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Olive leal spot (OLS), cansed by Venturia oleaginea, is one of the most
common and serions diseases of olive rees m the Mediermanean tegion.
Understanding e pathogen ife cycle s imporant for the development of
effective control sirategies. Current knowiedge 18 incomplele owing © a
lack of effective detection methods. 1t s exremely difficolt 1© coltare
V. oleaginea W vilro, so primers were designed 10 ampily and sequence the
miemal wanseribed spacer TES1-33S-TISY region of the Tungus diveclly
from nfected olve leaves. Sanger sequencing mdicaied a umque YIS region
present n the Faropean sirains screened, confirming the appropriaieness of
the target region for developing a quantitative PCR (qPCRY assay.
Turhermore, Mgh-thronghpat seouencing of the same region excinded the
presence of other Venturia species n e olive phylosphere. The oPCR
assay proved very specific and sensitive, enabling the detection of
approximately 26 copies of target DNAL The analysis of symplomiess

\eaves duning early stages of the epudemic from the end of wip
sprmg revealed a stmilar quantity of pathogen DNA regardies
growin stage. In confrast, (he pathogen ter changed significan
season. Data mdicated that leal wiections start earlier than
e season and very young \eaves are as suscepible as adul
findings have wnportant practical mphcatons and sagge
Improved scheduling of fungicide treatments. The oPCR
2 valable ol providing  quanfiative tesulis and ena
V. oleaginea in 2\l olive organs, incinding those in wh
stadied usmg previonsly avallable methods.
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ion can enter the caticie through wounds
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> Lot new infections, owing 1o their low dispersal
nd Schena 2011, Cuprice wreatments ghould be
21 18 A very gh incidence of scab because they
xeessive, earty loss of leaves cansed by Cyt on
s, accurate momtorng of te pathogen during
Dlomatic phases 1s essential 10 determine the timing
applications and he number of treatments and
hermicals 1o apply (Agosteo and Schena 200 1).
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Olive leal spot (OLS), algo known as olive scab, peacock \eal
SPOL, O peacock’ s eye disease, 1s caused by the fungus Venturia
oleaginea (Castagne) Rossman & Crous {synonyms Spilocaea
oleagina (Cast) Yugh and Fusicladium oleagineum (Castagne)
Ritechel & U. Braun) and is one of the most common and serous
diseases of olive groves n the Mediterranean region (Agosieo and
Schena 2011). Infections ocour maimly on leaves, buat other organs,
ncluding ghoots, leal stalks, fruit pedicles, fruis, and inflores-
cences, can also bHe miected. On susceplible cultivars, severe
defoliation may ocour, resalting in aloss of plant vigor, death of

flat, monolayered, wnmersed colomies (G
20Ty, Colomization s followed by the
symploms and by the enapiion of condis
single-celled comdiophores. The duratic
depends on local environmental condy
suscepiibility and may vary from a
months. In particalar, when infections
or dry and hot (summer) condition
sponiiation may occur afier a \ong !
2013y, The duration of summer and:
\ocal envitonmental conditions, al
most Mediterranean olive-growin
sammers and mild-wel winkers
exiremely Tnportant because
And OVErsImmMenng swakegy o
shage 1s essential for the deve
(Granity 1997 Viruega et al.
Chemical control 1s ve
medinm sk of infection
nonreated trees may ded
fungicides applied duriy
(generally antarmm and
adopied. The copper
caused by erupuing ¢
controls the disease

