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Samenvatting

Samenvatting

Accurate detectie en identificatie van plantpatmagezijn onontbeerlijk voor de diagnose
van plantenziekten dat de basis vormt van eengeeédn duurzame gewasbescherming. De
specifieke tekortkomingen van de klassieke kweeka enorfologie-gebaseerde
identificatiemethoden hebben geleid tot de ontwlikigevan moleculaire benaderingen die
geen kweek van de te identificeren micro-organismemeisen. In de laatste decennia zijn
verschillende serologische en nucleinezuurgebasetrchnieken ontwikkeld voor het
opsporen en identificeren van plantpathogenen (titok 1). Bepaalde van deze
technieken laten bovendien een betrouwbare kweatié van de doelwitpathogeen toe en
verschaffen aldus de vereiste informatie voor Insthatten van de risico’s wat betreft
ziekteontwikkeling, inoculumverspreiding en econschie verliezen. De belangrijkste
uitdaging bij de aanvang van het onderzoek besehréwv deze thesis bestond erin een
multiplex test te ontwikkelen die geschikt is vdat gelijktijdig opsporen en kwantificeren
van een breed gamma aan plantpathogenen.

In deze thesis wordt de ontwikkeling van een DNAatmoarray” beschreven die aan
deze vereisten voldoet. In eerste instantie weddealgemene voorwaarden bepaald voor
het ontwikkelen van selectieve detectoroligonuatkest (Hoofdstuk 2). De bruikbaarheid
van DNA “arrays” om “single nucleotide polymorphisirte detecteren is aangetoond door
specifieke criteria zoals de positie van de “misthgtde sequentie van het oligonucleotide
en de lengte en hoeveelheid van de gemerkte ampliccacht te nemen. Op basis van deze
criteria werd vervolgens een DNA “macroarray” orkingld die getest is voor een snelle en
efficiénte detectie en identificatie van een befgedet schimmelpathogenen in biologisch
complexe stalen zoals plant- en grondstalen (Hoakd3). Als “proof-of-principle” werd de
“macroarray” ontwikkeld voor een aantal belangrijkiekteverwekkers van tomaat dat
wereldwijd één van de economisch belangrijkste Mgmwassen is. Meer bepaald werd
gekozen voor de vaatbundelpathogeRasarium oxysporum f. sp.lycopersici, Verticillium
albo-atrum enV. dahliae. In Hoofdstuk 5 werd deze “array” verder geoptisetrd om een
accurate kwantificatie van de pathogenen te beuwadligen over tenminste drie grootte-
ordes die praktijkrelevant zijn. Een sterke cotielawerd vastgesteld tussen de

hybridisatiesignalen en de pathogeenconcentraiegel voor standaard DNA (al dan niet
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in aanwezigheid van niet-doelwit DNA) als voor besta stalen. Wanneer specifieke
criteria zoals de hoeveelheid gebonden oligonuidlenten bepaalde controles voor het
amplificatieproces in acht werden genomen, konammurate kwantificatie bewerkstelligd
worden voor praktijkrelevante pathogeenconcensatigezien kwantificatie op basis van
kweekmethoden als relatief onnauwkeurig of zelfeedrouwbaar wordt beschouwd, werd
real-time PCR, een reeds gevestigde techniek om BNAvantificeren (Hoofdstuk 4), als
referentietechniek gebruikt ter validatie van deahtificering met behulp van de DNA
“array”. Het feit dat beide kwantificatiemethodeterk gecorreleerd waren illustreert de
betrouwbaarheid en robuustheid van het kwantitatlarakter van DNA “macroarrays”. In
het kader van een geintegreerde gewasbescherrailegstr werd tenslotte een
kwantitatieve “macroarray” ontwikkeld om simultaaowel pathogenen als biocontrole
agentia te detecteren, alsook om hun interactiebettuderen en hun aanwezigheid te
koppelen aan ziekteontwikkeling en symptoomexpees€doordat momenteel geen
gestandaardiseerde biotoets beschreven is vooatpmeard de reeds uitvoerig bestudeerde
interactie tussen het biocontrole agd@nichoderma hamatum isolaat 382 en de pathogeen
Rhizoctonia solani aangewend in een standaard biotoetsRasolani, de veroorzaker van
omvalziekte, op radijs (Hoofdstuk 6). Uit deze stuklan geconcludeerd worden dat DNA
“macroarrays” met succes kunnen gebruikt wordenr voet gelijktijdig detecteren en
kwantificeren van verschillende plantpathogenebigiogisch complexe stalen. Naast zijn
toepassingsmogelijkheden voor het routinematigatieten van plantpathogenen, heeft deze
techniek bovendien het potentieel om ingezet tedesorin diverse ecologische en

epidemiologische studies.
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Abstract

Accurate detection and identification of plant mafans are fundamental to plant pathogen
diagnostics and thus plant disease managementsfdwfic limitations of culture-based
morphological techniques to adequately identify nplgpathogens have led to the
development of culture-independent molecular apgves. In the last two decades, many
different serological and nucleic acid-based teghes have been developed for the
detection and identification of plant pathogensddssed in Chapter 1). Some of these
techniques also permit reliable quantification bk ttarget pathogen, and supply the
information that is required to estimate risks witspect to disease development, spread of
the inoculum, and economic losses. The major ahgdleat the start of the research
described in this thesis was the development ofuitipfex assay that allows accurate
detection and quantification of multiple pathogéena single assay.

