZnO-NPs when applied with the fungicide thiram was also reported
Phytophthora capsici (Xue et al., 2014). Recent studies have revealed successful antifungal
potential of silver and copper containing NPs against sensitive or benzimidazole-resistant
strains of B. cinerea and M. fructicola, which was enhanced when combined with fungicides
thiophanate methyl or fluazinam (Malandrakis et al. 2020a, b, 2021b).

ZnO nanoparticles tested in this study, were effective against both sensitive and
boscalid resistant A. alternata isolates and even more effective in comparison with their ionic
counterpart ZnSO4 or the reference protective fungicide containing Cu(OH)2. When used in
combination with boscalid, a profound enhancement of the fungitoxic effect of ZnO-NPs
against both sensitive and boscalid-resistant A. alternata isolates was observed in vitro. No
synergy was observed between boscalid and ZnSO4 indicating that nanoparticle properties
probably account for enhanced toxicity of boscalid+ZnO-NPs treatment. This synergistic effect
was also demonstrated in vivo, where the treatment of tomato fruits with the boscalid + ZnO-
NPs combination significantly increased the suppression of disease symptoms compared to the
individual treatments. The similar ZnO-NPs/boscalid synergy factor values between isolates
belonging to different boscalid sensitivity phenotypes suggest that the enhanced toxicity
observed could more likely be attributed to ZnO-NPs rather than boscalid. This is in agreement
with a previous study where synergy observed between Ag-NPs and thiophanate methyl (TM)
against M. fructicola was also attributed to an enhanced NP toxicity (Malandrakis et al.,
2020b). On the contrary, when Cu-NPs and TM mixtures were utilized against B. cinerea or
M. fructicola, synergy observed most likely resulted from a higher fungicide bioavailability
(Malandrakis et al., 2020a; 2021b). In the present study, mixture of ZnO-NPs with boscalid
resulted in a significantly reduced NP size as assessed by dynamic light scattering (DLS) using
a Zetasizer. This reduction in nanoparticle size could be responsible for the increased toxicity
exerted by the mixture compared with the ZnO-NPs alone. Several studies have indicated that
smaller size of NPs leads to a more favorable surface area-to-volume ratio that promotes their
antifungal activity although size is not the only major factor affecting NP toxicity (Kalia et al.,
2021; Cruz-Luna et al., 2021). Another plausible explanation for the enhanced ZnO-NPs
toxicity when combined with boscalid could involve a drug-facilitated mechanism that
modulate delivery of the NPs inside the fungal cell. A recent study by Kalampokis et al. (2018)
utilizing A. nidulans genetically inactivated mutants, has demonstrated that boscalid uptake is
mediated by several nucleobase membrane transporters. It is possible that boscalid particles
decorated with ZnO-NPs are “recognized” by those nucleobase transporters and are transferred
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inside the fungal cell where they can exert an additional toxic action by generating reactive
oxygen species (ROS) or interacting with proteins and enzymes crucial for fungal metabolism.
Typically, direct contact of the positive charged ZnO-NPs with the fungal membrane is
mediated by electrostatic attraction with the negative charged cell surface (Ruddaraju et al.,
2020). On the contrary, ZnO-NPs + boscalid conjugates were negatively charged and thus are
expected to be repelled by the also negatively charged fungal membrane. Internalization of the
NP-drug conjugate by the above-mentioned transporters could bypass this obstacle and allow
ZnO-NPs to exert their fungitoxic action internally and more effectively.

The fungitoxic action of metal NPs has been attributed to mechanisms that lead to
disruption of cell walls or membrane integrity, generation of ROS, protein inactivation,
disruption of the electron transport chain, damage to DNA and, eventually, cell death
(Rudramurthy et al., 2016; Ruddaraju et al., 2020; Nisar et al, 2019; Cruz-Luna et al., 2021,
Marquez et al., 2018). Metallic counterparts of NPs in their ionic form share the same or similar
mechanisms of toxic action against pathogens giving rise to the question whether toxicity is
caused by the metal ions escaping nanoparticle surfaces or by the unique NP properties (Sun
et al., 2018; Hoseinzadeh et al., 2017; Krél et al., 2017; Robinson et al., 2021; Slavin et al.,
2017). In an attempt to resolve this debate, several approaches have been utilized involving
biochemical, genomic, transcriptomic and metabolomic methods (Mérquez et al., 2018; Cruz-
Luna et al., 2021; Kumari et al., 2019; Sardella et al., 2017). Zinc ion accumulation facilitated
by zinc transporters was reported to be responsible for the fungitoxic action of ZnO-NPs in
Sclerotinia homeocarpa (Li et al., 2017). High throughput Gene Deletion Analysis (GDA) of
C. serevisiae mutants highly sensitive to ZnO-NPs revealed that transmembrane transport and
cellular ion homeostasis play a pivotal role in ZnO-NPs antifungal activity (Marquez et al.,
2018).

In the present study, a strong chelating agent (EDTA) was added in ZnO-NPs containing
treatments in order to arrest Zn*2 cations dissolving from NPs. This resulted in a significant
alleviation of the toxic effect of ZnO-NPs against A. alternata suggesting that ion release is
mainly responsible for the fungitoxic action of ZnO-NPs. This was also confirmed by the
positive correlation found between ZnSO4 and ZnO-NPs sensitivities in the respective A.
alternata fungitoxicity bioassays. This is in agreement with a previous study by Sardella et al.
(2017) where, EDTA caused inactivation of ZnO-NPs toxic activity against the postharvest
plant pathogen P. expansum. The same antagonistic effect between EDTA and Cu-NPs was
observed in the case of M. fructicola but not when Ag-NPs were used instead of copper NPs
indicating that ion release role in toxicity could vary between different metal NPs (Malandrakis
et al, 2020b; 2021b). Another possible mechanism of fungitoxic action of ZnO-NPs against A.
alternata involving ROS was evaluated using SHAM, a specific inhibitor which blocks the
alternative oxidase antioxidant action. When the ROS scavenging function by AOX was
inhibited with SHAM, the fungitoxic effect of ZnO-NPs was enhanced indicating that ROS
generation could contribute to augmenting the action of NPs. Some ROS such as H2O»,
produced by the interaction of NPs with the cell membrane proteins, can penetrate cell
membrane and cause damage to proteins, enzymes or DNA (Cruz-Luna et al., 2021; Slavin et
al., 2017; Arciniegas-Grijalba et al., 2019). NPs properties that affect their size and shape such
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as the presence of edges or defects could enhance their ability to generate ROS (Slavin et al.,
2017). Nevertheless, synergy factor values between SHAM and ZnO-NPs or its ionic
counterpart ZnSOg in A. alternata were similar indicating no quantitative differences between
Zn-ion and NPs mediated ROS generation mechanism. However, given that ZnO-NPs were
more toxic compared to their ionic counterpart, an additional potential mechanism must be
responsible for the observed fungitoxic action of the NPs to A. alternata.

Fungi utilize specific zinc transporters that are responsible for Zn*? ion influx, cytosol
and vacuole transport and ion efflux as a part of their cellular ion homeostasis mechanism (Li
et al., 2017; Robinson et al., 2021). Zinc toxicity results from the excessive number of ions
present outside or inside the fungal cell and the inability of the ion homeostatic mechanism to
cope with the accumulated ion load. Cellular defense mechanisms include extracellular
inhibition of ion uptake/internalization and intracellular compartmentalization, binding with
biomolecules or active efflux of metal ions (Priyadarshini et al., 2021). Differences in the level
of toxicity of NPs compared to their ionic counterparts could result from the way they are
distributed around the fungal cell. Metal ions are uniformly distributed around fungal cells
without specific localization in contrast with the larger NPs, which are unevenly distributed
around cells creating focal sources of continuously released ions. This large NP-generated ion
concentration induces ion penetration and impairs ion homeostatic mechanisms that cannot
cope with the ion release rates produced, thus causing a more profound toxic effect than
individual metal ions. This could explain the superior fungitoxic effect of ZnO-NPs against A.
alternata compared to ZnSOa. The synergistic/additive effect observed between fluazinam (an
ATP-synthetase inhibitor) and ZnO-NPs could also be an indication that an efflux mechanism
regulating zinc ion homeostasis is involved in the toxicity of ZnO-NPs (Kalamarakis et al.,
2000; Leroux and Walker, 2013).

Concluding, ZnO-NPs were effective against A. alternata sensitive and resistant to
boscalid phenotypes and exhibited an enhanced antifungal activity when applied in
combination with boscalid or fluazinam. Zinc ion release is probably the main mechanism of
ZnO-NPs mode of fungitoxic action, which is superior to its ionic counterpart ZnSO4 probably
due to NPs ROS production or the inability of the fungal ion homeostasis mechanism to cope
with the excessive ion dissolution rate of the NPs. Synergy between boscalid and ZnO-NPs
probably results from a potential capping effect that reduces ZnO nanoparticle size. These
results highlight the promising potential of ZnO-NPs to be used as antifungal agents for both
combating fungicide-resistance and reducing environmental impact of synthetic fungicides.
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7. Metal nanoparticles: Phytotoxicity on tomato and effect on
symbiosis with the Fusarium solani FsK strain

Abstract

The effect of copper (Cu-NPs, CuO-NPs), silver (Ag-NPs) and zinc oxide (ZnO-NPs) nanoparticles
(NPs) on plant growth, physiological properties of tomato plants and their symbiotic relationships with
the endophytic Fusarium solani FsK strain was investigated. Fungitoxicity tests revealed that the FsK
strain was significantly more sensitive to Cu-NPs and ZnO-NPs than CuO-NPs and Ag-NPs both in
terms of mycelial growth and spore germination. All NPs were more toxic to FsK compared to their
bulk counterparts except for AgNO3, which was 8 to 9-fold more toxic than AgNPs. Apart from AgNOs,
NPs and bulk counterparts did not affect the number of germinated tomato seeds even in higher
concentrations, while root length was significantly reduced in a dose dependent way in most cases. Dry
weight of tomato plants was also significantly reduced upon treatment with NPs and counterparts with
most pronounced effects in the cases of AgNQOs, Cu-NPs, ZnO-NPs, and ZnSO4. Root and shoot length
of grown tomato plants was also affected by treatments while differences between NPs and bulk
counterparts varied. A marked oxidative stress response was recorded in all cases of NPs/bulk
counterparts as indicated by increased MDA and H:O: levels of treated plants. Treated plants had
significantly reduced chlorophyl-a and carotenoid levels compared to the untreated control. NPs and
counterparts did not affect FsK colonization of roots indicating a possible shielding effect of tomato
plants once the endophyte was established inside the roots. Vice versa, a possible alleviation of CuO-
NPs, ZnO-NPs, and ZnSO, toxicity was observed in the presence of FsK inside tomato roots in terms
of plant dry weight. The results suggest that phytotoxicity of NPs in tomato treated plants should be
considered before application and while both FsK and tomato are sensitive to NPs, their reciprocal
benefits may extent to resistance towards these toxic agents.

7.1. Introduction

Heralded by Richard Feynman’s infamous “There’s plenty of room in the bottom”,
nanotechnology initiated a new era in science with numerous applications and virtually infinite
possibilities (Feynman 1960). Research focusing on nanotechnology applications in agriculture
is rapidly gaining ground primarily driven by the promising potential of nanoparticles (NPSs)
for optimized efficacy of inputs and reduction of pesticide/xenobiotic footprint in the
environment (Kah et al., 2018; Baker et al.,, 2017). Controlled release, enhanced
bioavailability, target-specific delivery and improved residual action are some of the
advantages of nanoparticles used as alternative pesticides or nutrient carriers (Kah et al, 2018;
Pandey et al., 2018). Furthermore, their combined use with synthetic pesticides has
demonstrated synergism in a number of cases achieving enhanced effectiveness against plant
pests with lower doses (Malandrakis et al., 2019; 2020a,b). Under this scope, NPs are proposed
as suitable candidates to be used as novel, environmentally compatible pesticide alternatives
(Baker et al., 2017; Pandey et al., 2018; Kah et al., 2018; Sun et al., 2018). However, certain
environmental concerns such as fate in ecosystems and effects on non-target organisms
including humans should be addressed before their wider commercial release (Noori et al.,
2020; Baker et al., 2017).
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Plants, being an essential part of all ecosystems, are expected to interact directly or
indirectly with nanoparticles, that could potentially inflict toxicity, accumulate via uptake or
disturb interactions of plants with beneficial/symbiotic organisms (Ma et al., 2010; Courtois et
al., 2019; Lewis et al., 2019). Phytotoxicity can result from physical or chemical interaction of
NPs with root or other plant tissues via a number of physiological and biochemical mechanisms
including membrane interactions, ion release, production of reactive oxygen species (ROS),
inactivation of enzymes or DNA disruption (Karami Mebhrian et al., 2016; Ma et al., 2010;
Noori et al., 2020). Standard indicators of phytotoxicity include seed germination, root
elongation, plant biomass, and chlorophyl content (Ma et al., 2010; Larue et al., 2014; Karami
Mehrian et al., 2016; Noori et al., 2020; Ristroph et al., 2017). A number of studies evaluating
phytotoxicity of metal NPs have been conducted reporting adverse effects on various aspects
of plant growth and physiology in numerous plant species (Li et al., 2015a; de la Rosa, 2021).
Reports are often conflicting although a consensus is obvious: toxicity threshold of NPs
towards plants is species dependent and each case should be evaluated separately.

Tomato is a vegetable crop with great popularity and economic importance worldwide
with significant nutritional value (Akanbi-Gada et al., 2019; Karami Mehrian et al., 2016).
Previous studies evaluating phytotoxicity of tomato caused by silver, zinc oxide, titanium
oxide, copper, and ferric NPs are available although the comparative toxicity with their bulk
counterparts is limited (Chen et al., 2020; Karami Mehrian et al., 2016; Akanbi-Gada et al.,
2019; Noori et al., 2020; Sun et al., 2020). Limited are also the studies about the indirect impact
of NPs on the plant performance via their interaction with the rhizospheric/endophytic soil
microorganisms. The importance of a potential disruption of plant-beneficial microbe
interactions by NPs is evident in cases of N2 fixing, phosphate solubilizing bacteria, arbuscular
mycorrhizae and plant growth promoting microorganisms (Wang et al., 2016). FsK is a
nonpathogenic Fusarium solani strain which colonizes roots and induces plant response
mechanisms against both pathogens and pests, mediated by the ethylene signaling pathway
(Kavroulakis et al., 2007; Garantonakis et al., 2018; Kavroulakis et al., 2018). The sensitivity
of FsK against a variety of fungicides, commonly used in agricultural practice was tested and
the compatibility of this strain in integrated disease management programs was proposed
(Malandrakis et al., 2018). A key question besides phytotoxicity risks posed by NPs, is whether
they can affect the survival and colonization of FsK and its symbiotic interactions with the
tomato plant.