dnoots, and a2 reduction W the numbers of flower buds and,
consequently, in fnut production (Agosteo and Schena 2011y,
The pathogen can infect olive Ussues over a wide range of
teraperatures (3 10 25°C) provided that prolonged conditions of \eal
wemess occur, Atleasi 24 h of leal wemess was found 1o 'be necessary
for infections 2t the optiimal temperature of 20°PC (Niuega and
Trapero-Casas 2007). Once he pathogen peneirates the host, W
Temains resineted 1o the outer cuticie layer of the epidermal cell wall,
where the mycelmm grows paraiiel 1o the leal surface 1o form round,
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Towever, the montonng of laent mfecthions 13 very compiex  Primers were wiilized 1o amphify target DNA from leal samples
because e diagnosis of the disease 15 based mainly on symploms. showing wpical symptoms of OLS collected W Wtaly, Gieece,
1n fact, V. oleaginea 1s very difficult, i not impossible, 10 solate Trance, and Spam (Table 1), Armphfications were performed
on nuient media i vitro (Gonzalez-Lamothe et al. 2002, Wilson according 0 he protocol for Golag Flexi DNA Polymerase
and Mitter 19493, A simple method 1 viswalize the disease G (Promega Corporavion, Madison, W), A total volume of 30 w
symplomiess) 1s Hased on the dhservation of round black spots contained 10 pl of 51 Gotag Flexi Buifer, .5 mM ot MeCl, 03 oM
alter the leaves have been immersed n sodivmm O polassim of each prmer, 2 mM of ANTPs, 125 U of Gotag DNA
hydroxide sohution (Loprieno and Tenerim 1999). This methodhas Polymerase, and 2 pl 20 ng) of exiracted DNA. PCR conditions
been widely apphied 1o stady the ife eycle of V. oleaginea and o consisied of an intial step at93°C for 2 min, followed oy 33 eycles
determine the duration of the laeat phase. However, mportant  at93°Clord0 s, anmealing 3 33°C for 30 5, and 12°C for A0 s. A final
epdemiclogical aspects rTemain conttoversial becanse the Loprieno extension at 72°C for 5 min was wcladed. Al reactions wex
and Tenerini method enables the Wentification of infected leaves  incubated n 2 Mastercycler gradient thermocycler (Eppendo
o only i the pathogen is at an advanced stage of colomzation;, s Harburg, Germany). The PCR {ragments were visuahized on L
RS, method 13 ineffective during the early stages of infection. agarose gels and bidirectionally sequenced with the same prim
and Turthermore, it does not provide accurate quantificaion and canbe using the Bighye Termimator v3.1 Cycle Sequencing Kt
‘ohex uilized only for adult leaves because young, tender leaves are an ABIIIN0 avtomaied sequencer (Apphied Biosysiems, ¥
damaged by sodium hydroxide during Hhe Immersion process. Ciy, CAY
related Thus, a specific and sensitive meolecular method 1s desirable 1o High-throughput segquencing. V. oleaginea and
mnanly detect and quantify the pathogen over the entire mfecthion process species associated with the olive phyllosphere were prely
ers Nelt® and provide 2 0ol 1o accurately stady s e oycle (Schena et al. mvesiigaied using a metabarcoding approach with the pri
) sampies 2004). The early infection phases on immature, expanding leaves and Ve2R. Analyses were conducied with four tologics
pania, and are partcularly important because they are coritical w0 plant collected 1n four Talian regions (Apulia, Calabria, Can
me oL 25w productivity, carrently, knowledge on the infection at this stage 1s  Tascany) (Table 1) Target DNA was ampiified n a vol
Mix (KAPA mcompiete and controversial. Therelore, this study aimed w0 contaiming 12,5 pl of KAPA FiFi ot Start Ready
aet, inchding develop and apply 2 quantitative PCR (gPCR) method based on  Biosystems, Wilmington, MA), 93 yM of cach priv
20 ng of DNA TagMan chemisity o detect V. oleaginea i symplomiess olive  TWhoumina adapiors (hvps] haww tumina.com), and
aon at93°CL 35 \eaves at various growih stages. The development and vahidation of emplaie. Reactions consisied of 3 min of denatura
°C, and 2 final the method was challenging considering the difficulty n obtaiming cycies of 30 s at OR°C, 20 s a 33°C, A0 s v T
valer (QLAGEN) pure cultures of V. oleaginea and telated species (Gonzdlez- exiension of 1 min at 72°C. Nuclease-free ©
Amplicons were Lamothe etal. 2002).To avord this shortcoming, the whole mternal - teplaced wmplate DNA W negative controls.
ose and sequenced wanserived spacer YIH1-3 38-1THY sequence of the pathogen was  Visualized on gel elecophoresis at 1 2% aga
nfactharer’ s protocol divectly amphified from naturally infecied olive leaves and uitized using the WMiSeq system according 1o e mar
c., San Diego, CA). 25 2 1Arget 1o design two specific primers and a probe. for Nexiera X1 Index Kit v2 (Mamina Ly
n Agencourt AMPure Purification of samples was achieved using
Brea, CA). The final MATERIALS AND METHODS KPP system (Beckman Coulter Genomics,
Cusing 2 Quiit (Lafe Wbrary was normalized and guantified
reagent K v (hamina) DNA extraction from olive leaves. Al DNA extractions Technologies, Carlgdoad, CAY. The MiSeq
0'op) sequencing ran. The were performed from yophilized leaf tissues using 2 modified wasused for long pared-end reads (L 130
ary 10 add base diversiwy. version of the CTAB protocol (Dovie and Doyie 19%T). A sampie of PhiX conol was spiked n the final o
PRINASAYIO) were first 40 mg of lyophitized fissue was blended at 25 Tz for two L-min Raw sequencing data (BioProject
Ak, 2004y with 3 it peniods n a Mixrer Mill homogemzer (Retsch Technology Gmbhl,  wimmed using PEAR 09 .10 (Zhang «
55 Uhan 730 bases n length Tlaan, Germany) containing 12 (wivoly CTAR Iysis baffer and quality score of 20. Reads with \e
processed within VSEARCH 03 ¢ of glass beads (0.1 103 mm §). The bufier contaimed 100 MM were discarded. Sequences were
. de novo chimera cdhecking and | of Tris-HCH (pEL 8), LA M of MaCl, 20 Mt of BEUTA (ph /), 2% workfiow (Rognes et al. 2016). The
mg e uchime and derep full- CYAR, and 2% polyvinyipolypyreoiidone (Sigma- Aldoch, St dereplication were carmied out us
were clustered with a stoailasity ' Lous, MOY. The homogenaie was ncubated at 63°C for 20 min - lengih Algorithms. Unigue veads
s sequence types (81s) (Prigigalio and the supernatant was extracted with dhloroform-isoamyl aleohol  threghold of 100% and defined 2
aences associated with each clusier 24\ (vollvoly (-20°C) and precipiiated with 2 02 volame of S ™M et al. 2016). The number of seq)
ARIT LAXONOMY Was assigned using a TMall and W00% eold (20°C) ethanol (2.5 vollvoly. The pellet was (e STs) was calculated and o)
base (Supplementary Table S1). A washed with T0% (vollvol) ethanol and dried in aheatingblock st \ocal Venturia spp. YIS dae
st e UNTTE database (Kolyalg et al. F1°C Lot S min. DNAwas suspended in 50 pl of nuclease-free water Turiner taxa assignment agaw
mvestigate the eventual presence of and the concentration and auality (ratios A260I A2R0 and A260! 2013y was periormed 1o
enera. S1s ol V. oleaginea representing A230) was evaluated with a NanoDrop 1000 spectrophotomerer sequences of other fungal
mpared 10 determine the {requency and (MNanoDrop Technologies, Wilmington, DE) and by electrophoresis at least 30 reads were ¢o
nc bases i the TTS1-5 381182 region. To using 2 1 5% agarose gel I TRE buifer (30 it of Tris, 90 mM of disibution of potymorpy
e nroduced m MEGAT (Kumar et al. borc acid, and L mM of EDTA). TS A, SSOUEeNCes We
MUSCLE algorithm, and manually dhecked Amplification and Sanger sequencing of the YIS region 2016), aligned with the
ol V. oleaginea. Wew primers were designed 1o amphly the TS (Fag. ).
1ginea-specific primers and probe. S1s regions of V. oleaginea from infected olive samples. GenBank Design of V. ole
nsters with at least 30 reads from migh- avallable YIS sequences of V. oleaginea were aligned with a  tepresentative of ¢
mg (HTS) and Sanger sequences obtained m representative panel of sequences from related fungal species throughput sequend
mnpared with GenBank available sequences of (Supplementary Table S1). Alignments were checked manually s stady were e«
closely telated fungal taxa. Al sequences were 1 Wently appropriate target regions for the amphificaton of the V. oleaginea and
AT (Kamar et al. 2016) and mamaally checked Whole TTS1-5 381182 reghon trom V. oleaginea and chosely related angned m MEG
y appropriale tegions shaved by a0\ V. oleaginea species. Two primers targeting the final portion of the 139 gene order 1o denti
10 avoid as much as possible other closely related (Nelb GAACCTGCGGAMNGGAICA) and the boundary between sequences and
a0 probe (SpOP CCCTGCCTTGAMAN)Y and the TTSL and the 22 gene (NeXR ATCCGAGGCCAACCTTGTAGY 1ara. ATagN
imers (SpOVE CGCCTGCCGGAANTTAGC and were designed using PRIMER 3 software with default parameters.  flanking v