In this thesis, the development of a DNA macroansydescribed to meet these
requirements. First, the overall conditions werdedrined for the design of highly
discriminative detector oligonucleotides (ChapterThe utility of DNA array technology is
shown to distinguish single base pair differencefdenaccounting for specific criteria such
as the position of the mismatch, the sequence efotigonucleotide, and the length and
amount of labeled amplicons that are hybridizedsdsleon these results, a DNA macroarray
was designed for rapid and efficient detection mlehtification of a comprehensive set of
fungal pathogens in complex samples, includindieiglly and naturally infested plant and
soil samples (Chapter 3). As a proof-of-princighee array was developed for a number of
economically important fungal pathogens of tomataiclv is one of the most important
vegetable crops worldwide. The pathogens seleaedhfs study comprised the vascular
wilt pathogensFusarium oxysporum f. sp. lycopersici, Verticillium albo-atrum, and V.
dahliae. In Chapter 5, this array has been further optihifor accurate pathogen
quantification over at least three orders of maglat A strong correlation was observed
between hybridization signals and pathogen conatoms for standard DNA, in the
absence of or added to non-target DNA from differemgins, and for infested samples.
While accounting for specific criteria like amouwsftimmobilized detector oligonucleotide

and specific controls for PCR kinetics, accuratarqtiication of pathogens was achieved in
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concentration ranges typically encountered in holtiiral practice. Since quantification
based on culturing techniques is considered relgtiinaccurate, real-time PCR, a well-
established and reliable technique to quantify DN#els (Chapter 4), was used as a
reference technique to validate DNA array-basedntjization. As both methods of
quantification showed a very high degree of cotiata the reliability and robustness of the
DNA array technology is shown. Finally, in the frof an integrated pest management
(IPM) based disease management strategy, a quaetibNA macroarray was developed
to simultaneously monitor populations of pathogand biocontrol agents, as well as to
investigate their interactions, and relate theiespnce to disease development. Since
currently no standard biocontrol assay was avaldbi the model crop tomato, the well
established interaction between the biocontrol tifigchoderma hamatum isolate 382 and
the pathogerRhizoctonia solani was used in a standard damping-off of radish sias
(Chapter 6). Altogether, it is shown that DNA marays can be successfully used to
simultaneously detect and quantify multiple plartthegens in samples from various
biological sources including those gathered fronmtibaltural practice. Apart from its
applicability in routine plant pathogen diagnosigs technique has the potential to become

a reliable tool for diverse ecological and epiddodecal studies.
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1 Recent developmentsin diagnostics of plant pathogens-

1.1 Introduction

Diseases caused by plant pathogens, including [fugnycetes, bacteria, nematodes and
viruses, can cause serious economic losses todguitultural and horticultural crops. In
general, synthetic pesticides have been used im&nsto prevent or control diseases.
However, largely driven by concerns about the dedrital effects of the use of these
chemicals on the environment and on public heattegrated pst_nanagement (IPM) has
become a mainstream strategy for managing plaaagés over the last few decades (Jarvis,
1992; Sheat al., 2000). IPM relies preferentially on non-cheminradans and involves the
integration of different control strategies of lmigical, chemical, and cultural nature to
reduce pathogen and pest populations below an etoabthreshold (Apple and Smith,
1976). However, IPM has been severely limited by [tk of fast, accurate, and reliable
means by which plant pathogens can be timely dede@preferably before symptoms
occur), identified, and accurately quantified. Qiifaration is particularly important since it
serves as the basis for establishing populatioesttolds whereby a pathogen causes
disease, and at which point measures may be entptoyaffectively limit or prevent losses.
Conventional methods to detect plant pathogens bfiga relied on interpretation of
symptoms, biochemical or morphological identificati usually following isolation and
culturing of the organisnin vitro and, sometimes, on further characterization based
pathogenicity tests (Singletogt al., 1992). Although these methods are fundamental to
diagnostics, the accuracy and reliability of themethods largely depend on skilled
taxonomical expertise. In addition, diagnosis raqgia culturing step is time consuming
and labor intensive. Furthermore, quantificatiorsdsh on these culturing techniques is
considered relatively inaccurate and unreliablea¢Tand Guy, 1977; Jeffers and Martin,
1986; Thornet al., 1996; Termorshuizert al., 1998; Goud and Termorshuizen, 2003).
Finally, these techniques rely on the ability o thrganism to be culturdd vitro. This

latter aspect is a considerable limitation sincesgaly less than 1% of the microorganisms

YParts of this chapter have been published in “Regevelopments in diagnostics of plant pathogansview”; Lievens,
B., Grauwet, T. J. M. A,, Cammue, B. P. A,, and finea. B. P. H. J.; Recent Research Developmentsiénobology
9:57-79 (2005).



Recent developments in diagnostics of plant pathege

in an environmental sample may be culturadvitro (Amann et al., 1995; Rapp and
Giovannoni, 2003).

In contrast, more recently developed methods tteabased on molecular approaches
are increasingly being used to detect and idenfifgnt pathogens. These include
immunological (or serological) and nucleic acid4mhs techniques. Compared to
conventional assays, these techniques are mo@bkuior routine analyses since they are
generally faster, more specific, more sensitive mwode accurate, and can be performed and
interpreted by personnel with no taxonomical expertin addition, since no culturing step
is required, these techniques are equally suitflsléhe detection of culturable as well as
non-culturable microorganisms.

Many different molecular assays have been descrified the detection and
identification of pathogens, each requiring its opmotocol, equipment, and expertise. In
this chapter, some recent advances in moleculant gdathogen diagnostics with an

emphasis on molecular diagnostics for fungal andyaete plant pathogens are outlined.

1.2 Serological techniques

A first development towards techniques for molecpihogen detection was the advent of
serological or antibody-based detection methodsin30 years ago. These techniques
were originally developed to detect viruses, asehtan not be cultured vitro. Serological
techniques are based on the binding between ditigraastibodies and specific antigenic
determinants of the target pathogen. Several sgoalbplant pathogen detection methods
have been described (Lopezal., 2003; Wardet al., 2004) of which the reyme-Inked
immunosorbent ssay (ELISA; Clark and Adams, 1977) is by far thesmwidespread
technique. Although different types of ELISA hawxh developed, all involve an enzyme-
mediated color change reaction to detect and adtea quantify antibody binding as a
measure for pathogen presence. Since its intramtuati the late 1970s ELISA assays have
been routinely used for virus and bacteria detacti@cause of their high-throughput
capacity, the rapid, relatively cheap and simpltumg and the possibility to quantify the
amount of target pathogen (Hamptiral., 1990; Schaast al., 2001).