Under this light, the scope of this study was to evaluate: (a) the effect of silver, copper,
copper oxide, and zinc oxide NPs and their bulk counterparts on growth (seed germination,
root elongation and dry weight) and physiology (oxidative stress and photosynthetic pigment
content) of tomato plants, (b) their fungitoxic activity against the tomato-endophyte FsK, and
(c) the possible impact of NPs/counterparts on root colonization and symbiotic interactions
between FsK and tomato plants.
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7.2. Materials and Methods

7.2.1 Nanoparticles, reagents and fungicides

Silver [Ag-NPs] (<100nm particle size), zinc oxide [ZnO-NPs] (particle size <50 nm),
copper [Cu-NPs] (particle size 25 nm), copper oxide [CuO-NPs] (particle size <50 nm)
nanoparticles (NPs) as well as zinc sulphate [ZnSO4] and silver nitrate [AgNOz] used in this
study were purchased from Sigma Aldrich, MO, USA. A copper hydroxide containing a
commercial fungicide (Copperblau-N 50 WP) used as a bulk counterpart of copper NPs was
purchased from NITROFARM (Greece). Stock solutions-suspensions of commercial
fungicide, reagents and nanoparticles used in fungitoxicity and phytotoxicity bioassays were
prepared using distilled-sterilized water. Appropriate quantities of stock solutions were added
aseptically to sterilized growth medium prior to inoculation or seed placement. To prevent their
aggregation, nanoparticle suspensions were subjected to sonication for 30 min with Transonic
420 (Elma, Germany) before use. Zeta potentials and hydrodynamic diameter measurements
for the nanoparticles (see table 7.S1) were measured with a zetasizer (Nano ZS90, Malvern
Instruments, Southborough, MA) in triplicate.

Table 7.51 Zeta potential and diameter size of nanoparticles (50 mg/mL) used in the study.

Zeta potential (mV) Size (d.nm)

(mean £ SD?) (mean £ SD)
Ag-NPs -29.6+0.5 82.8+12.6
Cu-NPs 29.6+0.2 45.2+25.9
CuO-NPs -9.4+0.3 78.7+5.3
ZnO-NPs 13.8+0.4 68.6 + 10.2

2 Standard deviation of the means (n=3).

7.2.2 Fungal isolate and culture conditions

The fungitoxic effect of silver, copper and zinc containing NPs and their bulk/ionic

counterparts against the biocontrol agent FsK, a previously characterized, non-pathogenic F.

solani tomato fungal endophyte, was evaluated (Kavroulakis et al., 2007). The fungal isolate
was grown on sterilized potato-dextrose-agar medium (PDA) and maintained in growth

chambers in the dark at 25°C or at 4 °C for long term storage.

159




Chapter 7: MNPs,Phytotoxicity on tomato and effect on symbiosis with the FsK strain

7.2.3 Fungitoxicity tests

7.2.3.1 Effect of NPs on FsK mycelial growth

The fungitoxic effect of NPs and their bulk/ionic counterparts on the fungal strain FsK was
assessed in vitro utilizing poison agar bioassays. The inhibitory effect of antifungal agents was
determined by measuring colony radial growth on PDA medium containing appropriate
concentrations of NPs or their counterparts. In order to obtain fungitoxicity-curves,
concentrations of 0, 5, 10, 50, 100, 250, 500 and 1000 pg mL-* Cu-NPs, CuO-NPs, Ag-NPs,
ZnO-NPs, Cu(OH)2, AgNOs, and ZnSO4 were added in sterilized PDA medium, which was
poured in Petri dishes and left to solidify. After the growth medium cooled, inoculum
consisting of a 5-mm mycelial plug cut from the edge of 5-day old FsK colonies grown on
PDA was placed in the center of the plate with the mycelium facing down in direct contact with
the medium. Plates were transferred for incubation in growth chambers at 25 °C in the dark for
7 days. Following inoculation and incubation procedures described above, mean colony
diameters were then measured and percent inhibition was calculated using the formula: %
inhibition = 100- (mean colony diameter of treated/mean colony diameter of untreated
control)x100. In order to compare sensitivities of FsK to metal NPs and bulk counterparts,
ECso values (effective concentration causing 50% inhibition of mycelial growth) were
calculated. Three replicate plates were used per concentration while all tests were repeated
twice.

1.3.5.1 Effect of NPs on FsK spore germination

The potential of NPs and their bulk counterparts to inhibit FSK spore germination was
assessed in vitro on PDA. Conidial suspensions of the fungal strain were obtained by
inoculating 250 mL glass flasks containing Potato Dextrose Broth (PDB) with four 5-mm
mycelial plugs, cut from the edge of rapidly growing colonies. Following incubation for 4 days
in the dark at 25 °C in growth chambers under continuous shaking at 200 rpm, conidia were
then harvested by filtration using a cheese cloth and the concentration of spores was determined
using a haemocytometer. The spore concentration was adjusted to 100 conidia/100 pL by serial
dilutions in sterilized-distilled water and 100 conidia were spread on the surface of petri dishes
containing PDA amended or not with the appropriate nanoparticle / counterpart
concentrations. Concentrations of 0, 1, 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL of each
metal NP or bulk counterpart were used to obtain fungitoxicity-curves. Three replicate dishes
of each compound concentration were incubated for 2 days in the dark at 25 °C. The number
of forming colonies was counted and the percent inhibition of colony formation was calculated
by the formula: % inhibition = 100-(mean number of colonies of treated/mean number of
colonies of untreated control)x100. ECso values based on relative percent inhibition were
calculated for each compound. The experiment was conducted twice.
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7.2.4. NPs phytotoxicity tests

7.2.4.1 Germination assays

Tomato seeds (Solanum lycopersicon, cv. ACE 55) used in germination assays were
surface disinfected in a 2.5% NaOCI water solution, rinsed trice with distilled, sterilized water
and then air dried. Germination was assessed in 15-mL Falcon centrifuge tubes filled with 10
mL water agar (WA) medium amended with concentrations of 0, 10, 100 and 1000 ug/mL of
copper, silver and zinc oxide NPs as well as their bulk/ionic counterparts Cu(OH)2, ZnSO4 and
AgNO3z under aseptic conditions. In each tube, one seed was placed on the surface of the treated
or untreated WA using a sterilized forceps and exercising sufficient pressure to ensure contact
with the medium. Tubes were covered with aluminum foil and incubated for 6 days in a growth
chamber at 25 °C with a 16h:8h day: night photoperiod. Twenty tubes per treatment were used
and the germination experiment was repeated twice. At the end of the experiment, the number
of germinated seeds and root length (length of the longest root) in each treatment was recorded
and germination percentage (GP%) was calculated according to the formula:

GP% = mean number of germinated seeds of treatment/mean number of germinated seeds
of the controlx100 (1)

7.2.4.2 Impact of NPs on plant growth

The impact of NPs and their bulk/ionic counterparts on tomato plant growth was evaluated in
terms of root and shoot length and dry weight of treated tomato seedlings grown on artificial
growth medium. Sterilized Hornum-Agar (HA) medium (40 g/L NHsNO3, 30 g/L KNO3z, 30
g/L MgS0.4.7H20, 10 g/L NaH2P04.H20, 2 g/L Fe-EDTA (9% Fe), 120 mg/L MnSO4.H20,
120 mg/L H3BOs3, 40 mg/L CuS0O4.5H,0, 40 mg/L ZnS0O4.7H20 and 8 mg/L Na2M004.2H.0
and 0.8% agar diluted 1:100 in tap water and pH adjusted to 6.8.) was selected to provide
essential nutrients for tomato plants and achieve a uniform distribution of NPs during the plants
growth. After autoclaving, 500 mL of HA medium amended with appropriate concentrations
of metal nanoparticles and reagents was poured in aluminum containers 20x15x10 cm [length
x width x height] and left to solidify. Concentrations of 5, 10, 50, 100, 500 and 1000 pg/mL
Cu-NPs, CuO-NPs, Ag-NPs, ZnO-NPs, Cu(OH)., AgNOs and ZnSO4 were used in the
bioassays. Control treatments consisted of unamended HA medium. In each container, ten 4-
day old pre-germinated tomato seeds were equally distributed on the surface of the solidified
medium. Containers were covered with transparent lids and incubated in a growth chamber at
25 °C with a 16h:8h day:night photoperiod and 70% RH for 2 weeks. Root and shoot length as
well as total dry weight were recorded after that period. Two containers per treatment were
used and the experiment was repeated twice.
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7.2.4.3 Physiological analysis
Physiological response of tomato seedlings grown on HA medium treated with selected

concentrations of each NP or bulk counterpart was analyzed. Tomato plants were grown as
described previously in aluminum containers containing HA medium amended with NPs and
reagents at concentrations determined by the growth inhibition experiments causing 50%
inhibition of growth in terms of dry weight. Specifically, concentrations of 300 pg/mL Cu-
NPs, 1000 pg/mL CuO-NPs, 800 pg/mL Cu(OH)2, 1000 pg/mL Ag-NPs, 200 pg/mL AgNOs3,
250 pg/mL ZnO-NPs and 300 pug/mL ZnSO4 were used. After 3 weeks incubation in a growth
chamber at 25 °C with a 16h:8h day:night photoperiod and 70% RH, plant tissues were
harvested and analyzed in physiological experiments. Two containers per treatment were used
and the experiment was repeated twice.

7.2.4.3.1 Extraction for lipid peroxidation and H20: assays

In order to evaluate the oxidative stress response of tomato plants caused by metal NPs
and their bulk counterparts, hydrogen peroxide (H202) levels were determined. Specifically,
150 mg of plant material (FW) was reduced in fine powder with liquid nitrogen and
homogenized in 4 ml 0.1% trichloroacetic acid (TCA) at 4°C by vigorous vortexing. After
centrifugation at 6,500 rpm for 15 min at 4°C, the supernatant was used for the determination
of both lipid peroxidation levels and H2O2 concentration (Sotiras et al., 2019).

7.2.4.3.2 Hydrogen peroxide assay

Hydrogen peroxide accumulation was measured spectrophotometrically as described
by Tsaniklidis et al. (2020) with some modifications. The reaction mixture consisted of 0.25
mL plant extracts, 0.25 mL of 0.1 M potassium-phosphate buffer (pH 7.0), and 0.5 ml of 1 M
KI. The reaction color was developed for 45 min in darkness and absorbance was measured at
390 nm. Hydrogen peroxide levels were calculated using a calibration curve prepared with
eight known concentrations of H2O>. Transformation formula: y=102.5+0.0569x (mmol/g fw).

7.2.4.3.3 Thiobarbituric Acid Reactive Substances (TBARS)/Lipid peroxidation assay

Lipid peroxidation was measured as malondialdehyde (MDA) byproduct content
determined by reaction with 0.5% 2-thiobarbituric acid in 20% TCA (w/v). For each assay, 1
mL of plant extracts, 2 mL of 20% (w/v) TCA and 2 mL of 0,5% (w/v) 2-thiobarbituricacid
(TBA) were used. The mixture was heated at 95 °C for 30 min and afterwards was cooled in
ice. The concentration of MDA was calculated from the difference of the absorbance at 532
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and 600 nm using the Beer—Lambert’s equation (extinction coefficient of MDA was 155 mM *
* cm 1) (Heath and Packer 1968).

7.2.4.3.4 Photosynthetic pigments

Pigment content of treated and control tomato plants was measured in leaves following
the method described below. 150 mg of fresh leaf sample was added in an eppendorf tube
containing 1.8 mL of cold acetone (80%) and vortexed vigorously. Tubes were then incubated
in the dark for 1 h, while being vortexed every 15-mins. Subsequently, tubes were centrifuged
at 6.500 rpm for 5 min at 4°C. Chlorophyll and carotenoid concentrations were determined
spectrophotometrically at absorbance wavelengths of 470, 647, and 663 nm by using the
equations described by Lichtenthaler and Buschmann (2001):

[Chl a] = 12.25A663 — 2.79A647 (3)
[Chl b] = 21.5A647 — 5.1A663 (4)
[Car] = {1000A470 — 1.82 [Chl a] — 85.02 [Chl b]}/198 (5)

7.2.5 Effect of NPs on the association between tomato plants — FsK

In order to investigate the potential impact of NPs on the beneficial association between the
endophytic FsK F. solani strain and tomato plants, pot experiments with soil substrate treated
with selected concentrations of nano or bulk metals were conducted.

7.2.5.1 Plant material and inoculation

Tomato seedlings (Solanum lycopersicon, cv. ACE 55) originated from tomato seeds
surface sterilized in 2.5% NaOCI and sown directly into pots. Each pot contained 400 cm? of
peat amended with 0.8 g/L of a NPK fertilizer (20-20-20). Pots were covered with aluminum
foil and transferred in a controlled-environment growth chamber at 20-25 °C with a 16 h
photoperiod at 65% RH for a week until the emergence of young tomato seedlings.

FsK conidial suspensions used as inoculum in the in-planta experiments were acquired
according to the following procedure: A 5-mm mycelial plug cut from the edge of a rapid
growing FsK colony, was transferred in PDA containing Petri dishes and incubated for 6 days
at 25 °C in the dark for conidiation. Conidia were harvested by scraping the colony, transferring
the collected mycelium/conidial mass in distilled-sterilized water and sieving using a cheese
cloth in order to remove mycelial fragments. The resulting suspension was then centrifuged at
4000 g and conidia were re-suspended in an appropriate volume of 0.85% NaCl to achieve the
desired inoculum concentration using a haemocytometer. One week after sowing, FsK
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inoculum was applied in the soil of tomato seedlings as water drench with 10* conidia per cm®
of potting mix.