e OV
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SPOTR CGATTIGACTCGTICTICAGACTTY) were designed 3 years. Each sample was collected from an mdividual tee. Swmee
using Primer Express software version 30 (Apphied Biosys- V. oleaginea affects leaves primarily i the lower canopy, all
wems) 10 target a fragment of 65 bp n the final part of the YI8L samples were collecied from the W of the canopy (Agosieo and
tegion (Fig. 11 Table 2). The probe was \zbeled with TAM atthe 3 Schena 2011 Leaves with typical symptoms of OLS were used as
end, quenched with BHQL at the ¥’ end, and conjugated witha  positive controls. DNA was extracted from all leaves as deseroed
minot groove binder 1o increase melting emperature (Katyavin above and amplified according to opimized amplification condi-
et al. 2000). The primers and probe were synthetized by Apphied  Gons. Negative controls, m which water replaced template DNA,

Biosysems.

were used in all reactions.

Optimization of amplification conditions and evaluation Construction of calibration curves for quanfitative
of primer specificity. Given the difficulty of dbining pare  analyses. A PCR amphicon of 497 bp was obained using the
” cultures of V. oleaginea, amphfication conditions were oparmzed genenic primers VelF and Ve2R from symplomance olive leaves

Oy using DNA exiracted directly from infected olive leaves showing  The amplicon was punfied and cloned into a plasmid veck
Cs wpieal sympoms of OLS. The opumized 20-pl PCR teaction (PGEM-T Easy Vector System 1) according 1o the manuiacture
g contaimed 10 i of TagMan Universal PCR Master Wix (Applied  protocol (Promega Corporation). The plasmid was exiracted
TiRs) Biosystems), 0.4 u of primers, 025 pivi of probe, and \ i QO ng) the Quantum Prep Plasmid Miniprep Kit (Bio-Rad Laborawo
Drop of extracted DAL Armplification conditions consisted of an inintal and guantified using 2 NanoDrop spectrophotometer (Nanc
y Yicld step of SO°C for 2L min and 95°C for 10 min, followed by A0 cyclesof  Tedhnologies). Plasmid DA was serially diluted 10-{old «