A major limitation for the development of serolaglianethods is the labor-intensive
procedure to obtain reliable assays, often dueht difficulty to generate selective
antibodies. Although polyclonal antibodies, whicbcognize multiple epitopes of the

pathogen, have been used successfully for deteatiagy viruses, they do not always
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display the desired degree of target specificitgl, dmportantly, the specificity may vary
with each newly produced batch. The accuracy oédien is often improved by using
either monoclonal or recombinant antibodies. Bdtlthese allow the selection of specific
target epitopes to avoid “false positives”. Howed®veloping antibodies with the required
degree of specificity is difficult for relativelyomplex organisms such as bacteria, fungi and
oomycetes. For this kind of organisms, it is ofteard to find reliable species-specific
epitopes that are ubiquitously shared within a iggelout not with other species. Therefore,
most antibody-based assays currently available fare the detection of relatively
unsophisticated organisms such as plant virusear(Band Eagling, 1995; Torrance, 1995)
while those available for the detection of fungymycetes and bacteria are less common
(Dewey and Thornton, 1995; Spire, 1995). On thesptiand, immunological techniques
can not be applied to poorly sophisticated orgasisoch as viroids because viroids are
infectious naked RNAs that lack detectable protéitedidiet al., 2003).

1.3 Nucleic acid-based techniques

Before the possibility to amplify nucleic acid seques existed, the sensitivity of detection
based on those sequences totally relied on theoaheth translate their presence into a
detectable signal, e.g. using radioactive DNA-DNybitidization (Cheunget al., 1980;
Horn et al., 1986; Yaoet al., 1991). Since the introduction of amplification thheds for
nucleic acids, in particular thelymerase kain leaction (PCR; Mullis and Faloona, 1987),
nucleic acid-based methods are increasingly deeedldpr the detection and identification
of plant pathogens. This trend is enhanced by tbeigg availability of sequence data in
public databases like GenBankttp://www.ncbi.nlm.nih.gov/Genbank/and COGEME
(http://www.cogeme.man.ac.Jk{Soanest al., 2002; Bensomt al., 2004) and also by the
increased availability of microbial full genome geqces

(http://www.broad.mit.edu/annotation/fgihdhttp://www.sanger.ac.uk/Projects/Microbes/

A crucial step in the development of nucleic aciddd diagnostic assays is the
selection of sequences that can be employed féwogah identification. In general, there
are two approaches to select target sequencesfirfheand most widespread, strategy
involves the use of ubiquitously conserved genesrymg target specific sequences.
Currently, the primary target in the developmentraflecular diagnostics for bacterial as
well as fungal or oomycete plant pathogens is thdear_bhosomal DNA (rDNA), which

has been extensively used in molecular phylogensticlies and is therefore well
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characterized (Whitet al., 1990). In addition, a large amount of rDNA seqesdata is
available in public databases, which aids the desfgdiagnostic assays. These extensive
sequence data allow comparison of sequences whammifs, in turn, determining
diagnostic regions that can be used to designtsedgarimers or probes. This is facilitated
even more by the structural nature of this typgerie since it contains alternating regions
with high and low degrees of conservation. Thisvadl to design primers on sequences that
are conserved between species which span variataids that can be used for species
identification (Whiteet al., 1990). Apart from the discriminatory potentidde high copy
number of rDNA genes in any genome permits a higkhsitive detection.

Fungal as well as oomycete rDNA occurs as a regeataictured unit consisting of
three, relatively conservedpbosomal RNA (rRNA) subunit genes which are segatdty
internal _tanscribed gacers (ITS). This ITS region is an area of paldicimportance to
fungal diagnostics since it contains areas of ikt high variability, which allows
classification over a wide range of taxonomic lev@Vhiteet al., 1990), sometimes even
below the species level (Atkires al., 2003). However, ribosomal sequences do not always
reflect sufficient sequence variation to discrim@aetween particular species (Tookty
al., 1996). Therefore, but also to corroborate diseration based on ITS sequences, other
housekeeping genes are becoming more intensivadyjest, including beta-tubulin (Fraaije
et al., 1999; Hirschet al., 2000), actin (Weiland and Sundsbak, 2000), elbagdactor 1-
alpha (O’Donnelkt al., 1998; Jimenez-Gas@bal., 2002), and mating type genes (Wallace
and Covert, 2000; Fosteral., 2002).

The second strategy to select target sequencesidimction of plant pathogens
involves the screening of random parts of the gentmfind diagnostic sequences. This can
be achieved by several techniques, includargdom_anplified polymorphic INA (RAPD;
Williams et al., 1990) and mplified fragment_éngth _mlymorphism (AFLP; Voset al.,
1995) technology. Diagnostic markers identifiedhnihese approaches can be sequenced
and used to design specifieqaience fcaracterized raplified region (SCAR) primers (Paran
and Michelmore, 1993; Radisek al., 2004). Nevertheless, as these sequences can be
derived from anywhere in the genome, there ofteffiev® sequence data available for
comparison to multiple other organisms. Therefaeensive experimental screening is
required to ensure specificity of the marker.

Nucleic acid-based techniques can be divided inthAD and RNA-based
technologies which are separately addressed below.
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1.3.1 DNA-based techniques

Compared to RNA, DNA is a more attractive targettfe detection of plant pathogens in
biological samples because it is easier to handbk raore resistant to degradation. In
addition, with improved extraction methods (McCastret al., 2003) and commercially
available extraction kits (Faggiaen al., 2003; Lievenst al., 2005a) highly purified DNA
can rather easily be obtained from complex enviremied samples.

Some typical features of the most important DNAdghgechniques for detection of
plant pathogens, including PCR, real-time PCR, Hgdse _bain reaction (LCR), are
discussed below. In addition, attention is givenatmther amplification strategyolling
circle amplification (RCA), since this technology holds pnse to result in highly sensitive

pathogen detection.