7.2.5.2 Application of NPs on FsK inoculated/ non-inoculated tomato plants

One week after tomato seedlings were inoculated with FsK, metal NPs and bulk/ionic
counterparts were applied as water suspensions (100 mL total water volume per pot) in the soil
by drenching in appropriate concentrations. In the control treatment an equal amount of
distilled water was used. NP containing suspensions were sonicated for 30 min before
drenching to deter particle aggregation. Concentrations of NPs and counterparts applied were
selected making sure that they were sublethal to FsK and additionally based on their mean dry
weight inhibitory concentration determined in tomato toxicity experiments described above.
Specifically, concentrations of 300 pg/mL Cu-NPs, 1000 pg/mL CuO-NPs, 800 pg/mL
Cu(OH)2, 250 pug/mL ZnO-NPs, 300 ug/mL ZnSOas, 1000 pg/mL Ag-NPs and 200 pg/mL
AgNOs were used in the experiments. The experiment included two subsets: a set of NPs/bulk
counterpart treated tomato plants inoculated with and an identical set not inoculated with FsK.
Each treatment consisted of 4 pots containing 4 tomato plants. The whole experiment was
repeated twice.

7.2.5.3 Tomato root tissue harvesting and DNA extraction

The effect of NPs and their counterparts on FsK colonization of tomato root tissues was
examined by comparing control and metal-treated tomato plants. Whole roots collected from
16 plants per treatment were washed to remove soil and then dried in sterilized filter paper.
Genomic DNA was extracted from root tissue samples using the “NuncleoSpin® Plant II
genomic DNA extraction” kit (MACHEREYNAGEL GmbH & Co.KG, Duren, Germany)
according to the manufacturer’s
protocol.

7.2.5.4 Quantification of FsK colonization using qPCR

The effect of NPs on the symbiotic relationships of FsK with tomato plants was

evaluated by quantifying the presence (colonization) of FsK inside treated and non-treated
tomato roots using Real Time gPCR. F. solani ITS region-specific primers FFsITS (5°-
TGGTCATTTAGAG GAAGTAA-3’) and RFsITS (5’GGTATGTTCACAGGGTTGATG -
3’), were used for the Real Time PCR assay.
Copy numbers of the ITS gene in total DNA samples extracted from root tissues of FsK-
inoculated plants were evaluated using an external standard curve as previously described
(Garantonakis et al., 2018). Data were means of two technical replicates for each of three
biological replicates. Values were normalized to ng of total DNA isolated.
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7.3. Statistical analysis

The NPs and counterparts ECso values for the FsK strain were calculated by regressing
the relative inhibition of mycelial growth against the Logio compound concentrations. The
same analysis was conducted for the determination of the ICso values of metal compounds in
the tomato plant toxicity experiments. Statistical differences between treatments in
fungitoxicity and phytotoxicity experiments were evaluated by analysis of variance and the
resulting means were separated according to Tukey’s HSD test (o = 0.05). Correlations of
growth and physiological parameters of NPs/counterpart treated tomato plants were evaluated
using Pearson correlation coefficients. The SPSS v20 software (SPSS Inc., Chicago, IL, USA)
was used for the statistical analyses.

7.4.Results

7.4.1 Fungitoxic activity of NPs in vitro

The fungitoxic activity of metal nanoparticles in comparison with their bulk/ionic
counterparts in terms of mycelial growth and spore germination inhibition of the FsK F. solani
strain was evaluated in vitro. A dose-dependent response of FsK to metallic compounds tested
was observed both in radial growth and spore germination. The respective ECso values for each
treatment are  shown in Figure 7.1. Among NPs tested, Cu-NPs and ZnO-NPs were the most
toxic against FsK both in mycelial growth and spore germination inhibition experiments. ECso
values calculated for Cu-NPs and ZnO-NPs were 260.8 and 554.4 pg/mL in mycelial growth
and 18.6, 6.9 pug/mL in the spore germination tests respectively (see Fig.7.1). FSK was
significantly less sensitive to CuO-NPs and Ag-NPs with ECso values close to 1000 pg/mL
both in mycelial growth and spore germination assays. ZnO-NPs and Cu-NPs were 2 to 4 times
more toxic to FsK compared to their counterparts ZnSO4 and Cu(OH). respectively in terms of
mycelial growth while differences were dramatically more profound in the case of spore
germination (141 and 46 times more toxic respectively-see Fig. 7.1). On the contrary, CuO-
NPs were less or equally toxic with Cu(OH). while AgNOz was approximately 8 times more
toxic than Ag-NPs in all bioassays (see Fig.7.1).
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Figure 7.1. Mean sensitivity of FsK to NPs and their respective bulk/ionic counterparts in terms of
mycelial growth and spore germination. Between treatments, bars marked by the same letter do not
differ significantly according to Tukey's HSD test (a=0.05).

7.4.2 Phytotoxicity tests

7.4.2.1 Impact of NPs on tomato seed germination

The impact of metal NPs and their bulk counterparts on germination and root length of
tomato seed was evaluated in vitro. Percent germination, root length and percent germination
index rates of tomato seed treated with 10, 100 and 1000 pg/mL of metallic compounds
compared to the untreated control seeds are presented in Table 7.1. Addition of NPs or their
bulk/ionic counterparts did not affect the number of germinated seeds compared to the control
even in the highest concentrations (1000 ug/mL). The only exception was observed in the case
of AgNOs which exhibited a dose dependent decrease in the seed germination rate with a
maximum inhibition of 43% at the highest concentration. In contrast, a significant, dose
dependent impact on root elongation of germinating seeds was observed in all treatments (see
Table 7.1). Addition of NPs or their bulk counterparts negatively affected root elongation of
tomato seeds even at the lowest (10 pg/mL) concentration. Inhibition of root length at the 1000
pg/mL concentration ranged between 60 and 90 % compared to the control treatment (see Table
7.1). The less toxic compounds in terms of root elongation were Ag-NPs and CuO-NPs with
an inhibition rate of approximately 60-65% while the remaining NPs and counterparts
exhibited inhibition rates close to 85-90% at the highest tested concentration.
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Table 7.1. Effect of NPs and their respective bulk/ionic counterparts on the germination of tomato
seeds.

@ Expressed as percent of the control treatment after 14 days incubation at 22 °C (n = 3).

Germinated seeds (%) Root length (%)

(mean?® + SD®) (mean % SD)
Treatment 10¢ 100 1000 10 100 1000
114.29 + 4855 + 53.95+ 3821+
Ag-NPs 100.00 10.40 b 100.00b 2.65a 4.50 be 454 b
ASNO 85.71 + 71.43 + 57.15 + 65.64 + 65.64 + 13.49 +
g3 0.42 a 3.17a 4.69 a 437b 2.46 ¢ 1.67a
97.55 + 80.75 + 62.76 + 21.80 + 15.27 +
Cu-NPs 1.05a 100.00 b 12.35b 2.05b 3.11ab 4,553
110.25 + 85.71 + 86.72 + 40.00 + 35.63 +
CuO-NPs  100.00a 11.5b 1.12b 3.69 be 5.14b 2.80b
86.52 + 75.43 + 12.72 + 14.53 +
Cu(OH), ~ 100.00a  100.00b 5.23b 6.16 b 261a 5.553a
71.43 + 84.10 + 67.01+ 14.29 +
Zn0O-NPs 2142 100.00b  100.00b 3.45 be 2.28¢ 2492
96.14 + 76.97 + 10.65 +
ZnSO4 100.00a  100.00b  100.00 b o Lred Yo

b Standard deviation of the means (n = 10).
¢Numbers indicate concentration of NPs/bulk counterparts in pg/mL of active ingredient.

7.4.2.2 Impact of NPs on tomato plant growth

The effect of metal nanoparticles tested as well as their bulk/ionic counterparts on root
and shoot length of tomato plants grown in HA medium is shown in Figures 7.2 and 7.3.
Among NPs tested, Cu-NPs were the most toxic followed by CuO-NPs, ZnONPs and Ag-NPs
in terms of relative root length, with 1Cso values of 17.88, 52.93, 197.72, and 693.20,
respectively (See Fig. 7.2). In the case of shoot length, ICso values of Cu-NPs, CuO-NPs, ZnO-
NPs and Ag-NPs were 41.85, 75.69, 594.21 and 84.44 respectively. Comparison of the impact
of NPs with their respective bulk/ionic counterparts on root and shoot development is shown
in Figure 7.3. In all cases, statistically significant differences were found between metal
nanoparticles and their counterparts as indicated by their respective 1Csg values. Cu-NPs had a
significantly higher adverse effect on root and shoot development compared to Cu(OH)2 while
in the ZnO-NPs and ZnSOs case, zinc nanoparticles were more toxic to root than shoot
development where the reverse relationship was found (See Fig. 7.3). CuO-NPs and Ag-NPs
were less toxic than their counterparts both in terms of root and shoot development.

Percent mean dry weight of tomato plants treated with 100, 500 and 1000 pg/mL of NPs and
bulk/ionic counterparts is shown in Table 7.2. Reduction of tomato plant dry weight caused
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by all treatments was dose-dependent in most cases. At the highest concentration, AgNO3 had
the most toxic effect causing a 89% reduction in dry weight compared with the control
treatment, followed by Cu-NPs, ZnO-NPs and ZnSO4. Ag-NPs, CuO-NPs and Cu(OH)2 which
exhibited the less toxic effect on tomato plants in terms of dry weight (See Table 7.2).
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Figure 7.2. Comparison of mean toxicity of copper, silver and zinc containing nanoparticles on root
and shoot length in tomato plants. Bars marked by the same letter do not differ significantly according
to Tukey's HSD test (a=0.05).
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Figure 7.3. Effect of (a) Ag-NPs, (b) Cu-NPs and CuO-NPs, and (c) ZnO-NPs compared to their bulk/ionic
counterparts AgNOs, Cu(OH), and ZnSO, respectively in terms of ICso (concentration that causes 50%
inhibition in length of root/shoot compared to the untreated control). Bars marked by the same letter
do not differ significantly according to Tukey's HSD test (a=0.05).
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counterparts.
% Dry weight
(mean = SD?)
100° 500 1000
Treatment
Cu-NPs 97.25+3.24 45,12 +4.39 ab 27.84+7.70b
CuO-NPs 105.13+0.85c¢c 76.31+7.02c 52.55+4.25c¢c
Cu(OH), 96.19+6.11c 85.74+3.90c 45.07£3.89 ¢
ZnO-NPs 85.20+5.25b 55.81+2.88b 29.69+5.10b
ZnS0Oy4 78.52 +3.88 ab 45.90+9.16 ab 24.83+355b
Ag-NPs 95.70+9.32 ¢ 75.55+4.19 ¢ 55.23+6.30c
AgNO; 65.79£5.00 a 35.97+5.05a 11.00x2.12a

@ Standard deviation of the means (n = 4).
b Numbers indicate concentration of NPs/bulk counterparts in ug/mL of active ingredient
¢Within columns, means followed by the same letter do not differ significantly according to Tukey's HSD test (a = 0.05).

7.4.2.3 Effect of NPs on physiological parameters

Effect of NPs and non-nanoparticle counterparts on lipid peroxidation, an indicator of
plant membrane integrity, measured as MDA byproduct was evaluated in comparison with
non-treated tomato plants. All treatments except for CuO-NPs and ZnSO4 exhibited higher
MDA levels than the control treatment (see Fig. 7.4a). The highest MDA value was recorded
in the case of Cu-NPs (1.39 umol/g FW) which did not differ statistically from the respective
value (1.17 umol/g FW) of Cu(OH)2. This was also the case for Ag-NPs and AgNO3z (0.94 and
1.07 pmol/g FW), while ZnONPs exhibited significantly higher (1.01 umol/g FW) MDA levels
than ZnSO4 (0.87 umol/g FW) (see Fig. 4a).

Hydrogen peroxide accumulation as a response to oxidative stress potentially caused
by NPs and counterpart treatments was determined in tomato plant tissues. Both NPs and
counterparts exhibited higher levels of H.O> accumulation than the untreated control (see Fig.
7.4b). Among NPs, higher levels of H202 (0.52 pmol/g FW) were recorded in Cu-NPs-treated
tomato plants followed by ZnO-NPs (0.44 umol/g FW), Ag-NPs (0.35 umol/g FW) and CuO-
NPs (0. 17 umol/g FW) respectively. CuNPs and ZnO-NPs treatments resulted in a statistically
higher H2O2 response than their counterparts Cu(OH)2 and ZnSQ4. No statistical difference was
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found in hydrogen peroxide levels between silver NPs and AgNOs. In contrast, Cu(OH):
treatment resulted in a higher H202 response than CuO-NPs (see Fig. 7.4b).

The photosynthetic response potential of tomato plants to NPs and counterpart
treatments was evaluated by measuring Chl-a, Chl-b, and carotenoid concentrations. Chl-a
content was significantly reduced compared to control in all treatments indicating that both
nano and bulk metals exerted a high stress potential that could negatively affect growth and
development of tomato plants (see Fig. 4c). Nano-size did not seem to affect Chl-a content in
the case of copper and zinc containing treatments while a significant decrease on Chl-a content
was observed in Cu(OH)2 and AgNO3 compared to CuO-NPs and Ag-NPs treatments
respectively. A similar significant (P < 0.01) decrease in Chl-b levels was recorded in the case
of Cu-NPs (1.2 mg/g FW), ZnO-NPs (1.25 mg/g FW), Cu(OH) (0.34 mg/g FW), ZnSO4 (1.00
mg/g FW) and AgNO3 (2.15 mg/g FW) treatments compared to the control (5.24 mg/g FW).
In contrast treatment of tomato plants with CuO-NPs and Ag-NPs (5.16 and 6.56mg/g FW
respectively) resulted in7. no significant decrease in Chl-b content compared to the control. All
treatments had an adverse effect on the carotenoid content of tomato plants. Plants exhibited a
50 (AgNO3) to 83% (CuO-NPs) reduction in the carotenoid levels when exposed to metal NPs
and their bulk/ionic counterparts compared to the untreated control (see Fig. 7.4c).