ag and 953°C for 15 s and 37°C for 60 . All reactions were incubated n a 2 final DNA concentration rangmg from 100 pg 1w 10
eraplate StepOnePlus real-time thermocycier (Apphied Blosysiems) and amphified n wiphcaie as deseribed dbove. Water replaced 1
wy effect data were analyzed according 1o the manufacturer's mswuchons. DNA M neganve controls. To evalnaie the possipie o

series of The guantificanion cycie (Cq) values were calculated avtomancally of DNA extracts from olive Gssues, an wdentical
Crares with by determining the PCR cycle number al which the teporier amphfications was performed by spiking reaction mu
tepOnebiug Tluorescence excesded the backgroand. 1l of DNA from nommniected olive leaves. The §
A0 POt DNA To evaluate the specificity of the gPCR method, 20 samples of associated software (Applied Biosystems) was wilzed
Q. generale a nealthy olive leaves were coliecied in Pughial Apulia and Calabria Quanfifies against the corresponding Co values ar
nanon, coeffi- from resistant cultivars Leccino and Roggianelia (Agosieo and calibration curve and corresponding Tegression eo
Ak and Riccm Schena 2011) in areas with no Mistorical record of OLS for atleast cient of determination (R1), and PCR efficiency (K
e, Spain, and France TABLE 1. Source location of olive leaves with typical symptoms of olive leal spot (caused by Venturia oleaginea) collected n Waly, Grex

and the corresponding accession pumber for sequences of the TISI-5235-TTSY region of the YDNA for these samples
GenBank accession Sample Wentifier Qlive cultivar Origin Coordinates
NGB 6 Pugl Coratina Pughia, Taly APSYAOH N TR VISR
MNOBRNTS Cam Sessana Carnpania, Waly AR N, AP RAOE
MNORROTT Call Grossa & Gerace Calaonia, Taly APV AT ISR
RUWVERINERYS Tos\ Trantowo Toscana, \aly ATSAS 6N, AP0V AT
RN WIVEREL Grel Kalamon Falamata, Greece TP WINPT TR
NOIRORO Gre) Kalamon Kalamara, Greece FETVAR N, YT AT

MNOZRS6 Spal Picual Cordaba, Spam ATOVATY N, A°AT' AT 39"

MRORRATT Spad Arbeguina Cordoba, Span APV 20NN, APAT AT O0TR

MNORRLSY Fral Oliviexe Argeles-sur-Mer, France AP SN AR TN, PO AQDE 'R
3, IIRORRVED Tral Redouneil Larogue-des-Alberes, France APAV26 00/ ', 2°9519 .99

ginea based on results from metabarcoding stadies on DNA
ast 30 reads (n = 202y The location of primers wilized for
L and quantify V. oleaginea (3pOLVE, SpOP, and SpORY) s
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Tig. 1. Distribution of polymorphic bases n the TTS1-3 2351152 region of the TDNA of Venturia olea

extracied from olive leaves. Analyses were performed using seoquence types representative of at le

metabarcoding analyses (NelF and Ve?R) and primers and probes designed 1o specilically dete
ndicaied.



200, Finally, DNA quantities were converied 1o number of copies Hage was simtlar m e two groves and ncreased shghtly from
of target DNA assuming that the average weight of a base pair is samping tme | 10 4 (Tadble 3). Because samples were collected during

630 Da (ntprcels onedul gselondnahomby, apenod of rapid growih, each sample time represented a snapshot with
Analysis of latent infections in olive leaves. Samples were entirely new leal stages compared with those collected 20 days before.
aken from two orgamic olive groves of cultivars Carolea and Grossa &y DNAwas ampiified n triphicate with the optimmized Taghan PCR

Gerace locaied in the Calabria region n the mumicipalities of Lamezia assay 10 detect and quantty V. oleaginea. Farthermore, 1o ke wnio
Terme GFITVOAMN IO THE, devaion 63 m) and Locrti  account small variations n sample size and efficiency of exiraction
GRAYOOMN I IA VYT, evation 17 m), respectively. Records  and amphification, all samples were amplified with auniversal Taghvan
dnowed that OLS was Msoncally severe at both sies. Furthermore, system (Schena et al. 2006). Samples of DNA exiracied from healiny
hey have sirilar anmaal average wnperanres (V7.2 and V7 9°C) and olive \eaves were inchuded as negative controls in all amphification sels.

\ Taaniall (3] and ¥24 mrm), respecively (hps itcimate-data.org/). The average Ca values dotained for each biclogical rephicate wi
e At both sites, asymplomaiic young shoots were collecied every specific primers were normalized using Cg values from
e 20 days trom March 1o May 2016 (Table 3). Ateach sampling ime,  universal method as deseribed by Schena et . QOVTY. T
fed 2 total of 30 ghoots (thiee biclogical replicaes of 10 shoots) were concentration of V. oleaginea DNA 1n each sample Was exirapois
{ the collected from a group of three olive wees. Samples were quackly using the correcied Cg values and the mathemancal function o
e the transferred 10 the \aboratory, cut 1o separaie leaves at different calfbration curve. This concentration was uithized 10 estimal
g that growin stages, and lyophitized 1o perform DNA extractions. DNA copies per gram of lyophized leal tissue, consider
A DNA According to Sanz-Cortés et al. 2OY), sage O was associaied QPCR reactions contamed 1 pl of exiracted DNA and that tov
0wl of with devdloping bads, Tollowed by stage | when the first \eaves are was extracied from 40 mg of dry leal tissues and dihuted n
_samples completely separated; subseguent young leaves coserved on he shoot waler. The concentrations of the pathogen n the difieren
) COMpare consituie stages 2,3, and 4, respectively. The size of leaves at each were analyzed using a one-way analysis of varance ¢
were designed® TABLE 2. Alignment of the distal sequence of the TTS1 region of the YDNA of Venturia oleaginea (Fig. 1) on wiich specific TagVian primers and prooes