1.3.1.1 Polymerase Chain Reaction (PCR)
Using PCR, millions of copies of specific DNA seques may be rapidly synthesized in a
thermocyclic process that consists of repetitiveley of DNA denaturation, primer
annealing, and extension using a thermostable DNAmnperase (Mullis and Faloona,
1987). If a DNA sequence unique to a particularaoigm is determined, specific PCR
primers can be designed that enable determinatfotheo presence or absence of that
sequence, and thus of the specific organism. Tésepice of amplified DNA is traditionally
detected by gel electrophoresis, but alternativeatien formats including colorimetric and
fluorimetric assays do exist (Mutasial., 1996; Fraaiject al., 1999). PCR-based detection
methods are very sensitive and can detect minudatijies of pathogen DNA, even the
amount derived from a single fungal spore (Lee &agor, 1990). To improve specificity
and sensitivity, PCR products may also be detegsiy a probe (Mutasat al., 1995), or
alternatively the use ofrimuno@pture PCR (IC-PCR) or nested PCR can be incluexd.
PCR utilizes antibodies to isolate the pathogemfie sample prior to PCR amplification
and has mainly been used to detect plant pathogémises (Jacobét al., 1998). Nested
PCR involves two consecutive PCR reactions, thersbone using primers that share a
sequence within the target DNA fragment that is léfrag in the first reaction (Lacoust
al., 1997). As a result, aspecific reaction produtist tare generated in the first PCR
reaction should not be amplified in the secondtieac

Many reports describe specific applications of P@Bhnology in plant pathology
(Haaset al., 1995; Hameliret al., 1996; Zijlstraet al., 1997; Judelson and Tooley, 2000;
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Amiri et al., 2002; Nie and Singh, 2003). In addition, companieoviding diagnostic
services are increasingly using PCR to routinelgcteand identify plant pathogens, often
for quarantine testing or to ensure the identityagfathogen (and to complement classical
diagnostic tools).

Quantification of the amount of pathogen DNA, sypmd the information required
for disease management decisions, and for monjtdhie effects of these decisions, has
also been pursued using PCR-based methods. Althibisgyinelatively easy to quantify the
amount of amplicon generated, it is more diffidolrelate this quantity to the initial amount
of target DNA present in a sample. This is causgdhe typical non-linear kinetics of
template amplification. Nevertheless, in theory #xponential nature of PCR allows the
initial amount of DNA to be calculated from the amoé of product at any time point in the
reaction. In practice, however, as the reactiorcgeds reagents become limiting and a
plateau level is reached where the amount of pitoduao longer proportional to the
original amount of template. However, target DNAdae quantified using competitive
PCR, which is based on the co-amplification of ¢éhi@NA and competitor DNA, both with
the same primer pair (Siebert and Larrick, 1992he Tamount of target DNA is
subsequently determined on agarose gel by comp#nmgelative amounts of target and
competitor PCR product. This method has been usaddcessfully quantify, for instance,
Verticillium wilt pathogens (Ht al., 1993).

1.3.1.2 Real-time PCR

Especially with respect to quantification purpoeea-time PCR is a powerful development
(Heid et al., 1996). This technology differs from conventiof®CR by monitoring PCR
products on-line while they accumulate at eachtm@acycle in a closed tube format,
without the need of post-reaction processing sscheh electrophoresis. As a consequence,
real-time PCR is faster than conventional PCR, kmgthigh throughput analyses. In
addition, the risk of post-PCR carry-over contartioraof amplicons is eliminated. Real-
time PCR allows accurate template quantificatiomirdu the exponential phase of the
reaction, before reaction components become lignitifiypically, DNA amplification is
monitored each cycle based on the emission ofdeaence (Heidt al., 1996; Mackayet
al.,, 2002). In general, the initial amount of targail® is related to a threshold cycle,

defined as the cycle number at which fluorescencesases above the background level.
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Target DNA is quantified using a calibration cuthat relates threshold cycles to a specific
amount of template DNA.

Amplicons can be detected using several chemistiieieh can be divided into either
amplicon non-specific (Morrisoat al., 1998) and amplicon specific (Hollamdal., 1991;
Livak et al., 1995; Tyagi and Kramer, 1996; Wittwetral., 1997; Livak, 1999; Thelwebt
al., 2000; Mhlanga and Malmberg, 2001) methods, uBiNg\-binding dyes and sequence-
specific probes, respectively (Fig. 1-1). The us®NA-intercalating dyes such as SYBR
Green is a more straightforward and less experapeoach compared to using probes, but
it is also less specific since the dye binds tadallble sranded DNA (dsDNA) present in
the sample (Fig. 1-1). In addition, the interprietabf results can be disturbed by formation
of primer-dimers or aspecific reaction productss ltherefore crucial to use specific primers
and to determine optimal reaction conditions (Mgckial., 2002; Pappet al., 2003). In
addition, melt curve analysis at the end of the RE€&ttion allows evaluating the accuracy
of the amplification reaction.

In contrast to amplicon non-specific chemistriembe-based assays often offer the
advantages of increased specificity, certainly ambination with specific primers, and
reducing signals due to mispriming or primer-dinigmmation (Livaket al., 1995). Most
applications to date have used TagMamobes (Livaket al., 1995; Livak, 1999). These
probes are single stranded, short oligonucleotid@sh are labeled with a fluorophore and
a fluorogenic quencher (Fig. 1-1). Because of tlosec proximity of both groups, the
fluorescent signal is quenched. During the anngatihase of each PCR cycle the probe
hybridizes to a specific region within the targetpified fragment. The probe is degraded
by 5’ exonuclease activity when the DNA polymerastends the primer. Consequently the
fluorophore and the quencher are released indepépdessulting in a fluorescent signal
(Fig. 1-1). Variants of this quenching chemistrglile hairpin shaped Molecular Beacdns
(Fig. 1-1; Tyagi and Kramer, 1996; Mhlanga and Maémy, 2001) and ScorpiBrprimers
(Fig. 1-1; Thelwellet al., 2000). Whereas the loop portion of these molecatntains the
probe sequence, the stem, which is formed by commiéary sequences added to both ends
of the probe, holds a fluorophore and a quenchetoise proximity. In addition, ScorpiBn
primers couple the stem-loop based probe to a RRep Specific binding of the probe to
its target opens the structure, producing a flumes signal (Fig. 1-1). A completely
different detection chemistry comprises the usdlwfrescent @sonance reergy tansfer
(FRET) probes (Fig. 1-1; Wittweat al., 1997). With this technology, two oligonucleotide
probes are designed such that they hybridize iy wiwse proximity to the amplified