Figure 7.4. Effect of metal NPs
and their bulk/ionic
counterparts on (a) MDA, (b)

MDA (umol/g FW)

H.0> and (c) photosynthetic

) pigments levels of treated
0.6 r e (b) tomato plants. Bars marked by
the same letter do not differ
significantly  according  to
Tukey's HSD test (a=0.05).
Between treatments in the

H,0, (umol/g FW)

pigment chart (c), capital letters
indicate differences in

carotenoid levels, small black

m Carotenoids

10 Chla = cChib fl (c) letters in Chlorophyll-a (Chla)
levels and blue italic letters in

Pigment levels (mg/g FW)

. i d Chlorophyll-b (Chlb) levels.
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7.4.3 Effect of NPs on the symbiotic relationship between tomato plants — FsK

The ability of endophytes to colonize host plants is essential for the establishment of a
successful symbiotic relationship. Sub-lethal doses of NPs and their bulk/ionic counterparts
applied as root drenches were used to evaluate potential adverse effects of treatments on tomato
root colonization of FsK. Quantitative real time PCR was used for the quantification of root
colonization and the results were expressed in terms of copy numbers per ng of FsK DNA.
Although considerable variability was observed between treatments, no statistically significant
difference was found between the tomato roots treated with NPs/counterparts and the untreated
control (see Fig. 7.5). No differences in colonization of FsK were found between NPs and their
bulk/ionic counterparts with the exception of AgNO3, which resulted in significantly less FsK
DNA levels present in tomato roots than Ag-NPs (see Fig. 7.5). This probably indicates a
shielding effect exerted by tomato root tissue on the FsK strain once the endophyte is
established inside them. The lack of systemic action of metallic compounds could be the reason
for the absence of significant differences in tomato root colonization compared with the
untreated control.
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Figure 7.5. Effect of nanoparticles application on fungal (FsK) colonization within root tissues.
Quantification of fungal colonization within root tissues by gPCR using primers specific for ITS gene
(primary axis). Bars marked by the same letter do not differ significantly according to Tukey's HSD test
(a0 =0.05).
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Table 7. 3 Effect of metal NPs and counterparts on Fresh, Dry weight and shoot length of tomato
seedlings in the presence or absence of the endophytic FsK F. solani strain.

Fresh weight? Dry weight? Shoot length®
+ SD° +SD +SD
Treatment (mean ) (mean ) (mean )

-FSK +FSK -FSK +FSK -FSK +FSK
control 16.81+3.24 16.18 + 1.46 + 1.20 + 54.5 + 61.25 +
a 2.01b 042d  0.21bc 10.62 a 8.06 b
CU-NPs 17.10+2.53 1629+ 1.19 + 0.90 + 62.38 + 65.75 +
a 2.43b 0.27 bed  0.25 abc 11.28 a 12.05b
conps  1413%305  14.05% 0.65 + 0.75 + 65.5 + 63.00 +
a 2.33b 0.32ab  0.19ab 2.65a 9.56 b
Cu(OH) 16.98+0.92 16.33+ 1.27 + 0.93 ¢ 59.25 + 65.00 +
2 a 1.47b 0.13cd  0.03 abc 6.9a 5.10b
no.Nps 15398585 1534% 0.77 % 1.09 + 61.63 + 58.13 +
a 3.4b 0.32abc  0.29 bc 17.01 a 8.08 b
2150 17.55+3.31 1540+ 0.81% 1.17 + 70.25 + 57.75 +

N a 1.02b 0.03abc  0.13 bc 7.63a 6.5b

0.95 +
AeNPs 1410+ 1.47 14.83+ 0.12 1.32 ¢ 55.00 + 50.50 +
& a 1.62b ' 03¢ 9.28a 1.22ab
abcd

AN 10.45+2.73  7.18% 0.49 + 0.5+ 53.13 + 35.50 +
Chae a 3.52a 0.18 a 0.34a 3.22a 11.82 a

@ Mean Fresh and Dry weight measured in grams.

b Shoot length measured in mm.

¢ Standard deviation of the means (n=3).

4Within columns, means followed by the same letter do not differ significantly according to Tukey's HSD test
(a=0.05).

In an attempt to investigate the potential of FsK to alleviate phytotoxicity caused by
NPs and their bulk/ionic counterparts, growth parameters such as fresh, dry weight and shoot
length of treated tomato plants were measured in the presence or absence of FsK. In non-
inoculated tomato plants, no significant differences were found between treatments with
xenobiotics and the control in terms of fresh weight and shoot length (see Table 7.3). On the
contrary, the dry weight was significantly affected by treatment of tomato plants with NPs and
counterparts in the absence of FsK. Specifically, CuO-NPs, ZnO-NPs, ZnSOs and AgNO3
significantly reduced the dry weight of tomato plants compared with the untreated control (See
Table 7.3). When plants were inoculated with FsK, significant differences in fresh weight and
shoot length were only recorded between NPs/counterpart treatments and the control only in
the case of AgNOs, which exhibited a dramatic reduction (43 and 57% respectively). In
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contrast, FsK-inoculated plants did not suffer any significant dry weight loss compared with
the control in all NPs/counterparts cases except for AgNOz. The later exhibited a significant
decrease (41%) in dry weight compared with the control (see Table 7.3).

7.5. Discussion

In this study, the potential of copper, silver and zinc oxide NPs to cause phytotoxicity
or interfere with the assosiation between tomato plants and their endophytic partner Fusarium
solani FsK strain was investigated via plant growth, physiological analysis and colonization
bioassays. Tomato seeds sown on growth medium containing all tested NPs germinated
successfully and in rates similar or even higher than the control treatment even at the highest
1000 pg/mL concentration. This was also the case for the NPs bulk/ionic counterparts except
for AgNOs, which inhibited seed germination in a dose-dependent manner. In contrast, tomato-
seedling root length was significantly reduced in a dose dependent way in most cases of NPs
and bulk counterparts. Ag-NPs and CuO-NPs had the less negative effects on root elongation
and were significantly less toxic than their counterparts AgNOs and Cu(OH)2 respectively. The
remaining NPs were equally toxic with their bulk counterparts in terms of root elongation.
Khaldari et al. (2021) observed negative effects of green synthesized CuO-NPs on tomato root
elongation even at the lowest concentration, while seed germination was only affected at the
highest over a number of concentrations ranging from 4 to 4000 pg/mL. Chen et al. (2020)
reported an increase on seed germination of tomato grown in iron, zinc and copper NPs-
amended Murashige—Skoog (MS) nutrient medium compared with the control, although in
lower concentrations. Similar reports on the effect of Ag-NPs on tomato plants indicate that
silver NPs may not be a limiting factor for seed germination in concentrations up to 5000
pg/mL but significantly reduce root elongation in doses as low as 25 pg/mL (Cox et al., 2016;
Song et al., 2013; Karami Mehrian et al., 2016).

Growth experiments of tomato plants grown on HA medium amended with metal NPs
and their counterparts revealed a significant toxic effect of treatments on biomass, root and
shoot length. Specifically, dry weight of plants was significantly reduced upon treatment with
NPs and counterparts in concentrations over 500 pg/mL with most pronounced effects in the
case of AgNOs, Cu-NPs, ZnO-NPs and ZnSOs4. Cu-NPs resulted in a stronger reduction in
tomato dry weight than Cu(OH). while AgNOs were 5 times more toxic than Ag-NPs in terms
of dry weight. Root and shoot length of grown tomato plants was also affected by treatments
with NPs and their bulk counterparts. Cu-NPs incorporation to the growth medium resulted the
highest root and shoot length inhibition among NPs tested, followed by CuO-NPs and ZnO-
NPs. Shoot length was less negatively affected by NPs than their respective bulk counterparts
in all cases. This was also the case for CuO-NPs and Ag-NPs as far as root length is concerned.
On the contrary, Cu-NPs and ZnO-NPs resulted a more pronounced reduction in root length
than Cu(OH)2 and AgNOs respectively.
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Tomato plant biomass significantly decreased (59-78%) upon exposure to CuO-NPs
while NPs treatment also significantly reduced root (68-75%) and shoot (42-47%) length as
compared to untreated controls (Pagano et al., 2016). Phytotoxicity of silver NPs in tomato
plants was demonstrated by reduced wet weight, root length, lower chlorophyll contents, higher
superoxide dismutase activity and less fruit productivity (Song et al., 2013; Noori et al., 2020).
A significant reduction in root and shoot length of S. lycopersicon was also observed upon
treatment with ZnONPs as well as its bulk counterpart form (Ahmed et al., 2019). In the present
study, NP treatments had a more pronounced toxic effect in root rather than in shoot length as
indicated by the respective 1Cso values. The only exception was in the case of AgNPs where
relative shoot length inhibition was greater than the one observed in roots. A probable higher
translocation factor of Ag-NPs towards the shoot could be responsible for this enhanced
toxicity. This could be attributed to the PVP coating of Ag-NPs which results in a negative
charge of this NP in contrast to Cu-NPs and ZnONPs which were positively charged. Koelmel
et al. (2013) has reported a surface charge- dependent bioaccumulation of Au-NPs in various
rice organs with negatively charged NPs being more toxic and mostly accumulating in the
above ground rice organs. Additionally, Noori et al. (2020) have reported a significantly higher
translocation factor (TF) of AgNP-exposed tomato plants compared to AgNOz which results
in the release of positively charged Ag*® ions. On the contrary, positively charged ZnO-NPs
were found to attach to negatively charged soybean and tomato roots resulting in a low
translocation factor (Zn shoot to root concentration ratio) (Ristroph et al., 2017; Akanbi-Gada
etal., 2019).

A number of physiological and biochemical mechanisms including membrane
interactions, ion release, production of reactive oxygen species (ROS), inactivation of
enzymes, disruption of the photosynthetic mechanism or damage to DNA are considered
responsible for NPs phytotoxicity (Karami Mehrian et al., 2016; Ma et al., 2010; Noori et al.,
2020). In an attempt to investigate the potential involvement of NPs and their bulk counterparts
on lipid peroxidation and oxidative stress response of tomato, experiments determining MDA
and hydrogen peroxide (H202) levels of treated and untreated S. lycopersicon plants were
conducted. Overall, treatment of tomato plants with NPs/bulk counterparts resulted in a
marked oxidative stress response both in terms of MDA and H;O levels which were
significantly elevated in treated plants compared to the untreated control. The greatest oxidative
response was observed in the case of Cu-NPs (2-8 fold increase in MDA and H2O- levels
compared to the untreated control respectively) followed by ZnO-NPs and Ag-NPs. This had
an expected impact to the corresponding fresh weight (FW) of tomato plants as revealed by
the negative correlation observed between H202 levels and FW. Comparison between NPs and
their bulk/ionic counterparts showed different patterns of oxidative response. Oxidative stress
caused by Cu-NPs and ZnO-NPs was greater than the one imposed by their counterparts
Cu(OH)2 and ZnSOg4 possibly indicating a higher toxicity of those metals related to nano
properties. In contrast, treatment with Ag-NPs and CuO-NPs resulted in a lesser or equal
oxidative response than that of their counterparts AgNOz and Cu(OH): indicating that the ionic
form of those metals are more reactive than the nano form. Similar studies on the oxidative
response of AgNPs on tomato plants have reported a significant increase of MDA and H20>
levels compared with untreated plants, which were significantly lower than that of plants
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treated with AgNOs (Noori et al., 2020; Jiravova et al., 2016). High concentrations of CuO-
NPs (>0.5 uM) have been reported to trigger oxidative bursts leading to elevated H20: levels,
challenging oxidative plant-defense mechanisms and resulting in the disruption of membrane
integrity/phytotoxicity in barley and rice plants (Shaw et al., 2014). A similar elevation of
oxidative stress in terms of H2O- production as response to ZnO-NPs treatment has been
reported in tomato plants (Akanbi-Gada et al., 2019). Oxidative response to NPs and
counterparts treatments in the present study were correlated with chlorophyl-a and carotenoid
levels which were significantly reduced compared to the untreated control. Reduction of
photosynthetic pigments was more pronounced in cases with high H,O2 and MDA confirming
the suggestion that plant biomass and chlorophyll levels are more sensitive indicators of
phytotoxicity than seed germination or root elongation (Ma et al., 2010). Photosynthetic
pigment level alterations have been associated with metal nanoparticle treatments in tomato
plants in various studies, including treatments with copper, zinc and zinc oxide NPs (Noori et
al., 2020; Akanbi-Gada et al., 2019; Lopez-Lima et al., 2021).

A number of studies have investigated the potential of metal NPs to suppress both plant
pathogens and beneficial/symbiotic microorganisms (Li et al., 2015b; Oktarina and Singleton,
2019; Malandrakis et al., 2019,2020a,b,2021). The importance of the potential toxic action of
NPs towards beneficial soil microorganisms including bacteria and fungi derives from the
direct implication of these organisms to soil and plant health and productivity, and the
agroecosystem/environmental sustainability (Dimkpa 2014; Ameen et al., 2021). A better
understanding of such ramifications requires studies involving combined plant- microbe
interactions under the nanoparticle’s influence (Ameen et al., 2021). FsK is a root colonizing
Fusarium solani strain proven to induce tomato plant resistance mechanisms against
pathogens and abiotic stress (Kavroulakis et al., 2007; Garantonakis et al, 2018; Kavroulakis
et al., 2018). A key question besides tomato phytotoxicity and FsK fungitoxicity risks posed
by NPs, is whether they can affect the survival and colonization of FsK and its symbiotic
interactions with the tomato plant. In vitro fungitoxicity tests revealed that FsK was
significantly more sensitive to Cu-NPs and ZnO-NPs than CuO-NPs and AgNPs both in terms
of mycelial growth and spore germination. All NPs were more toxic to FsK compared to their
bulk counterparts except for AGQNOs which was 8 to 9fold more toxic than Ag-NPs. A similar
fungitoxic profile was reported in another F. solani strain exposed in vitro to the above metal
NPs and bulk counterparts (Malandrakis et al., 2019).