Representalive sequences SpOAF Sp0P Sp0O2R

Venturia oleaginea

AGTCARRICE This study (representative WiSeq ST) CGCCTIGLCGGAATTAGCCARCCCTIGCCTTIGARRACTCAACTCTICGAGARACS

........... This swady

(RANGEE SRUUENTCEY

........... AF33R39% Spilocaea oleaginea
............ AF333400 S. oleaginea
AAAAAAAAAAAA RF333A0N S. oleaginea
............. AF3324072 S. oleaginea
............. RE3RAQY S. oleaginea
.............. YORASAI2A V. oleaginea
,,,,,,,,,,,,, BUOIGAA Fusicladium oleagineum O

Venturia spo.
.............. EAOIBAIS F. phillyreae
................ EJ035A8Y V. pyrina N
,,,,,,, T EA03%4%% V. pyrina S

B C.o o G.AYC. .- .. ... -
AC--. . CCGA.. Y. . C... AGYTAR.AG....C-A

entative Hanger sequence obtaimed in ths stady, 2l GenBank

BUOIBARY F. mandshuricum Lo e
TUAIBATS V. tremulaevar. tremulae Lo Lo L oo [
TAOIBASG V. ditricha .. T

BOOIBAGT V. populina | S T
EV0DAAR V. atriseda 0 Lo e G T,
BAU0ADAR0 V. inaequalis e G. .. .. T
BAOIAYT Fopomi e | N TG
TA0¥DARA V. chlorospora G, T
TAOIDATI V. tremulaevar. grandidentatae . . . . o oL oo oo 000 Lo oo G... .. T
BUO3%4TA V. tremulaevar. populi-albae .. oL oo G, T,
BUQ3DAIR F.radiosum oo (ST T
TUODATY V. saliciperda Lo o G, T,
BUODATN V. saliciperda 0000 Lo S G, T
BUOIBARS V. nashicola Lo o G, IcC.
TUOIBATY V. aucupariae T G B
EA0D4SG V. crataegi S [T .
BUO3D/ARS V. polygoni-vivipari B I
BOOIBATS V. viennotii o Boooo.
BUQBAST V. fraxini oo CL [
TUOIDAB2 V. macularis e e C
BUO3BAGS V. maculiformis L l
BAVQBAT2 Venturiasp. Lo e | NP
BU0IBASS V. hystricides L [ NP
BAUOIDARA V. lonicerae e | NP
TAUODAS V. chlorospora N
BUQ3BABR V. helvetica [N
BUOIBAGA V.minuta e A
BUABAAT V.anemones Lo s A
BUORBAAS V.oacerls e | N
TBUOIADN V. cephalariae L [ A
BUOBAS2 V.cerasi G i
BAMQABAYT F. catenosporum L
BOQIAIN F.fagi
BOQO3BAG F. carpophilum oo S
BAUO3DAAY Apiosporina collinsii oo oo G, [
E03%4NA Cylindrosympodium lauri D C.o---. ... B. .. R

& Allgonment comprises a tepresentalive sequence type (ST) from metabarcoding analyses, a tepres
avalable sequences of V. oleaginea, and seguences of cloely related taxa (Crous et ak. 200M.
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stages (within each sampling fime and across all times) and times
(within each stage and across all stages). A post hoe multiple
companson was performed using Tokey's honest sigmificant
dfference test (AL = 009). IRWL PSS Statisties software (TBM,
Mikan, Ialy) was used for the analysis.

RESULYS

Amplification and sequencing of the YIS vegion of

V. oleaginea. The modified protocol we wiilized W exiract nucieic
5 acids from olive leaves yidkded DNA of good quality suitadble
+ for Sanger and MiSeq sequencing as well as for gPCR analyses.

aa Approximaiely 4,300 ng of DNA was exiracied from each sampie

5 of With an average concentration of 90 nglyl. The A260 A0 ratio was

aves consisiently inthe range | 310 1 9, indicating pure DNA, whereas the

apact A2601 A2 raiio was approrimately 1, imndicating imited contam-
naton with aromate compounds andior carbonydrates.