7
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fragment. Whereas one of the probes contains ardararophore at its 3’ end, the other
probe is labeled at its 5’ end with an acceptooripphore. When both probes properly
hybridize to the target fragment, the energy exlcity the donor is transferred to the

acceptor resulting in a fluorescent signal (Fid.)1-
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Fig. 1-1. Main chemistries for amplicon detection in realg¢iRCR applicationsA, As a DNA-intercalating
dye such as SYBRGreen (S) binds to double stranded DNA, fluoresedn recordedB, Tagmafi probes,
C, Molecular Beacorfsas well asD, Scorpioff primers use a strategy to extinguish fluorescextosertain
conditions using a reporter fluorophore (R) antlarbgenic quencher (Q). Upon physical separatiomoth
molecules fluorescence is emittddl. The use of FRET probes involves the hybridizatidntwo labeled
oligonucleotides in close proximity. When both peelbind to the target fragment, energy is transflefrom
the donor (d) to the acceptor (a) molecule resyltinfluorescence.

E

Closely related microbial species often only diffara single or a few bases of
ubiquitously conserved genes such as the rDNA.hitle degree of specificity of real-time
PCR technology allows, independent of the detectioemistry, the detection ofngle-
nucleotide_plymorphisms (SNPs), meaning that specificity itedmined by a single base
pair (Livak, 1999; Thelwelkt al., 2000; Mhlanga and Malmberg, 2001; Pappl., 2003).
Therefore, this technology offers many opportusitia plant pathogen diagnostics. In
recent years, real-time PCR assays have been gedelfor accurate detection and/or
guantification of specific plant pathogens (Boktnal., 2001; Boonharet al., 2002; Winton
et al., 2002; Mercado-Blancet al., 2004) as well as for monitoring pathogen infatsio
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(Brouweret al., 2003). Although not yet used routinely in physeghostics, real-time PCR
has a large potential for future applications.

1.3.1.3 Ligase Chain Reaction (LCR)

LCR uses two complementary pairs of oligonucledtitteat hybridize in close proximity on
the target fragment (Fig. 1-2). Only when the afigoleotides correctly hybridize to the
target sequence, the remaining nick between tigemlicleotides is ligated by a DNA ligase
and a fragment equating to the total sequence thf ddigonucleotides is generated. Similar
as in a PCR reaction, the products of one reasiowe as templates for subsequent cycles,
resulting in an exponential amplification of thesded fragment (Fig. 1-2). To further
enhance sensitivity and sometimes also specifitiBR can also be used following a PCR
preamplification (Wiedmanet al., 1993; Tooleyet al., 2002). Detection of LCR products
can be performed by polyacrylamide gel electropsieréVith this technology, SNPs can
easily be differentiated (Barany, 1991). AlthoudRQ. is regularly applied in human disease
detection (Barany, 1991; Wiedmaenal., 1993; Andrewst al., 1997), it has rarely been
reported for detection of plant pathogens (Wilsbal., 1994; Tooleet al., 2002).

5 3
[ [
_P% P
3 5
ﬂ DNA ligase
5 3’
e —

3 5
Denaturation and
process repeated

5 3

3 5

Fig. 1-2. General principle of the Ligase Chain Reaction (.CRwo complementary pairs of adjacent
oligonucleotides (pland p}; p2, and p3) bind to the target sequence. Only if the oligdeotides bind in
close proximity DNA ligase seals the nicks anddiele can be repeated.
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1.3.1.4 Rolling Circle Amplification (RCA)

Originally, padlock probes (Nilssoet al., 1994) were developed as a new approach for
molecular analysis of DNA samples, including anialys alleles and point mutations in the
human genome (Nilssagt al., 1997). A padlock probe consists of a single steanlinear
oligonucleotide of about 70-100 nucleotides in tbngith a target-complementary region at
both ends and a linker segment in between. Then8 3 end regions are designed to
hybridize next to each other on a target strandefVproperly hybridized to the target
sequence, the molecule can be circularized upatidig. Because of the need for precise
base pairing at the junction where ligation shotd#te place and the simultaneous
hybridization of two different fragments, padlociopes ensure high specificity (Nilssen
al., 1997).

For sensitive pathogen detection, however, sigmgdlification is a prerequisite. One
approach for the amplification of padlock probesais?CR reaction using primers that
hybridize to sequences within the spacer regioh®fprobe (Thomaet al., 1999). Another
method to amplify padlock probes isling circle amplification (RCA), analogous to
replication mechanisms of several viruses withutacgenomes (Fire and Xu, 1995; Baner
et al., 1998; Thomast al., 1999; Nilssonet al., 2002). Two types of RCA have been
described: linear and hyperbranched RCA. In th&t firocedure, a primer hybridized at
some point on the circular DNA is extended contimlp using a DNA polymerase that
lacks exonuclease activity. As a result, a longdinfragment composed of many tandem
repeats of the complement to the circularized maéecis generated. In addition,
hyperbranched (or cascade) RCA (Fig. 1-3) usescanseprimer that binds to each
generated RCA repeat. During elongation, the exceese deficient DNA polymerase
displaces the polymerized strand in front of itxhj¢he displaced strands which are tandem
repeats with identical sequences to the origindlqmk probe, serve again as template for
the first primer, resulting in a cascade of DNA difigation (Fig. 1-3).