When applied in sublethal doses in a soil-based tomato-endophyte system, NPs and bulk
counterparts did not exhibit any significant effect on FsK colonization of tomato roots. This
could be due to the fact that the endophyte was already established inside tomato roots which
acted as a barrier, before treatment with metal NPs/counterparts. On the other hand, tomato
plants colonized by the FsK strain did not suffer any adverse effects in terms of dry mass from
CuO-NPs, ZnO-NPs and ZnSO4 treatments compared with the untreated control. In the
absence of FsK, the above treatments of tomato plants resulted in a significant decrease in dry
mass compared with the untreated control. This indicates a potential plant-endophyte mutual
protection against NPs and heavy metals with obvious implications on plant health and
production. A number of studies have reported toxicity of NPs on beneficial soil fungi

176



Chapter 7: MNPs,Phytotoxicity on tomato and effect on symbiosis with the FsK strain

including biocontrol agents and other beneficial symbiotes such as arbuscular mycorrhizal
fungi (AMF) and their impact on colonization and plant growth. Oktarina and Singleton (2019)
have reported a significant fungitoxic effect of AgNPs in terms of colony diameter and spore
production in the beneficial soil fungus Trichoderma harzianum in concentrations of 200, 600
and 1000 pg/mL) in growth media. A similar study reported a significant reduction in maize
growth and colonization by the (AMF) fungus Funneliformis mosseae in the presence of 500
mg/ kg of ZnO-NPs and ZnSOs (Li et al., 2015b). On the other hand, AM fungi have
demonstrated an alleviation potential against the negative effects of Ag-NPs and ZnONPs
exposure in maize (Zea mays L.) and tomato plants (Cao et al., 2020; Noori et al., 2017; Wang
etal., 2016).

7.6 Conclusion

Metal nanoparticles significantly negatively affected growth and physiology of tomato
plants as indicated by dry mass, oxidative stress responses and photosynthetic pigment levels.
Differences in plant and FsK responses between nano and bulk/ionic counterparts were
observed indicating potential differences in the mode of toxic action of the two categories. NPs
and counterparts applied in sublethal concentrations did not affect FsK colonization of tomato
roots, while a possible alleviation of metal toxicity was observed in the presence of FsK in the
case of CuO-NPs, ZnO-NPs0 and ZnSOa. These results suggest that phytotoxicity of NPs in
tomato treated plants should be considered before application and while both FsK and tomato
are sensitive to NPs and counterparts, their symbiotic benefits can extent to mutual resistance
towards these toxic agents.
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8. Copper nanoparticles interfere with insecticide sensitivity,
fecundity and endosymbiont abundance in olive fruit fly
Bactrocera oleae (Diptera: Tephritidae)

Abstract

The potential of copper nanoparticles (NPs) to be used as an alternative control strategy against olive
fruit flies (Bactrocera oleae) with reduced sensitivity to the pyrethroid deltamethrin and the impact of
both nanosized and bulk copper [Cu(OH).] on the insect's reproductive and endosymbiotic parameters
were investigated.

The application of nanosized and bulk copper applied by feeding resulted in significant levels of adult
mortality, comparable to or surpassing those achieved with deltamethrin at recommended doses.
Combinations of Cu-NPs or CuO-NPs with deltamethrin significantly enhanced the insecticide's
efficacy against B. oleae adults. When combined with deltamethrin, Cu-NPs significantly reduced the
mean total number of offspring compared with the control, and the number of stings, pupae, female
and total number of offspring compared with the insecticide alone. Both bulk and nanosized copper
negatively affected the abundance of the endosymbiotic bacterium Candidatus Erwinia dacicola
which is crucial for the survival of B. oleae larvae.

Concluding, Cu-NPs can aid the control of B. oleae both by reducing larval survival and by enhancing
deltamethrin performance in terms of toxicity and reduced fecundity, providing an effective anti-
resistance tool and minimizing the environmental footprint of synthetic pesticides by reducing the
required doses for the control of the pest.

8.1. Introduction

Chemical control of crop pests has revolutionized modern agriculture utilizing
protective or systemic synthetic pesticides and still remains a cost efficient, key constituent
of integrated pest management (IPM) ensuring food sustainability and safety.}? However
beneficial for agricultural output and disease transmission management, certain drawbacks of
conventional insecticides, such as toxicity to non-target organisms and aquatic environmental
pollution have resulted in the withdrawal of an unprecedentedly great number of insecticide
active ingredients enforced by the implementation of strict EU regulations.® This fact in
combination with the compromise of insecticide efficacy due to the emergence of resistant
pests underline the necessity of alternative pest control measures capable of reducing yield
losses and, at the same time, mitigating environmental risks.

The olive fruit fly Bactrocera oleae (Diptera: Tephritidae), is the major pest of olive
orchards in the Mediterranean basin and worldwide.*It’s larvae feed on the olive fruit causing
significant quantitative and qualitative losses in fruit and 0il.>¢ In Greece, annual economic
losses due to B. oleae infestation are estimated to range between 30—-35% of total production
depending on the weather conditions.” The control of B. oleae in Greece is based on mass
trapping in organic and the use of synthetic insecticides in conventional olive orchards.
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Insecticides are applied either via cover (over the entire canopy of every tree) or as bait sprays
where the insecticide mixed with a food attractant is applied on a small part of the canopy
usually using 10-fold higher doses than the ones in cover sprays. The later method is
recommended and implemented by the Greek Ministry of Rural Development and Food via
the Directorates of Agriculture and Veterinary Regional Units in Greece.® Chemical
insecticides used over the last decade against B. oleae include organophosphate insecticides
(OPs) such as dimethoate or phosmet, pyrethroids such as deltamethrin and recently the
macrocyclic lactone spinosad. Copper-containing pesticides are a very common and effective
option for the control of the major olive fungal (Cycloconium spp., Gloeosporium spp. and
Pseudocercospora cladosporioides) pathogens.® Besides its fungicidal action, copper was
also reported to exhibit both an ovipositional deterrent effect on the olive fly and a
symbionticidal action expressed as the inactivation of certain gut bacterial species essential
for the survival of B. olea nymphs.2%-12 This is of great importance for the control of the pest
and indirectly aids pest control by reducing B. oleae infestation rates. However, despite their
effectiveness, chemical insecticides are susceptible to resistance development due to the
extensive use -and often misuse- of site-specific active ingredients.

In Greece, the emergence of insecticide resistance in B. oleae was delayed due to the
high insect mobility and low selection pressure of bait sprays.'® Eventually, resistance of the
insect to OPs has emerged due to target site modifications whereas reduced sensitivity to
pyrethroids -mainly attributed to metabolic resistance- soon followed.*!> Moderate levels of
pyrethroid resistance in Greece have been reported over a decade ago, although substantially
higher levels have been observed recently in certain regions such as the island of Crete.r®
Typically, pyrethroid metabolic resistance has been associated with detoxification utilizing
P450s, carboxylesterases or Glutathione S-transferases (GSTs).!® Previous studies have
reported B. oleae populations with reduced sensitivity to alpha cypermethrin, and although
reports from farmers for reduced effectiveness of deltamethrin exist, to the best of the authors
knowledge, no systematic studies on populations of B. oleae resistant to deltamethrin are
available in Greece.

Nano pesticides, containing nanoparticles (NPs) as active ingredients, are promising
and environmentally compatible insecticide alternatives owing to a number of unique
properties they possess including high effectiveness, enhanced drug delivery, residual action
and low resistance risk.11"8 Silver and copper nanoparticles have been shown to exert acute
toxic and reproduction-related as well as microbiome-alternating effects on another fruit fly,
Drosophila melanogaster in ways that differ from those of their bulk counterparts.t®2
Furthermore, recent studies have demonstrated that metal NPs, including copper-containing
NPs, can be used alone or in combination with conventional pesticides to combat pesticide
resistance and thus reduce needed doses to control pathogens and pests.?? Up to date, no study
is available on the effect of copper-containing NPs on B. oleae survival, reproduction and
endobiont abundance or their potential to control olive fruit flies with reduced sensitivity to
deltamethrin.
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Under this light, the aim of this study was to: (a) evaluate the effectiveness of copper-
containing NPs against B. oleae, (b) investigate the potential of bulk and NP copper to be used
in combinations with deltamethrin against B. oleae in order to enhance insecticide
effectiveness, and (c) investigate the effect of copper NPs alone or combined with
deltamethrin on the reproductive behaviour, fecundity and abundance of the gut
endosymbiotic bacterium Candidatus Erwinia dacicola of the insect.

8.2. Materials and Methods

8.2.1 Nanoparticles, reagents and insecticides

Copper [Cu-NPs] (particle size 25 nm), copper oxide [CuO-NPs] (particle size <50
nm) nanoparticles (NPs) and Ethylenediaminetetraacetic acid [EDTA] used in this study were
purchased from Sigma Aldrich, MO, USA. The copper hydroxide containing commercial
fungicide (Copperblau-N 50 WP), used as a bulk counterpart of copper NPs, was purchased
from Nitrofarm (Greece), while the tested insecticide deltamethrin (Decis 2.5 EC) was kindly
provided by Bayer CropScience AG.

Stock solutions-suspensions of the commercial fungicide, insecticide and
nanoparticles used in acute toxicity bioassays were prepared using distilled-sterilized water.
Nanoparticle suspensions were subjected to sonication for 30 min with a Transonic 420 (Elma,
Germany) sonicator before use in order to deter aggregation. Zeta potential and hydrodynamic
diameter measurements for the nanoparticles and insecticide (Table 8.1) were caried out with
a zetasizer (Nano ZS90, Malvern Instruments, Southborough, MA) in triplicate.

8.2.2 Scanning Electron microscopy

Cu-NPs and CuO-NPs 1000 pg/mL suspensions were prepared and then combined
with 100 deltamethrin pg/mL suspensions to acquire the respective samples for electron
microscopy. Prepared samples were dried in a Critical Point Dryer (BAL-TEC 030) and
observed in the Scanning Electron Microscope JSM-IT700HR (20 kV).

8.2.3 Sampling of infested olive fruit to acquire B. oleae individuals

Approximately 10 kg of infested olive fruits (cv Koroneiki) (with visible oviposition
sites marks and tunnels) were collected at a weekly basis starting from early August from an
unsprayed olive orchard in Nerokourou village (Crete, Kolymvari region, 2 ha, 35° 31’ 45,
67" N-23° 46’ 39, 32" E-71 m). Infested fruits were transferred to the laboratory and placed
inside a wooden insect cage (dimensions 300 x 300 x 300 mm) under controlled conditions
(25+0.5°C, 65 £ 5% R.H. and a 16L:8D photoperiod). Olive fruit were inspected daily and
pupae were collected and transferred to new cages where water, and a common diet containing
water, sugar, and protein (in a ratio of 5:4:1) were made available for newly-hatched adult
flies.?® At the end of September, newly emerged from pupae B. oleae adults were used for
lab experiments.
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8.2.4 Toxicity bioassays

To estimate the efficacy of copper nanoparticles, the commercial pyrethroid
insecticide and their combinations against B. oleae adults, toxic compounds were supplied to
insects by feeding. Specifically, treatments consisted of feeding suspensions containing the
above mentioned sugar and protein diet amended with 1,200 pg/mL Cu-NPs, CuO-NPs or
Cu(OH)2, 125 upg/mL deltamethrin and their respective combinations. Overall, the
experimental design consisted of: 8 (7+1 control) pesticide/NP treatments x 8 individual
insects (4 © and 4 & adults) per replicate x 10 replicates.

Specifically, single olive fruits of uniform size collected from olive trees (Olea
europea cv Amfissis) were transferred to small top-less PVC cylindrical containers (9 cm in
diameter and 11 cm high, 0.4 mm thick) covered with fine muslin to ensure ventilation and
prevent insects from escaping. Each fruit was mounted in a standard position at the bottom of
the container using plasticine (Fig. 8.1). Adult olive fruit flies (four pairs of individuals, 10
days old) were released into each plastic container. Food and water were supplied in the form
of droplets dripped on top of the muslin that covered the containers (Fig. 8.1a). Pesticides and
copper nanoparticle treatments were applied by adding 1.5 mL from each solution in each
cotton bud using a small-volume plastic disposable pipette. Flies in cages provided with a diet
containing only food droplets without toxic agents were used as the control. Ten replications
were tested per treatment. All the cages were kept in a growth chamber at 25 + 0.5 °C, 65 +
5% R.H. and a 16L:8D photoperiod. The efficacy (percentage of mortality) of the applied
feeding solutions against the adult fly was evaluated by counting the number of dead B. oleae
adults after 48, 120, 168 and 216 h (2,5,7 and 9 days) of application. Flies were considered as
dead when no sign of movement (flying or walking) was observed.
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Figure 8.1. Bioassays on the effect of copper compounds, deltamethrin and combinations on B. oleae
survival and fecundity parameters: (a) plastic containers with muslin on top and cotton buds used
for feeding treatments; (b) olive fruit mounted at the bottom of containers using plasticin; (c) plastic
containers with sand on the bottom used for larval emergence observations.

In order to investigate the potential involvement of copper ion release on the toxicity
observed by copper nanoparticle treatments, additional bioassays according to the previous
described experimental design were conducted using CuO-NPs (1,200 ug/mL) and Cu-NPs
(1,200 ug/mL) and their combination with the strong chelating agent EDTA (500 pg/mL).

Flies were fed using treated cotton buds for 2 days before replacing them with ones
containing only water and hydrolyzed protein which were subsequently refreshed every two
days. Oviposition stings on the olive fruits were counted and then each fruit was replaced with
a fresh one every two days. Total number of stings per female was evaluated by the formula
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(number of stings/fruit/number of females surviving pesticide treatment). Infested olive fruits
were transferred in small and well-ventilated plastic pots (25 mL of volume) with sand on the
bottom for larval emergence and development (Fig. 1c). The vials were examined on a daily
basis and the number of pupas produced was recorded for a total time period of 20 days.
Subsequently, pupae were monitored for eclosion for another 30 days. Adults emerging from
pupas were counted and their sex was determined by observation under a stereoscope.

8.2.5 Bacterial DNA extraction

To evaluate the impact of insecticidal treatments on the population of the
endosymbiont bacterium ‘Ca. E. dacicola’, DNA from B. oleae female adults treated with
bulk and nanosized copper and their combinations with deltamethrin or water (control), was
amplified. At least three biological replicates consisting of insects dissected into thorax-head
and abdomen specimens were stored in 1.5 ml microcentrifuge tubes at -20°C until their use
for DNA extraction.

Total genomic DNA extraction was performed from thorax-head and abdomen specimens
separately using the Qiagen DNeasy Food Mericon kit (Qiagen, Germany) following the
manufacturer’s instructions. DNA sample quality and quantity was determined using a Nano
spectrophotometer (Implen) and DNA concentrations were adjusted to 0.167 and 0.116 ng/ul
for thorax-head and abdomen specimens, respectively. Samples were subsequently stored at
-20°C until use in real-time PCR amplifications.