[eenng Primers VelF and Ve2R consistently enabled the amplification of

Joced a 2 PCR fragment of approximately 500 bp from all olive samples

esence of showing typical symploms of OLS . This fragment was pure enocugh

s showing 10 enable direct Sanger sequencing. Sequences were 497 bp and

133, wdentical 1o each other, regardiess of source location in waly, Greece,

stages and
e detection
establighed ak
erion, all \eat

Spain, or France (Table 1), An identical sequence was also
determined for the cloned PCR fragment and for an isolate
deposited n GenBank as F. phillyreae (EU0O33435). On the

V. oleaginea seouenced m MNew Zealand (EUO35434) that was
differentiated from other sequences because of a“C” substitating a
“T7 1n the final part of the YIS region (Table 2. On the other nand,
with the excepuon of F. phillyreae, the selected fragment of
V. oleaginea was difierent compared with homologous regions of
all other Fusicladium species 1o which it was compared (Table 2.
Calibration curves, sensitivity, and specificity. The
consiruction of calibration curves using seral ditations of a cloned
PCR {ragment revealed a detectiion imit of 100 ag corresponding wo
Approvimaiely 26 copies of target DNA and an average Co value of
355 (Fig. 2). The efficiency of the amphlication reaction wa
101 91%. The resaling Winear regression equation (y = -3277x
AD31) related the nurmber of copies of DNA 10 the Ca values wix
coefficient of determination (R7) of 0.99% (Fig. 7). The spiking
TRACHON Tikiures with 1 pl of DNA from nonmnfected olive \e
shightly reduced the fluotescence signal but did nothave any iy
on the detection 1y, regression parameters, or R value.
The specificity of primers and probe was confirmed oy s¢
healthy olive leaves. None of the samples tesied prof
sigmficantinerease i fluorescence. On the contrary, the pr
e pathogen was confirmed n all positive controls (leave
ypical symploms of OLS) with an average Co value of
Analysis of olive leaves at different growth
Timings. n concordance with the calibration curve, |
Tt of the pathogen on natarally mfected \eaves was

contrary, lew polymorphic bases differentiated sequences dotained
m this stady from all other sequences deposited in GenBank as
F. oleaginum (EAIO33433), S. oleagina (AFIIRA99-333A0%), and
V. oleaginea (KARLIILLY (Supplementary Table S1y.
TS analyses. After quality and dhimera filtration procedures,

an average Cg value €335, According o ths en
stages and times esed from bHoth the Lamezia T
\ocalities were found 10 be nfecied since all Hiol
fiad 3 Co value €33 35, although in two samples,
fedhmical rephicates had a Cg value <355, ¥

ame and Loen
ogical replicaies
only wo of three
t these o latier

estmated using Co e seopencing of DNA from the four leal samples collected n sampies, he concentration of the pathogen was
es. Apulia, Calabria, Campania, and Tuscany yiclded atotl ol 4442776 values from the two positive techmeal tephcal
MEHest concenraion reads. The dereplication and clustering of these reads using 2 n sampies collectied inLamezia Terme, the'

2006 (T2, with 104, similarity threshold of 100% enabled the Wdentification of 244 91%
chusters of STs. There were 202 clusters with >30 reads comtaiming a
cumulative wotal of 61623 sequences. In particular, the most
oundant ST was representative of 19375 reads and s sequence

was identical 1o those determimed by Sanger sequencing. Aoundant

of pathogen was determined on 20 March

40

=3, 21T A0 3N
R =01997%

a S Y K 2
og number of copies)

regression equation, and coefficient of de-
PCR method utitized © detect and quantify
ves. The curve was generaied using senal di-
of the TTBL-32F-1TSY regions (Fig. 1) spiked
olive \eaves. Cg = quanification cycle.

periods (T1 10 TH) from groves located wn Lamezia

Stage 3 Stage &
Lamerna Loen Lamena Loen
™A ™A NA ™A
) ™A Tex3551 ™NA NA

9 MMWEASA WIAE LS =LY DA
IR HAL X040 637 £ROY VI £0R9 WAL
D6 3AT =13 DI B35 ART A3 626

35

clusiers were followed by 2 swarm of chusters with few reads, mostly

differentiated by single polymorphic bases. Almost all ead clasters
were assigned 1o the species V. oleaginea. A single excepion was a ST,
tepresentative of a chaster with 206 reads, assigned © Aureobasidium
pullulans.
The analysis of the frequency and distioution of pobymorphic
‘bases by companing STs representative of atleast 30 reads showed a
low varianon within the YIS\ region compared with the second halt
of the S3S gene and, 10 2 lesser extent, the first part of the TI])Y
region (Fig. ). 15
Design of V. oleaginea-specific primers and probe. A A 2 3
DNA region suabie for the design of a TagMan marker (two DNA (L
specific primers and a probe) was dentified in the second section of
e YIS region (Fig. 1). The selecied fragment was identical in all
MiSeq STs representing clusters of at least 50 reads, m Sangex
sequences wWentified n this stady, and m previcusly depos-
1ed sequences (Table 2). A single excepiion was an solate of

3 N
=
>
o
35

0

Fig. 2. The calbration cumve,
ermination for he guantitanive
Venturia oleaginea wn olive \ex
Tutions of a cloned fragment
with DNA from noninfected