As for conventional PCR, detection of amplified ¢wots can be achieved using gel
electrophoresis (Banex al., 1998; Lizardiet al., 1998) or labeled probes (Nilssenal.,
2002) enabling real-time monitoring of the amphfion process. However, although RCA
is considered to be one of the most sensitive dicgtion methods, the procedure is fairly

complicated (Andrast al., 2001) and relatively expensive.
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Fig. 1-3. General principle of hyperbranched Rolling Cirélmplification (RCA). The 5’ and 3’ ends of a
linear padlock probe are designed to hybridize texach other on a target strand. When propettyitiized,

the molecule is circularized by ligation. Synthesisthe complementary strand of the circularizedlpek
probe is initiated by primer pl. As a strand ofelin tandem repeats is generated, a second prif@gr (p
hybridizes to each newly generated repeat. Duringgation, the exonuclease-deficient DNA polymerase
displaces the polymerized strand in front of it @thiin turn, serves as template for the first prime

1.3.2 RNA-based techniques

Whereas DNA-based detection techniques are incrglgidbeing used to detect and identify
pathogenic fungi, oomycetes, bacteria as well asatedes, RNA-based techniques are
mainly used to detect plant viruses since mosheifit have RNA genomes. However, since
messenger RNA (mRNA) may reflect metabolically aetipathogen material more
accurately than DNA, these RNA-based techniquesigtdy attractive to selectively detect
viable pathogen propagules (Baeumserl., 2001; Bentsinket al., 2002; Maroiset al.,
2002; Van Beckhovesdt al., 2002; Bleveet al., 2003; Morinet al., 2004). In addition, since
RNA is less stable than DNA, the risk of accidergahtamination via aerosols is lower
using RNA-based techniques than using DNA-baselniques. However, because of its
extreme sensitivity to degradation, specific préicaas should be taken to extract RNA
from environmental samples.

The main RNA-based detection techniques used int gdathology are discussed
below, including_everse_anscriptase PCR (RT-PCR) andcteic &id squence_ased
amplification (NASBA), also known agdnscription nediated anplification (TMA) or slf-

sustained squenceeaplication (3SR).
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1.3.2.1 Reverse Transcriptase PCR (RT-PCR)

Since PCR can only amplify double stranded temgplatech as DNA, RNA should be
converted to DNA (calledamplementary DNA or cDNA) prior to use in a PCR4xhs
assay. Typically, such RT-PCR consists of an aimgeagtep for one primer and an
extension step to synthesize the complementargarsl strand, followed by a (real-time)
PCR reaction (Rainest al., 1991; Tan and Weis, 1992). In plant pathology;ROR is a
common strategy to detect plant viruses (WaterhangeChu, 1995).

1.3.2.2 Nucleic Acid Sequence Based Amplification (NASBA), Transcription
Mediated Amplification (TMA), or Self-Sustained Sequence Replication
(BN
NASBA, also known as TMA or 3SR, has been usedHerdirect amplification of RNA
(Compton, 1991). In contrast to conventional PCRipl#ication is carried out in an
isothermal process (avoiding the need for a theyelec) using three different enzymes,
including a reverse transcriptase, RNase H, an&NA polymerase (Fig. 1-4). Initially, a
primer containing an RNA polymerase promoter segeet its 5’ end and a target-specific
sequence at its 3’ end is extended by reversedrgtisn to produce a cDNA strand. The
resulting hybrid is a substrate for RNase H, whidgrades the original RNA strand.
Subsequently, a second DNA strand is produced &gmmimer designed to bind to the 3’
end of the cDNA, resulting in a dsDNA molecule thanhtains the sequence information of
the original RNA and the promoter sequence of thd&RNA polymerase. In a next step, T7
RNA polymerase initiates DNA transcription leadiogthe production of a large number of
antisense RNA molecules. Each antisense RNA maédsulised to generate new dsDNA
molecules based on the same principle, and instateew round of replication (Fig. 1-4).
The amplification products can be visualized usingpecific labeled probe which
hybridizes to the RNA amplicons (Oehlenschlageal., 1996; Lanciotti and Kerst, 2001).
In addition, amplicons can be monitored in realeiosing a specific detection probe such
as a Molecular Beac8nThis procedure is referred to as AmpliDet RNA anthbines the
advantages of both NASBA and real-time PCR (Kleztkal., 2001; Van Beckhoved al.,
2002).

12
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Fig. 1-4. General principle of Nucleic Acid Sequence BasedHination (NASBA). Upon binding of primer
pl that is tailed with a T7 RNA polymerase promptererse transcriptase (RT) generates a cDNA dtran
The resulting hybrid is a substrate for RNase Hictvtdegrades the original RNA strand. Subsequently,
reverse transcriptase generates a complementanydsto the first cDNA strand (cDNA(-)) using a sedo
primer (p2), resulting in double stranded DNA (ds®)Nwith a T7 RNA polymerase promoter. This is a
template for T7 RNA polymerase (T7 pol) that traitses a large number of antisense RNA molecules
(asRNA) which, in turn, are converted into dsDNA &onext amplification cycle.

1.4 Multiplex detection

One of the limitations of most detection procedurelether serological, DNA- or RNA-
based, is that only one or a very few pathogerdetscted per assay. However, as most
crops can be infected by a multitude of pathogdatecting multiple pathogens in a single
assay is desirable with respect to efficiency, ,dirste, and labor. In addition, plant disease
symptoms often result from infection by multipletipagens rather than by a single
pathogen, complicating classical diagnosis. In @mldito pathogen detection, quantification
of its presence is of high importance, since it tenused to estimate potential risks
regarding disease development, spread of the inoguand economic losses. Therefore,
multiplex detection and quantification, enablingdetect and quantify a large number of
pathogens in a single assay, is a major challemgsaint disease diagnostics and disease

management.
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Multiplex PCR assays, using several primers in #agne reaction, have been
developed for the simultaneous detection of sewafatoorganisms (Wilton and Cousins,
1992). However, the development of efficient anduaate multiplex formats is often
difficult and typically requires extensive optimizan of reaction conditions in order to
properly discriminate at least a few amplicons peaction. Besides designing selective
primer pairs that can be used under the same @omslithe generated PCR products need
to have different sizes to ensure clear discrinmmatof amplicons on agarose gels
(Henegariwet al., 1997). This latter limitation does not apply feal-time PCR applications
based on amplicon-specific detection probes siiféereint fluorophores can be used for the
labeling of different probes. Nevertheless, forstbéchnology the total amount of PCR
reactions in a single tube is limited by the avdlity of dyes emitting fluorescence at
different wavelengths on one hand, and the monaehtic character of the energizing light
source in real-time PCR instruments on the othadh®ackayet al., 2002). As a result,
detection of more than a few pathogens per assayriently not possible using these
strategies.