8.2.6 Relative quantification of bacterial populations using Real-time PCR

‘Ca. E. dacicola’ population levels in the thorax-head or abdomen parts of B. oleae adults
treated with the insecticide deltamethrin, copper compounds and their combinations, in
comparison with water treated controls were assessed using Real-time PCR. Primers ED1 and
EdEnRev were used for the specific amplification of a 90bp ‘Ca. E. dacicola’ 16S rRNA gene
fragment in the DNA samples.?*? Ct values obtained from the real-time PCR amplification
were normalized using the housekeeping B. oleae S-actin gene, which was amplified using
the primers Act2F and Act2R.?

Real-time PCR reactions were performed on a QuantStudio 5 (Thermo Fisher Scientific) real-
time PCR device. Each 13l reaction consisted of 1x SYBR™ Select Master Mix (Thermo
Fisher Scientific), 300uM of each primer and 3ul of DNA template. The thermal profile used
included incubation at 95 °C for 10 min, followed by 40 cycles of: 95°C for 15 sec and 60°C
for 1 min. The specificity of the amplified PCR product was verified by melting-curve
analysis performed immediately after the amplification over a temperature range of 65-95°C
in 0.5°C increments.?® Three technical replicates per sample were used and their average Ct
value was calculated.
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Standard curves for each gene (16S rRNA of ‘Ca. E. dacicola’, f-actin) and insect body part
were obtained using four 10-fold serial dilutions of control DNA from a thorax-head or
abdomen sample. Efficiency (E) and slope of the standard curves were similar, allowing for the
calculation of the relative abundance (R) using the following formula:

Rzz-AACt’

where AACt= AClttreated sample- mean ACtcontrol, and ACt is the difference between the reference
(f-actin) and the target gene (16S rDNA of ‘Ca. E. dacicola’) calculated for all samples
(treated and Contl’0|), |e ACt= Cttarget gene~ Ctreference gene.26

8.3. Statistical analysis

Statistical differences between treatments in toxicity and phytotoxicity experiments
were evaluated by analysis of variance and the resulting means were separated according to
Tukey’s HSD test (o = 0.05). Correlations of mortality rates and oviposition and fecundity
parameters of NPs/counterpart treated B. oleae were evaluated using Pearson correlation
coefficients. Means of mortality rates caused by CuO-Nps, Cu-NPs and their combination
with EDTA were compared using one-way t-Tests. The SPSS v20 software (SPSS Inc.,
Chicago, IL, USA) was used for the statistical analyses.

8.4. Results

8.4.1 Characterization of copper nanoparticles and deltamethrin

The zeta potential and hydrodynamic diameter of copper (Cu-NPs), copper oxide
(CuO-NPs) nanoparticles, deltamethrin and their combinations measured by the Zetasizer as
well as their respective pH values are shown in Table 8.1. Combination with deltamethrin
reduced the size of both copper-containing nanoparticles. This reduction was more profound
in the case of Cu-NPs, reaching a value of more than 50% of the original size when combined
with deltamethrin. The initially positive Cu-NPs charge (18.2 mV) changed to negative (-6.8
mV) in the presence of the also negative charged deltamethrin (-12.0 mV) (Table 8.1). This
size reduction and charge inversion suggests a capping effect exerted by deltamethrin, which
enveloped Cu-NPs causing a reduced aggregation aided by the repelling force of the negatively
charged deltamethrin which ultimately led to the reduction of nanoparticle size (Fig. 8.2).
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Table 8.1. Zeta potential, diameter size and pH values of copper containing NPs (100 mg/mL),
deltamethrin (125 mg/mL) and mixtures. Delta: deltamethrin.

Zeta potential (mV) Size (d.nm)
pH (mean + SD?) (mean * SD) e
CuO-NPs 6.0 -18.8+0.9 80.6+45.1
Cu-NPs 5.7 18.2+1.2 215.5+23.0
Delta 5.6 -12.0+£2.2 216.3+139
Delta + CuO-NPs 6.5 -17.2+1.9 68.0+7.0
Delta + Cu-NPs 5.7 -6.8+£0.3 104.3+17.0

Standard deviation of the means (n = 3).

Cu-NPs Z-average=104.3+ 17 nm
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Figure 8.2: Characterization of copper nanoparticles and their mixture with deltamethrin (Delta). A)
Capping effect and size reduction when Delta is combined with Cu-NPs. B) Representative SEM image
of Cu-NPs. C) Representative SEM image of Cu-NPs+ Delta. D) Particle size distribution of Cu-NPs+
Delta. E) Zeta potential characterization of Cu-NPs, Delta and their combination.
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8.4.2 Acute toxicity of copper compounds, deltamethrin and combinations

The B. oleae toxicity caused by Cu-NPs and CuO-NPs was compared to that of the
insecticide deltamethrin and a commercial fungicide containing Cu(OH).. Mortality rates
caused by feeds treated with copper compounds, the insecticide and their combinations are
shown in Figures 3 and 4. When applied at the recommended dose for fungal diseases, copper
hydroxide was the most toxic among treatments both at 2 and 9 days after treatment, with a
mortality rate ranging from 74 to 93.75% (Fig. 3). Deltamethrin applied in the recommended
for cover sprays dose caused lower mortality rates which ranged from 33 to 60.71% (Fig. 3).
Cu-NPs exhibited similar to deltamethrin mortality rates ranging from 30 to 64% whereas
CuO-NPs applied in the same dose was initially non-toxic to B. oleae but eventually exhibited
a 39% mortality rate which was significantly higher than the one observed in the untreated
control (14.77%) (Fig. 3). The above toxicity profile indicates that more copper ions are
released by bulk counterparts than NP-copper as evident by the more profound toxic effect of
Cu(OH)2 when ingested by the insect.

B CuO-NPs ® Cu(OH)2 mDelta ®Control B Cu-NPs

d
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Figure 8.3. Mortality of B. oleae adults upon treatment with deltamethrin (125 pug/mL), copper
nanoparticles (1200 pug/mL) and their bulk counterpart containing Cu(OH), (1200 pg/mL). At the
same day, bars marked by the same letter do not differ significantly according to Tukey's HSD test

(a=0.05).
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Combination of Cu-NPs with deltamethrin significantly increased mortality rates
compared with the individual treatments (Fig. 8.4a). A similar, although delayed (7 or 9 days
after treatment), effect was observed in the case of the combination of CuO-NPs with
deltamethrin (Fig. 8.4b). On the contrary, the addition of Cu(OH)2 to deltamethrin reduced

the mortality caused by any of the two compounds (Fig. 8.4c).
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Figure 8.4. Effect of combination of (a) Cu-NPs (1200 pg/mL), (b) CuO-NPs (1200 pg/mL) and (c)
Cu(OH); (1200 pg/mL) with deltamethrin (Delta) (125 pg/mL) on adult mortality of B. oleae 2, 5, 7
and 9 days after treatment. Bars represent standard errors.
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No significant difference on toxicity was observed when EDTA was added with either
CuO-NPs or Cu-NPs indicating that other mechanisms besides copper ion release are involved
on the toxicity excreted by copper nanoparticles on adult fruit flies (Fig. 8.5).
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Figure 8.5. Effect of combination of EDTA (500 pg/mL) with CuO-NPs (1200 pg/mL) or Cu-NPs (1200
pug/mL) on adult mortality of B. oleae 2 days after treatment. NS indicates the absence of statistical
differences between treatments based on t-Test analysis. Bars represent standard errors.

8.4.3 Effect on oviposition behavior and fecundity parameters of B. oleae

The overall effect of pesticides/NPs treatments and their combinations on oviposition
parameters and offspring are shown in figure 6. Compared to the control, treatments did not
affect the mean number of males, females and total offspring number. Cu-NPs, Cu(OH)2 and
their combinations with deltamethrin did not result in any differences in oviposition behavior
of B. oleae female adults in terms of number of stings per olive fruit (Fig. 8.6). On the
contrary, fruit flies treated with deltamethrin or CuO-NPs had a tendency to produce 2-fold
more stings per fruit compared to the control treatment, although their combination seemed
to neutralize that sting-inducing effect. Number of stings per olive fruit was positively
correlated with the number of pupae and subsequent number of male or female offspring
emerging from infested fruits per female as revealed by Pearson correlation analysis (Table
8.2). This indicates that stings resulted in fertile eggs that successfully lead to viable larvae
capable to complete their life cycles. Mortality rates were negatively corelated with the
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number of stings (r = -0.75, P=0.05) or the number of male offspring (r = -0.73, P=0.05)
probably indicating a tendency of B. oleae to sting less for oviposition purposes and produce
fewer male offspring under toxic conditions (Table 8.2). Sex ratio (3/%) was not significantly
affected by treatments (0.5 — 0.69) except in the case of Cu-NPs which exhibited the maximum
sex ratio (0.93).

M Stings @ Pupas @ offspring
C

= ]
[9)] o
T T

Mean numbers/female
o
w

ab A ab

Control Delta CuO-NPsCuO-NPs Cu-NPs CuNP Cu(OH)2Cu(OH)2
+Delta +Delta +Delta

Figure 8.6. Effect of pesticides/NPs treatments on mean number of oviposition stings, pupas on olive
fruit and offspring per female adult of B. oleae, 9 days post treatment. Delta: deltamethrin. Bars
represent standard errors. Bars marked by the same letter do not differ significantly according to
Tukey's HSD test (a=0.05).
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Table 8.2. Correlation between mortality rates caused by treatments and number of stings, pupae,
male, female, and total adult offspring per female of B. oleae.

) ) Male Female Total
% Mortality Stings Pupae . . .
offspring offspring offspring

% Mortality 1.0° -0.75*  -0.63 -0.73* -0.71 -0.60
Stings - 1.0 0.94* 0.81* 0.82* 0.93*
Pupae - - 1.0 0.76* 0.77* 0.95*

i, - - 1.0
Male offspring 0.98** 0.81*
Female - 1.0
. - } - 0.85**
offspring
Total offspring - - - - 1.0

a Pearson correlation coefficient values.” Corresponds to a significance lever of P=0.05. ** Corresponds to a significance
lever of P=0.01

When Cu-NPs were combined with deltamethrin they significantly reduced the
number of stings, pupae, female and total number of offspring compared to deltamethrin alone
(Fig. 8.7). In the case of CuO-NPs, their combination with deltamethrin reduced the mean
number of pupas produced compared to the individual treatments but total number of
offspring was not significantly different from that of deltamethrin alone (Fig. 8.3). On the
contrary, the deltamethrin/Cu(OH). mixture resulted in an increase in the mean number of
pupas and offspring compared to the individual treatments (Fig. 8.6).
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Figure 8.7 Effect of deltamethrin (Delta) and Cu-NPs combination on fecundity parameters of B. oleae
compared with the individual and the control treatments, 9 days post treatment. Bars marked by the
same letter do not differ significantly according to Tukey's HSD test (a=0.05).
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8.4.4 Relative quantification of the endosymbiotic bacterium ‘Ca. E. dacicola’

Quantitative real-time PCR analysis of the thorax-head samples from B. oleae
individuals revealed that individual treatment with any of the copper compounds (bulk or
nanosized) significantly reduced the relative abundance of Ca. E. dacicola in the thorax of
the B. oleae compared with the control. This was also the case for the combination of
Cu(OH). with deltamethrin but not in the cases of deltamethrin and its combinations with
CuO-NPs and Cu-NPs which exhibited similar levels of bacterial abundance compared with
the control (Fig. 8.8).

A similar trend of the effect of copper compound treatments on the abundance of the
endosymbiont bacterium was observed in the abdomen of B. oleae individuals, although no
statistically significant difference between any insecticidal agent and the control treatment
was found (Fig. 8.8). The only exception was observed in the case of deltamethrin which
resulted a significant decrease in the endosymbiont abundance in the abdomen compared with
the untreated control. In any case, bulk and nanosized copper treatments had a more profound
effect on the bacterial abundance in the thorax-head parts than in the abdomen section of the
insects. This could be due to a possible increased concentration of the toxic compounds in the
esophageal bulb of the insects and their limited translocation to the abdomen/gut section.
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Figure 8.8 Relative abundance of ‘Ca. E. dacicola’ in the thorax-head (orange bars) and abdomen
(blue bars) parts of B. oleae adults treated with deltamethrin (Delta), bulk or nanosized copper and
their combinations or water (control). Relative abundance was calculated based on the 8-actin
reference gene and expressed as the R=222% Bars marked by the same letter do not differ
significantly according to Tukey's HSD test (a=0.05). Bars represent standard errors. Oval schematic
depicts fruit fly gut epithelium and bacterial interaction with copper compounds.
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8.5. Discussion

The effects of copper NPs on the survival, oviposition behavior and fecundity
parameters of B. oleae as well as the abundance of the endosymbiotic bacterium ‘Ca. E.
dacicola’ alone or in combination with the insecticide deltamethrin were studied in laboratory
bioassays.

Acute toxicity bioassays revealed a decreased sensitivity of the B. oleae surveyed
population to the insecticide deltamethrin since the recommended dose for cover sprays
caused 33 to 61% mortality rates, which are relatively low and are expected to lead to control
failures. Practical resistance problems of B. oleae to pyrethroids have been reported in Greece
only in the case of the extensively used alpha-cypermethrin. Alpha-cypermethrin applied in
diagnostic doses has been reported to result in low mortality rates (22-40%), while the
documented up-regulation of relevant detoxification genes suggested that a P450-mediated
metabolic resistance mechanism could be responsible for the reduced sensitivity of B. oleae
to this insecticide.®® Deltamethrin was one of the pyrethroids that replaced alpha-cypermethrin
in bait and cover sprays and has initially demonstrated a high control potential against B.
oleae, although recent reports indicate a reduced effectiveness of this insecticide in the
field.”?” To the best of the authors knowledge, the present study is the first report of a B.
oleae field population with reduced sensitivity to deltamethrin in Greece.