TABLE 3. Average \engih of young olive leaves collected at five different stages and at five ditferent time
Terme (cultivar Carolea) and Locr (cultivar Grossa dh Gerace), Southern Waly®

Stage O Stage \ Stage 2
Sampling time Lamezia Locn Lamezia Loent Lameria Loert
T Q2 March 2006)  SA 06 NA 2 NA PAR Ve NA

T2 Q20 March 2046y
T3 (6 Apnil 20M6)

TA (2 Aprl 2016)

TS (3 May 2016y

T 2A0% 0 792132 \WRRE290 194 £299 242300 A3 £14°
A0H 029 10208 19404 195+03% 04 £379 303 +£3]
V34040 35048 283082 2903506 AAN 1AL AAS =0,
WAHE23 MASEI0 267 2280 265197 AA =03\ M2\

amples.

Nol A0, No. 3, 2020

2 Data are presented as the average lengh + standard ervor (mn miliimetersy. MA = not analyzed s
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167, and 191 mitlion of copies of DNA per gram of dry fhssue at compared the fow avaiiabie 1TSS sequences of the pathogen with those
leaves of stages 0, | and 2, regpectively (Fig. 3). Signmficanty \ower of related species n order 1o design new primers (NelF and Ve2RYy
Quantities of the pahogen were determined on 2 March 2016 (Y1) enaoling the amnphlfication and seopencing of the entve V. oleaginea
and 6 April 2016 (T2), with 36 10 60 (T1H and .69 10 A5 (AW TISL-535-TISY region directly from infected olive leaves. These
mihon copies, respectively. The pathogen titer further decreased on primers were intentionally designed 1o targel quite conserved regions
L April 2006 (T4) and 13 May 2006 (T5) (Fig. ). shared by several Fusicladium-related species (the final region of the
Similar 1© the samples from Lamezia Terme, the samples A2S gene and boundary between the YIS and 283 gene) n order o

collecied in Loer revealed a significantly higher concentration of cover possible TT'S vanants of V. oleaginea and simultaneousty avord
he pathogen n leaves collected at T2 {ollowed by those collected  unrelated fungal species.

AL T3 (Fig. 4). Compared with T2 and T3, significantly \owes Sanget sequencing of V. oleaginea fragments amphfied directly
\ concentrations were detected at T4 and TS, while TV was not from leaves with primers VelF and Ve2R vielded identica
W analyzed. Overall, 2 more gradual reduction of the pathogen sequences for all of the samples from Waly, France, Greece,
At CONCeNIIANON Over fime was observed at Locri compared with  Spain. This sequence was also identical 10 the most abund:
y ot Lamezia Terme (Figs. D and 4y, ST dotained by MiSeq analysis but did not perfectly match am
pan Atbothlocalities, the pathogen was detected atall growth stages,  the previously deposited sequences of five solates from §
ne of but the companson of the DNA concenraiion among e four (AFIIR99-407), one from New Zealand (FUOI3434), and ¢
e all growih stages (0 1o 4y within each samphng vme (T 1 TS over unknown ongim (KXY (Supplementary Table S1). Sy
21 oy at the sampling periods mvestigated did not show any significant previously deposied sequences also differed from each oty
dwiie. ditference (Figs. D and 4y, least one macleotde, furfher investigation may be wor
mers and

_ MNevertheless, we purposely designed speciic gPCR prv
\ by most DISCUSSION probes targeting 2 fragment of the YIS region shaves
method sequences m order 10 guaraniee the capability of our

and 1solale Fundamental prerequisiies for an effective and reliabie PCR-based covering possible TS varnams. Only the New 7ea
> base W the molecular detection method are specificity and the absence of cross- (CRSIVIAYTY showed the presence of a polymorphu
1s needed o amphification from related taxa, while defecting all possitle genetic  target region of the probe (Table 2). Further work
s geographic vanants of the targel species. These conditions are generally saished confirm the exisience of this polymorphic base and
by prelinminany in siico analyses and, more importantdly, assessing distrbution.

roduced a mgh specificity agamst 2 wide range of representative isolates from target Unltke Sanger sequencing, TS analyses p
nhaled by single and related species (Schena et al. 2013). In the case of difficalt-to- mamber of S1s for V. oleaginea, mostly differe
15, these findings culture Mowropne lungl ke V. oleaginea, the evaluaion of speciiicity nucleotides. In agreement with previous repo!

niraspecies andlov and the ability 1o detect varants of the target species are challenged by may be, at least partially, the result of IS 3

witicopy natare of e Yack of pure m vio cultures. To overcome s Wimitation, we  intraisolate varability atrbutable o the
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n olive leaves collected in Lame7ia Terme at five different
,andt 13 May 2006 (T9). Standard errors of the means are
g, 10 Tukey's honest significant difference test (0. = 009,
n for each growih stage at the different sampling times (T w©
1 sampling tme (T 10 T9) on he x-axis refer t© the overall
ta not showny.