In contrast, array hybridization technology offéne possibility to add a multiplex
aspect to PCR-based detection. In theory, DNA arrayiginally designed to study gene
expression or to generate SNP profiles (Schetrah, 1996; Lashkaret al., 1997), can be
used to detect an unlimited amount of differentaoigms in parallel. The virtually
unlimited screening capability of DNA arrays, caeglwith PCR amplification, results in
high levels of sensitivity, specificity, and thrdygut capacity (Martinet al., 2000;
Lévesque, 2001; Lievens and Thomma, 2005; Lieekak, 2005b). With this technology,
detector oligonucleotides, each specific for a DOARNA sequence of a respective target
organism, are immobilized on a solid support, &ate, depending on the size of the dots, a
macro- (e.g. on a nylon membrane) or microarrag.(en a glass slide). For signal
amplification, in general the target DNA to be ges(including genomic DNA, cDNA or
even padlock probes harboring a specific randomesgze in the spacer region (Szerees
al., 2005)), is amplified using universal PCR primédabeled, and subsequently hybridized
to the array under stringent conditions. In thigwamay thus be possible to differentiate a
large number of organisms using a single PCR, dealithat sufficient discriminatory
potential exists within the region that is used.

This technology was originally developed as a tepnto screen for human genetic
disorders (Saiket al., 1989; Kawasaki and Chehab, 1994), but has alea beccessfully

applied to detect and identify human and animahggens of diverse nature (Figsal.,

14



Recent developments in diagnostics of plant pathege

1992; Anthonyet al., 2000; Gonzalest al., 2004). In plant pathology, this approach was
applied for identifying oomycete (Fig. 1-5), nendgobacterial and fungal DNA from pure
cultures (Lévesquet al., 1998; Ueharat al., 1999; Fessehaig al., 2003; Lievenst al.,
2003) as well as for the identification of a numbgviruses (Boonharet al., 2003).

ABCDE FGHI JKL
L e

1

2 . e
3 Vi ee
4

5

6

7

8

9

10

11

12

13

14

15

16

17 e

18 4L

19 LA )

2008 ae

Fig. 1-5. Example of the identification of an oomycefythium ultimum) culture using a DNA macroarray.
Each detector oligonucleotide is spotted in dupdican nylon membrane. Specificity of the analyss i
enhanced by using multiple oligonucleotides forhetarget species. In addition to the immobilizexdyés
specific oligonucleotides, the DNA array containsittol oligonucleotides for the hybridization (1AB, 1K

& L, 20A & B, 20K & L) and a reference for deteatiand calibration (2K & L, 3K & L). PCR-labeled
amplicons hybridize to genus-specific oligonuclées forPythium (2G & H, 3G & H) and species-specific
oligonucleotides forP. ultimum (17G & H, 18G & H, 19G & H). Based on the locatiof the signals,
identification is performed.

Despite these studies, for application in pracientification of pathogens from pure
cultures is not very relevant as, eventually, pgéms should be preferably assessed directly
from plant and soil samples. In addition, quardifion should be pursued using DNA arrays
in order to fully exploit the potential use of DN&rays in plant pathology, and more in
particularly to determine threshold densities whecertain treatment has to be applied to
prevent losses. Ultimately, such multiplex approattould lead to a comprehensive
diagnostic kit that can detect and quantify alleveint pathogens of a specific crop.
Undoubtedly, the availability of such multiplex ags will contribute to IPM programs.
After all, with timely and regular qualitative aslivas quantitative diagnoses, preventive
treatments can be properly prescribed and perforamel in case actual infections are
monitored, the afflicted plants can be cured oraead to avoid spread of the disease. Until
now, preventive treatments were applied frequerthsed on the theoretically calculated
risk for disease incidence. Preventive treatmeateth on actual monitoring of pathogen
populations will probably reduce the number of timeents and thus result in reduced

environmental impacts.
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1.5 Objectivesand outline of thisthesis

The overall objective of the research describedhia thesis was to develop and
optimize a DNA macroarray, that allows to simultangly detect and quantify multiple
plant pathogens, to be used for routine plant ggthadiagnosis. In order to achieve this
goal, several experiments have been performed, e discriminating power of arrayed
oligonucleotides was assessed, aiming at the diswtion of single base pair differences
(Chapter 2). In this chapter the conditions weremieined to obtain the desired specificity.
Based on these results, an ITS-based DNA macroaraaydesigned for the detection and
identification of a comprehensive set of fungalhpgens in complex samples, including
plant and soil samples (Chapter 3). As a proofrafgiple, the array was developed for a
number of economically important fungal pathogehsomato which is one of the most
important vegetable crops worldwide. These pathegeamprised the vascular wilt
pathogends-. oxysporum f. sp.lycopersici, V. albo-atrum, andV. dahliae. In Chapter 5, this
array has been further optimized for accurate pphoquantification of concentration
ranges typically encountered in horticultural piget Since quantification based on
culturing techniques is considered relatively inaate, real-time PCR, a well-established
technique to quantify DNA levels, was used as aregfce technique to validate DNA array-
based quantification. In Chapter 4, the feasibibityd robustness of real-time PCR for
guantification of a number of tomato pathogens ioldgically complex samples was
evaluated. Finally, in the frame of an IPM-basededse management strategy, a
quantitative DNA macroarray was developed to siemdbusly monitor populations of
pathogens and biocontrol agents, as well as tostigage their interactions, and relate their
presence to disease development. Since curreniyamolard biocontrol assay was available
for the previously used model crop tomato, the vesllablished interaction between the
biocontrol agenfTrichoderma hamatum isolate 382 and the pathog&hizoctonia solani
was used in a standard damping-off of radish baa¢Shapter 6). Altogether, it is shown
that DNA macroarrays can be successfully used nwlsineously detect and quantify
multiple plant pathogens in samples from variousldgical sources including those

gathered from horticultural practice.
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2 Detecting single nucleotide polymor phisms using DNA

macr oarrays for plant pathogen diagnosis”