Metal nanoparticles, especially those containing silver, zinc oxide, titanium oxide and
copper, have exhibited a great potential as pesticide alternatives against arthropod pests of
economic importance, including flies, moths, mosquitos, lice and ticks.?®2?° Green synthesized
copper NPs showed strong larvicidal activity against Anopheles stephensi, Aedes aegypti and
Culex quinquefasciatus mosquitoes, and the stored grain pests Tenebrio molitor, Corcyra
cephalonica, Sitophilus granarius and Rhyzopertha dominica.%-32 In the present study, copper
NPs in doses equal to the recommended doses of copper hydroxide showed a differential
toxicity to B. oleae adults. Specifically, Cu-NPs exhibited mortality rates similar to that of
deltamethrin, while CuO-NPs had a delayed, lower toxic effect against the insect. This
reduced toxic effect of CuO-NPs compared to Cu-NPs has been demonstrated in various plant
pathogens.®33* On the contrary, their bulk counterpart copper hydroxide was more toxic than
all treatments indicating differences in the mode of action between nano and bulk copper
compounds. Stronger acute toxic effect of Cu(OH): indicates that dissolved copper ions are
more toxic than the nanoparticle forms of copper, in which slower ion release may account
for the lower acute toxicity and the slower advancement of mortality of nano-copper
compared to their bulk counterpart (especially in the case of CuO-NPs). Similarly, bulk/ionic
forms of copper had a more profound toxic effect than CuO-NPs on the survival of the fruit
fly Drosophila melanogaster.2%%

In an attempt to investigate the possible role of copper ion release on the observed
toxicity of copper NPs against fruit fly adults, the strong chelating agent EDTA was combined
with both CuO-NPs and Cu-NPs. EDTA, when tested against various plant pathogens or pests,
has been shown to ‘“deactivate” several metal nanoparticles by binding to metal ions
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released.3*3% This was not the case in the present study where the addition of EDTA did not
cause any significant change in the toxicity of both CuO or Cu-NPs against B. oleae, probably
indicating that mechanisms other than ion release could be responsible for the entomo-toxic
effect copper NPs.

Interestingly, the combination of copper nanoparticles with the pyrethroid insecticide
deltamethrin resulted an enhanced toxic effect against adults of B. oleae which was more
profound in the case of Cu-NPs. This is of great importance and has obvious implications in
resistance management of B. oleae populations with reduced sensitivity to pyrethroids already
reported in Greece.!® In a recent study, a CeO--based nanohybrid enhanced the activity of
nitenpyram, sulfoxaflor, and clothianidin insecticides against both laboratory and field
insecticide-resistant strains of Nilaparvata lugens.®® The authors of the above study have
proposed the nanohybrid’s-induced reduction in host detoxification enzyme activities by
downregulating ROS-dependent P450 gene expression, as the probable mechanism for
overcoming insecticide resistance. This mechanism could be responsible for the observed
enhanced toxicity of deltamethrin when combined with copper NPs against B. oleae adults
with reduced sensitivity to deltamethrin, although further studies would be needed to validate
such a hypothesis. Another study has reported an interference of PVVP-coated Ag-NPs with
detoxifying enzymes such as carboxylesterases (CarE), glucosidases (Glu) and glutathione S-
transferases (GST) in the larval gut of Spodoptera litura F. and Achaea janata L causing an
excessive oxidative stress.®” In contrast, the addition of deltamethrin to Cu(OH): alleviated
the high toxicity caused by the fungicide to B. oleae causing lower mortality than each of the
individual treatments. This could be due to the formation of a copper-deltamethrin
conjugation, preventing both copper ions and the insecticide to reach their targets or
inactivating each other.

Subsequently, the effect of copper nanoparticles, Cu(OH)2, deltamethrin and their
combinations on oviposition and reproduction parameters was assessed under laboratory
conditions. Deltamethrin and CuO-NPs individual treatments induced the number of B. oleae
oviposition attempts as indicated by the significantly higher number of stings per olive fruit
recorded in comparison with the control treatment. This resulted in an elevated number of
produced pupas per olive fruit by both treatments compared with the control. Furthermore,
deltamethrin treatment induced the birth of female over male offspring. Similarly, Mauduit
et al.%® has reported a stimulation of reproductive traits of the beneficial insect European
earwig (Forficula auricularia L.) caused by sublethal doses of deltamethrin. On the contrary,
all the other B. oleae treatments (including the ones containing deltamethrin) did not differ
significantly in terms of oviposition attempts and number of produced pupas compared with
the control treatment. The total number of offspring per female was also unaffected by almost
all treatments when compared with the control. The only exceptions were recorded in the case
of Cu(OH). and the Cu-NPs + deltamethrin combination which resulted in a significant
reduction in the number of total offspring compared with the control. Apparently, copper
hydroxide treatment resulted in less total number of offspring due to the high mortality rates
caused by this fungicide. Nevertheless, Cu(OH). has demonstrated oviposition inhibitory
properties against B. oleae in a number of laboratory and field studies.>'%3%40 This was
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attributed both to the direct and indirect oviposition-deterring properties of copper hydroxide
due to the antibacterial effect of the compound against olive fruit bacteria producing
oviposition-attractive compounds. 3940

Recent reports attribute the toxic effect of copper against B. oleae to the symbiosis
disruption of the insect with the gut endosymbiotic bacterium Candidatus Erwinia dacicola
which is essential for successful larval development in unripe olive fruits.*4! In the case of
copper NPs, no report is available about a similar effect of any nanoparticle on the above olive
fly endosymbiont although reports exist on Ag-NPs reducing diversity of midgut flora in
treated larvae of Drosophila melanogaster.t® In the present study, both bulk and nanosized
copper reduced the abundance of the gut endosymbiotic bacterium, an effect which was more
profound in the head-thorax part of B. oleae. This could be due to translocation limitations of
copper compounds between the thorax and abdomen. It must be pointed out that mixtures
containing deltamethrin and both Cu and CuO nanoparticles resulted in a reduced number of
pupae and total number of offspring compared to the individual treatments alone. This effect
was more profound in the case of Cu-NPs which were more toxic than CuO-NPs. However,
this reproduction-affecting additive effect of nano copper compounds with deltamethrin was
not observed is terms of toxicity to the endosymbiotic bacterium Candidatus Erwinia
dacicola. On the contrary, nanocopper-deltamethrin combinations negated the inhibitory
effect of copper NPs against the endosymbiont. This suggests that the observed reproduction
properties-related reduction caused by the combination of copper NPs with deltamethrin is
not associated with the abundance of the endosymbiotic bacterium Candidatus Erwinia
dacicola in the gut of B.oleae. Furthermore, the fact that the combination of Cu(OH)2 with
deltamethrin had an antagonistic effect resulting in an increase both in the number of pupas
and total number of offspring compared to the individual treatments indicates differences in
the mode of genotoxic action between nano and bulk counterparts.

Copper NPs, when combined with deltamethrin, were reduced in size (Table 1, Figure
2) and thus could be more effective both in terms of acute and reproductive activity. Similar
results, as far as toxicity is concerned, have been reported in the case of a boscalid + ZnO-
NPs combination which resulted in a reduction in NPs size producing a synergistic effect
between the two compounds against the plant pathogenic fungus Alternaria alternata.®®
However, this enhanced toxicity of NP-copper/ deltamethin combination was reversed in the
case of the endosymbiotic bacterium Candidatus Erwinia dacicola which indicates that the
enhanced toxicity towards B. oleae was due to an increased toxicity of deltamethrin, probably
caused by the deactivation of detoxifying enzymes by nanocopper. In any case, the
combination of deltamethrin with copper NPs can enhance its toxicity against B. oleae, a fact
especially important in the case of olive fruit fly populations resistant to this insecticide and
reduce insect populations even in sub-lethal doses.

While copper NPs show great potential against B. oleae, they may pose both known
and unknown health and environmental risks. Their unique properties that enable them to have
increased effectiveness compared to their bulk counterparts could also lead to toxic effects
towards non-target organisms. Metal nanoparticles -especially smaller ones- have been shown
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to possess cell membrane-penetration properties which could extend to plant or even human
cells.?? Furthermore, since their impact on biological systems is not yet fully understood,
ecotoxicity tests commonly used for their bulk counterparts may not be sufficient to evaluate
their toxicity. This also applies for their combinations with pesticides which may cause an
additional toxicity effect to non-target organisms.?? Thus, before copper and other metallic
NPs can be applied in the field alone or in combination with agrochemicals in large-scale
applications, dose optimization and several safety issues concerning their environmental fate
and impact on non-target organisms should be addressed by ecotoxicological studies.

Concluding, copper containing nanoparticles were toxic to olive fruit fly B. oleae
populations with reduced sensitivity to the pyrethroid insecticide deltamethrin, although less
toxic than their bulk counterpart Cu(OH).. When combined with deltamethrin, NPs enhanced
the insecticide’s toxic effect against B. oleae especially in the case of Cu-NPs. This was also
the case for the effect of the combinations in reproductive properties where nano-deltamethrin
mixtures caused a reduction in the number of pupas and total number of offspring produced
compared with the individual treatments. The opposite/antagonistic effect was observed in the
case of the Cu(OH). + deltamethrin combination indicating differences on the mode of action
between NPs and their bulk counterpart. Furthermore, both bulk and nanosized copper
negatively affected the abundance of the B. oleae endosymbiotic bacterium Candidatus
Erwinia dacicola in olive fruit fly adults which could lead to reduced survival of larvae
feeding on olive fruit. These results point out a promising potential for copper NPs to be used
in combination with deltamethrin in IPM programs for the control of B. oleae population in
bait-based sprays and as an anti-resistance management tool, reducing the environmental
footprint of synthetic pesticides by requiring lower doses for the control of the pest.
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9 General discussion and concluding remarks

9.1. General discussion

Modern agriculture faces significant challenges in achieving sustainable food
production while minimizing the depletion of natural resources and environmental pollution.
Recent advancements in technology, particularly in nanotechnology, present promising
solutions to these issues. Research over the past decade highlights the potential of
nanotechnology in various agricultural applications, such as nano-fertilizers, which enhance
nutrient delivery through targeted release, thereby reducing waste and environmental impact.
Additionally, nanotechnology-assisted plant protection products can improve crop yields while
lessening the ecological footprint of traditional agrochemicals. The integration of nanosensors
in precision farming allows for real-time monitoring of crop health, soil conditions, and
environmental factors, leading to more informed agricultural practices. Furthermore,
nanotechnology can aid in developing crops that are more resilient to extreme weather
conditions caused by climate change. Overall, the application of nanotechnology not only
boosts productivity but also promotes sustainability by optimizing resource use and reducing
environmental harm, positioning it as a crucial element in the future of sustainable agriculture.

A major challenge chemical control faces is the loss of available conventional active
ingredients due to strict environmental safety regulations which, combined with the loss of
fungicide efficacy due to resistance development, constitute major problems of contemporary
crop protection. Metal containing nanoparticles appear to have all the credentials to be the next-
generation, eco-compatible fungicide alternatives and a valuable anti-resistance management
tool. Could the introduction of metal NPs as nano-fungicides be the answer to both reducing
environmental footprint of xenobiotics and dealing with fungicide resistance? The potential of
metal nanoparticles to be utilized as nano-fungicides both as alternative to conventional
fungicides or/and as partners in combating fungicide resistance is discussed in terms of
effectiveness, potential antimicrobial mechanisms as well as synergy profiles with
conventional fungicides. However, their “golden” potential to be used both as alternatives and
partners of conventional fungicides to combat resistance and reduce environmental pollution,
is challenged by undesirable effects towards non-target organisms such as phytotoxicity,
toxicity to humans and environmental ecotoxicity, constituting risks that should be considered
before their commercial introduction as nano-pesticides at a large scale.

Under this light the main objectives of the present thesis were a) to study the
effectiveness of metallic nanoparticles (MNPs) against phytopathogenic fungi both in vitro and
in vivo, b) to investigate the mechanism of fungitoxic action of MNPs at the biochemical level,
c) to explore the potential use of MNPs alone or in combination with conventional plant
protection products to combat resistant phytopathogenic strains, as well as to reduce
recommended doses and the environmental footprint of pesticides, d) to examine the potential
use of MNPs against populations of the olive fruit fly, resistant to insecticides, and their impact
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on the endosymbiotic microorganisms of the fly's gut flora, and €) to investigate the
toxicological effects of MNPs on the growth and physiological parameters of tomato plants, as
well as on the symbiotic organisms of their root system.

Metallic nanoparticles as fungicide alternatives

The effectiveness of copper (Cu-NPs, CuO-NPs), silver (Ag-NPs) and zinc (ZnO-NPs)
containing nanoparticles (NPs) was assessed in vitro against seven fungal species, known to
cause foliar and soil-borne diseases. Mycelial growth assays revealed that Cu-NPs with mean
inhibition rates, ECso, ranging between 162 and 310 ug/mL were the most effective among the
NPs tested in inhibiting fungal growth, followed by ZnO-NPs with ECso ranging between 235
and 848 pg/mL. All fungal species were practically insensitive to CuO-NPs and Ag-NPs except
for B. cinerea, which was equally sensitive to Ag-NPs and Cu-NPs (ECso =307 ug/mL). Cu-
NPs were more fungitoxic in terms of mycelial growth, to almost all species tested, than a
reference protective fungicide containing Cu(OH).. Fungitoxicity experiments with the NPs
tested and bulk size reagents containing the respective metals revealed that ZnO-NPs were
more toxic to all fungal species tested than ZnSO4, whereas Cu-NPs were more fungitoxic than
CuSOg4in all cases, except for B. cinerea, A. alternata and M. fructicola. The existence of a
positive correlation between Cu-NPs and CuO-NPs toxicity and, at the same time, the absence
of any correlation between NPs tested and their respective bulk metal counterparts indicated
potential differences in the mode of action between bulk and nanosized antifungal ingredients.
Although there was considerable variation between fungal species, all NPs were generally 10
to 100 fold more fungitoxic to spores than hyphae and in the majority of cases more effective
than Cu(OH), as revealed by colony formation bioassays. NPs significantly suppressed grey
mold symptoms on plum fruit, especially Ag-NPs, which completely inhibited disease
development. Consequently, tested NPs have the potential to be used as protective antifungal
agents. Following this initial screening, selected MNPs were tested against fungicide-resistant
fungal pathogens.