Fig, 3. Estimated concentranion of DNA of Venturia oleaginea (copies of TONA per gram of dry tissue) )
stages (Table 3) on 2 March 2016 (T, 20 March 2006 (T2), 6 Aptih 2006 (I3), 22 April 2006 (T4y
ndicated. NA = nonanalyzed samples. Different letters indicate sigmficamly different valaes accord
Letiers above the columns for growih stages (D 10 4) refer 10 the comparizon of the DNA concentratio
T9) Qe growih stage 1s compared across samphing times). Lewers n parentheses adjacent 1o ead)
cOMPpansons Hevween sampling times. Mo sipmficant differences were dhserved among stages (da
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TONA {Zhao et al. 2019). Since the most abundant ST was closely related species with very similar TS sequences (Table 2.
identical 1o the Sanger sequences, 1S possibie that less abundant  Nevertheless, the specificity of the gPCR method we developed was
Variants were not observed in Sanger sequencing simply because expenmentally confirmed by the absence of amphfication with al\
of their low frequency. Flowever, 1t 1s Important 1o point out that  healthy olive leaves used as negative controls.
MiSeq data are inappropriate 1o determine the actual presence and The gPCR method was not influenced by olive DNAL
incidence of polymorphic bHases as a result of errors typically Turthermore, the exiracted DNA was of good guality and enabled
nroduced by nexi-generatiion sequencing approaches (Pieiiier the detection ol V. oleaginea DNA over a wide tange of
2121 2013). The observed prevalence of polymorphic bases in the concentrations. The detection Limit was established atl approxi-
median part of the sequenced region indirecily suggests that most  mately 100 ag, corresponding 1o an average Co value 0l 335 andw
cobserved sequence varations are atrbutable 10 sequencing approximaiely 26 copies of target DNAL Considering the malticopy

X errors. In fact, we used a long paired-end reads (2 » 300 by natare of the TDNAL this detection irnit suggests that very few, o
2. approach 1o analyze fragments of approximaiely 300 by, and even a single, pathogen cells conld be detected in | ¢ of leaf tissu
e subsilntion errors in Wamina MiSeq platform are known 10 In s context, the selection of the TIS) region as the target ge
WS nerease toward he end of the read (Schirmer et al. 20A5y. was useful 10 increase the sensitivity of the method. However,
NA Turthermore, the cbserved mgher mcidence of variation within %0 IMPOrant 1 point out that he multicopy natwe YL
DNA he conserved 538 gene compared with varabdie YIS and YIS compiicaies guaniitalive analyses since the exact mamber of ¢
S Y TEIoNnS cotroborates the likely role of sequencing exrors. Tepeats 1s unknown n V. oleaginea and the nuriber of copi
QO\Yy Regardiess of sequencing shortcommgs, MiSeq data were valuabole vary within fungal species. For mstance, Bilodean et al.
N Tange w0 confum the dosence of other fungal species paylogenencally estimated that copies of TODNA W Verticillium dahliae cx
TINOE, & _ telaked 1o V. oleaginea n the olive phvilosphere. In facy, reads were from approximately 24 10 73 per haplowd genome. Fuarths
Lresuiting almost all Wdentified as V. oleaginea with a single ST associated with  consistent part of total DNA canbe lost during exiractions
oern et al. the distant species A. pullulans. A single excepiion was tepresenied  in underestimation of the pathogen concentration (Gus
contend the oy F. phillyrea that shares Wdentical TTS seqpences with V. oleaginea, 2012, 1xn0 etal. 2009). Despite these shoricomings, wWe
T SeNSHIVITY despiie this species being sirictly associaied with the plant genus  poilential error is of secondary importance sinee the
fection tiers, Phillyrea (Schbert et al. 2003). From a practical pownt of view, the of the mehod enabied the cuantification of very \ow s
L the onset of absence of other Venturia species m the olive phylosphere 1s which might cormespond 1© the amount present 2
ons (Sanzam mporant to exclude the figk of specificity ssues ingPCR analyses. A infection or during lakent, nonsymplomatic infes
Toimimm of two 10 three tmaue bases 1s considered necessary © eral. 2014y,
bled detection of generaie mghly specific primers and probes (Schena et al. 2013) and 1n fhis stady, the use of the gPCR method ena
enotogical phase Unis condition was not always sadshied n this study owing 1o few V. oleaginea mn very young olive leaves al a p
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) in olive leaves collecied in Loeni at five different stages FTig, 4. Estimated concentration of DNA of Venturia oleaginea (copies of TDMA per gram of dry tissue

Wdard errors of e means are mdicated. MA = nonanalyzed
ot difference test (0L = D03, Levers doove the cobarms for
he different sampling times (12 1©T9) Ge., growth stage s
0 he X-axis refer to the overall comparisons berween sampiing,

(Table 3y on 20 March 2006 (T2), 6 April 2006 (T3, 22 April 20406 (T4, and 13 May 2006 (19, S
sampies. Different letters ndicate sigmificantty different values according 1o Tukey's honest sigmifics
srowih stages (O 1© 4 refer 1© the comparison of the DNA concentration for each growth stage af 1
compared across sampling times). Letiers in parentneses adjacent o each samphing tme (T2 w0 TH o
Gmes. No sigmiicant differences were observed among stages (data not showny.
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