MNPs combating fungicide resistance

Combating drug-resistance is a daunting task, especially due to the shortage of available
drug alternatives with multisite modes of action. In this study, the potential of MNPs to be used
against fungicide-resistant fungal pathogens, their potential synergy with conventional
fungicides as well as the underlying mechanism were investigated using four pathogen-NP
cases. In the first case, the ability of copper nanoparticles (Cu-NPs) to suppress sensitive or
resistant to fungicides Botrytis cinerea isolates, alone or in combination with conventional
fungicides, was tested in vitro and in vivo. Sensitivity screening in vitro revealed two fungicide
resistance phenotypes, resulting from target site mutations. DNA sequencing revealed three B.
cinerea isolates highly resistant to benzimidazoles (BEN-R), thiophanare methyl (TM), and
carbendazim, bearing the E198A resistance mutation in the g-tubulin gene, and four isolates
highly resistant to the Qol pyraclostrobin (PYR-R) with a G143A mutation in the cytb gene.
Cu-NPs were equally effective against sensitive and resistant isolates. An additive/ synergistic
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effect was observed between Cu-NPs and TM in the case of BEN-S isolates both in vitro and
when applied in apple fruit. A positive correlation was observed between TM and TM+Cu-
NPs treatments, suggesting that an increased TM availability in the target site could be related
with the observed additive/synergistic action. No correlation between Cu(OH). and Cu-NPs
sensitivity was found, indicating that different mechanisms govern the fungitoxic activity
between nano and bulk counterparts. A synergistic profile was observed between Cu-NPs and
fluazinam (FM) - an oxidative phosphorylation inhibitor - in all isolates regardless of resistance
phenotype, suggesting that ATP metabolism could be involved in the mode of action of Cu-
NPs. Furthermore, the observed cross sensitivity and antagonistic action between Cu-NPs and
NaCl also provided evidence for copper ions contribution to the fungitoxic action of Cu-NPs.
The results suggested that Cu-NPs in combination with conventional fungicides can provide
the means for an environmentally safe, sustainable resistance management strategy by reducing
fungicide use and combating resistance against B. cinerea.

Similar results were observed in the case of Cu-NPs, which could suppress mycelial
growth in both sensitive (BEN-S) and resistant (BEN-R) M. fructicola isolates harbouring the
E198A benzimidazole resistance mutation, more effectively than copper oxide NPs (CuO-NPs)
and Cu(OH).. A significant synergy of Cu-NPs with TM was observed against BEN-S isolates
both in vitro and when applied on plum fruit suggesting enhanced availability or nanoparticle-
induced transformation of TM to carbendazim. ATP-dependent metabolism is probably
involved in the mode of fungitoxic action of Cu-NPs as indicated by the synergy observed
between Cu-NPs and the oxidative phosphorylation-uncoupler fluazinam (FM). Copper ion
release contributed in the toxic action of Cu-NPs against M. fructicola, as indicated by
synergism experiments with ethylenediaminetetraacetic acid (EDTA), although the lack of
correlation between nano and bulk/ionic copper forms indicates an additional nano-property
mediated mechanism of fungitoxic action. Results suggested that Cu-NPs can be effectively
used in future plant disease management as eco-friendly antifungal alternatives to counter
fungicides resistance and reduce the environmental footprint of synthetic fungicides used
against M. fructicola.

To test whether the effectiveness of MNPs could be affected by the metallic basis of NPs,
Ag-NPs were tested against the above M. fructicola isolates in terms of effectiveness and
fungicide resistance management both in vitro and in vivo. Ag-NPs effectively suppressed
mycelial growth in both sensitive (BEN-S) and resistant isolates. The combination of Ag-NPs
with TM led to a significantly enhanced fungitoxic effect compared to the individual treatments
regardless resistant phenotype (BEN-R/S) both in vitro and when applied on apple fruit.
Contrary to the profile observed in the case of Cu-NPs, the above additive/synergistic action is
probably associated with an enhanced Ag-NPs activity/availability as indicated by the positive
correlation between Ag-NPs and TM+Ag-NPs treatments. No correlation was found between
AgNO3 and Ag-NPs suggesting that difference(s) exist in the fungitoxic mechanism of action
between Ag nanoparticles and their ionic counterparts. Similarly to Cu-NPs, synergy observed
between Ag-NPs and the oxidative phosphorylation-uncoupler fluazinam (FM) against both
resistance phenotypes indicates a possible role of energy (ATP) metabolism in the mode of
action of Ag-NPs. Additionally, the role of released silver ions on the fungitoxic action of Ag-
NPs against M. fructicola was found to be limited because the combination with NaCl revealed
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a synergistic rather than the antagonistic effect that would be expected from silver ion binding
with chlorine ions. The results of this study suggested that Ag-NPs can be effectively used
against M. fructicola and when used in combination with conventional fungicides they could
provide the means for countering benzimidazole resistance and at the same time reduce the
environmental impact of synthetic fungicides by reducing doses needed for the control of the
pathogen.

Finally, the antifungal potential of ZnO-NPs against Alternaria alternata isolates with
reduced sensitivity to the succinate dehydrogenase inhibitor (SDHI) boscalid, resulting from
target site modifications, was evaluated in vitro and in vivo. ZnO-NPs could effectively inhibit
mycelial growth in a dose-dependent way in both boscalid (BOSC) sensitive (BOSC-S) and
resistant (BOSC-R) isolates. The fungitoxic effect of ZnO-NPs against the pathogen was
significantly enhanced when combined with boscalid compared to the individual treatments in
all phenotype cases (BOSC-S/R) both in vitro and in vivo. Fungitoxic effect of ZnO-NPs could
be —at least partly—attributed to zinc ion release as indicated by the positive correlation between
sensitivities to the nanoparticles and their ionic counterpart ZnSO4 and the alleviation of the
ZnO-NPs fungitoxic action in the presence of the strong chelating agent EDTA. The superior
effectiveness of ZnO-NPs against A. alternata compared to ZnSO4 could be due to nanoparticle
properties interfering with cellular ion homeostasis mechanisms. The observed additive action
of the oxidative phosphorylation-uncoupler fluazinam (FM) against all phenotypes indicates a
possible role of ATP-dependent ion efflux mechanism in the mode of action of ZnO-NPs. A
potential role of ROS production in the fungitoxic action of ZnO-NPs was evident by the
additive/synergistic action of Salicylhydroxamate (SHAM), which blocks the alternative
oxidase antioxidant action. Mixture of ZnO-NPs and boscalid resulting in a “capping” effect
for the nanoparticles significantly reducing their mean size probably accounted for the
synergistic effect of the mixture against both sensitive and resistant A. alternata isolates.
Summarizing, results indicated that ZnO-NPs can be effectively used against A. alternata while
combination with boscalid optimizes their performance and provides an effective tool for
combating SDHI-resistance and reducing the environmental fingerprint of synthetic fungicides
by reducing recommended doses for the control of the pathogen.

All the above cases indicate that metal NPs can combat fungicide resistance especially
when used in combination with the same fungicide that the pathogen has developed resistance
to. This extraordinary resistance-negating effect can be attributed to a number of mechanisms
such as increased bioavailability of the fungicide caused by a carrier effect of the NP, chemo
sensitization of the fungal cell caused by the NPs or an indirect increased toxicity of the NPs
due to a “capping” effect of the fungicide which results in smaller, and thus more toxic, NPs.
In any case, besides managing fungicide-resistance, the combination of MNPs with fungicides
was shown to drastically reduce the recommended fungicide doses which can contribute to the
mitigation of the problem of environmental contamination caused by the excessive use of
agrochemicals.

MNPs against insecticide-resistant Bactrocera oleae populations
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Besides their antimicrobial properties, MNPs such as those containing silver, zinc
oxide, titanium oxide and copper, have exhibited a great potential as pesticide alternatives
against arthropod pests of economic importance, including flies, moths, mosquitos, lice and
ticks. Furthermore, silver and copper nanoparticles have been shown to exert acute toxic effects
on various and reproduction-related as well as microbiome-alternating effects on the
Drosophila melanogaster fruit fly in ways that differ from those of their bulk counterparts.
However, to date, no study is available on the effect of copper-containing NPs on Bactrocera
oleae, which is the most economically important olive pest worldwide and faces significant
control challenges due to the development of insecticide resistance. Under this light, the
potential of copper nanoparticles (NPs) to be used as an alternative control strategy against
olive fruit flies (B. oleae) with reduced sensitivity to the pyrethroid deltamethrin and the impact
of both nanosized and bulk copper [Cu(OH).] on the insect's reproductive and endosymbiotic
parameters were investigated. The application of nanosized and bulk copper applied by feeding
resulted in significant levels of adult mortality, comparable to or surpassing those achieved
with deltamethrin at recommended doses. Combinations of Cu-NPs or CuO-NPs with
deltamethrin significantly enhanced the insecticide's efficacy against B. oleae adults. When
combined with deltamethrin, Cu-NPs significantly reduced the mean total number of offspring
compared with the control, and the number of stings, pupae, female and total number of
offspring compared with the insecticide alone. Both bulk and nanosized copper negatively
affected the abundance of the endosymbiotic bacterium Candidatus Erwinia dacicola which is
crucial for the survival of B. oleae larvae. These results demonstrate that Cu-NPs can aid the
control of B. oleae both by reducing larval survival and by enhancing deltamethrin performance
in terms of toxicity and reduced fecundity, providing an effective anti-resistance tool and
minimizing the environmental footprint of synthetic pesticides by reducing the required doses
for the control of the pest.

Toxicological effects of MNPs on tomato and its root-symbiotic organisms

Plants, being an essential part of all ecosystems, are expected to interact directly or
indirectly with nanoparticles, that could potentially inflict toxicity, accumulate via uptake or
disturb interactions of plants with beneficial/symbiotic organisms. A number of studies
evaluating phytotoxicity of metal NPs have been conducted reporting adverse effects on
various aspects of plant growth and physiology in numerous plant species although reports are
often conflicting highlighting that toxicity threshold of NPs towards plants is species dependent
and each case should be evaluated separately.

Tomato is a vegetable crop with great popularity and economic importance worldwide,
and although studies evaluating phytotoxicity of tomato caused by silver, zinc oxide, titanium
oxide, copper, and ferric NPs are available, their toxicity compared with their bulk
counterparts, as well as their interaction with tomato’s endophytic symbiotic microorganisms
is limited. Therefore, this study investigated the effect of copper (Cu-NPs, CuO-NPs), silver
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(Ag-NPs) and zinc oxide (ZnO-NPs) nanoparticles (NPs) on plant growth, physiological
properties of tomato plants and their symbiotic relationships with the endophytic Fusarium
solani FsK strain. Fungitoxicity tests revealed that the FsK strain was significantly more
sensitive to Cu-NPs and ZnO-NPs than CuO-NPs and Ag-NPs both in terms of mycelial growth
and spore germination. All NPs were more toxic to FsK compared to their bulk counterparts
except for AgNO3z, which was 8 to 9-fold more toxic than AgNPs. Apart from AgNO3, NPs
and bulk counterparts did not affect the number of germinated tomato seeds even in higher
concentrations, while root length was significantly reduced in a dose dependent way in most
cases. Dry weight of tomato plants was also significantly reduced upon treatment with NPs and
counterparts with most pronounced effects in the cases of AgNO3s, Cu-NPs, ZnO-NPs, and
ZnS04. Root and shoot length of grown tomato plants was also affected by treatments while
differences between NPs and bulk counterparts varied. A marked oxidative stress response was
recorded in all cases of NPs/bulk counterparts as indicated by increased MDA and H20: levels
of treated plants. Treated plants had significantly reduced chlorophyl-a and carotenoid levels
compared to the untreated control. NPs and counterparts did not affect FsK colonization of
roots indicating a possible shielding effect of tomato plants once the endophyte was established
inside the roots. Vice versa, a possible alleviation of CuO-NPs, ZnO-NPs, and ZnSO4 toxicity
was observed in the presence of FsK inside tomato roots in terms of plant dry weight. The
results suggest that phytotoxicity of NPs in tomato treated plants should be considered before
application and while both FsK and tomato are sensitive to NPs, their reciprocal benefits may
extent to resistance towards these toxic agents.

9.2. Concluding remarks and future directions

Certain limitations of pesticides such as high environmental footprints, side effects to
non-target organisms, increasing costs on RnD and registration of new active ingredients and
the loss of their effectiveness due to resistance development, have rendered the development
of eco-compatible alternatives a necessity. Nanotechnology could provide an answer to this
challenge by introducing nanoparticles (NPs) acting nano-pesticides or as carriers for relevant
active ingredients. Metal NPs used in this study were demonstrated to possess a great potential
as eco-compatible, alternative pesticides with unique properties and effectiveness. Results also
highlighted their potential for addressing the crucial agricultural issue of pesticide resistance.
Specifically, the combination of MNPs with pesticides led to an increase in the effectiveness
of the latter against both sensitive and resistant strains, enabling effective management of the
resistance phenomenon while simultaneously allowing for reduced dosages and consequently
minimizing the environmental footprint of these drugs. Driven by the significance of this
finding, we were motivated and filed a patent titled "Use of metallic nanoparticles in plant
protection formulations” (E-filing case number: 2418-0004776301). Future efforts should
focus on the production of MNPs via green synthetic routes, which are more eco-friendly and
can be fine-tuned to produce NPs with specific desired properties such as smaller-size,
increased effectiveness and targeted drug delivery.
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The effect of MNPs on the agroecosystem were investigated in terms of their
phytotoxicity on tomato plants and a beneficial endosymbiotic fugus (FSK) that protects the
plant from infections and various stresses. Results study revealed a differential response to
various NPs (Cu-NPs, CuO-NPs, Ag-NPs and ZnO-NPs) and bulk counterparts, which
involved reduced growth, chlorophyll-a and carotenoid contents and increased oxidative stress.
These results suggested that phytotoxicity of NPs in tomato treated plants should be considered
before application. Interestingly, FSK provided a protection against the phytotoxic effect of
some NPs which could be a promising tomato protective agent against metallic NPs.

However promising as they are for crop protection, MNPs may pose both known and
unknown health and environmental risks. Their very same unique properties that enable them
to have increased fungitoxic action compared to their bulk counterparts could have
undesirable/toxic effects towards non-target organisms. Their ability to penetrate fungal cell
membranes -especially in the case of smaller NPs- could extend to plant or even human cells
and cause toxic responses. Ecotoxicity tests typically used for their bulk counterparts may
prove insufficient to evaluate NP toxicity since their effect on biological system is not yet
completely understood. Phytotoxicity, human and environmental safety issues should be
systematically investigated before their commercial release for use as nano-pesticides. The
same applies for their combinations with fungicides which may result in a special, combined
toxicity to non-target organisms. Concluding, since their effect on biological systems is not yet
completely understood, MNPs should be further studied for undesirable effects towards non-
target organisms such as phytotoxicity, toxicity to humans and environmental ecotoxicity
before their commercial introduction as nano-pesticides at a large scale.
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