2.1 Introduction

As more extensively described in the previous draibte lack of rapid and reliable means
for pathogen identification has been one of the nmhmitations in plant disease
management and has pushed the development of hggldgific molecular approaches
(McCartneyet al., 2003, Lievenst al., 2005b). Most of these approaches are desigred fo
the identification of one or small numbers of paflios at once. In contrast, DNA array
technology is the most suitable technique for ifieation of several isolates in a single
assay (Lévesquet al., 1998; Ueharat al. 1999; Martinet al. 2000; Lévesque, 2001;
Fessehaiet al., 2003; Lievenst al., 2003; 2005b; Lievens and Thomma, 2005;). Witk thi
technology, specific detector oligonucleotides iamenobilized on a solid support and used
for target microorganism identification. Generaltgrget DNA is PCR-amplified and
labeled using universal primers spanning a genomegion harboring microorganism-
specific sequences. Subsequently, labeled ampla@nbybridized to the array.

Generally, ubiquitously conserved genes are tadgfie molecular diagnostics, of which
the rRNA gene with its ITS regions is most commotalsgeted (Chapter 1; McCartney
al., 2003; Lievens and Thomma, 2005; Lievehsl., 2005b). Closely related pathogens,
that may have completely different host rangesabh@genicity, often differ in a single to a
few base pairs for such conserved genes (Nezal., 1991; Cookeet al., 2000). As a
consequence, discrimination of SNPs should be pdrswhen developing molecular
diagnostic assays. With regard to immobilized detesligonucleotides, factors such as the
type of the mismatch, as well as its position andhiner, are believed to play an important
role in hybridization kinetics and thus in the arte of the assay (Bodrosayal., 2003). In

Y Results described in this chapter have been feulin “Detecting single nucleotide polymorphisnsing DNA arrays
for plant pathogen diagnosis”; Lievens, B., CldesVanachter, A. C. R. C., Cammue, B. P. A., ahdfma. B. P. H. J.;
FEMS Microbiology Letters 255:129-139 (2006).
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addition, it is generally accepted that center raigimes are the most destabilizing
(Kawasaki and Chehab, 1994; Bodrosswl., 2003). However, it has never been explored
at which number or at which position mismatchesificantly influence the outcome of the
diagnostic assay. In general, relatively high aogpli concentrations are used to generate
strong, unambiguous hybridization signals (Lévesqual., 1998; Ueharaet al. 1999;
Fessehaiet al., 2003). However, the lack of sufficient oligonuttiele specificity combined
with the hybridization of an excess of amplicondeptially increases the risk of “false
positives”.

In this chapter, the discriminating power of immgid oligonucleotides is assessed,
aiming at the discrimination of SNPs. Multiple aigucleotides were mutated at one or
more positions and used for hybridization assaysgugifferent concentrations of labeled
PCR products. In addition, as ultimately the useDdfA arrays for direct detection of
pathogens in environmental samples is pursued, weesiigated whether cross
hybridizations to mismatch oligonucleotides areevaht when analyzing environmental

samples.

2.2 Materials and methods

2.2.1 Fungal and oomyceteisolatesused in thisstudy

The fungal isolateg-usarium oxysporum f. sp. lycopersici CBS 645.78 and/erticillium
dahliae CBS 381.66 (Centraalbureau voor Schimmelcultutdsecht, The Netherlands)
and the oomycete isolat&hytophthora nicotianae MUCL 28775 andPythium ultimum
MUCL 16164 (Mycothéque de I'Université Catholigue douvain, Louvain-la-Neuve,

Belgium) were cultured on potato dextrose agar (PiDAlarkness at 24°C.

2.2.2 DNA extraction

Genomic DNA was extracted from 5- to 10-day oldtugds. A patch of mycelium
(approximately 2 cA) was scraped from the margin of a colony and swdee in 300 pl
lysis buffer (2.5 M LiCl, 50 mM Tris, 62.5 mM EDTAgnd 4.0% Triton X-100, pH 8.0)
together with an equal volume of phenol:chlorofasmamyl alcohol (25:24:1 v/v) and
approximately 75 ul of glass beads (212-300 um)ls@ere mechanically disrupted in a
Fast Prep system (Thermo Savant, Holbrook, NY, UBAjeciprocal shaking the samples

for 30 s at maximum speed. The supernatant wasatetl after centrifugation (9300 x Q)
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and the DNA was precipitated upon addition of tvadumes of absolute ethanol followed
by incubation for 15 min at — 20°C and subsequentrdugation (5 min at 9300 x g). The
DNA pellet was washed with 70% ethanol, air-driadd resuspended in 50 pul 10 mM Tris
(pH 8.0).

For DNA isolation from soil and plant samples, geim DNA was extracted from
0.75 g (fresh weight) sample material using thed@tean Soil DNA Isolation Kit and the
UltraClean Plant DNA Isolation Kit, respectivelycearding to the manufacturer’s protocol
(Mo Bio Laboratories, Solana Beach, CA, USA). Sujsatly, DNA samples were diluted
10-fold to avoid inhibitory concentrations of potieh PCR inhibitors. For water samples,
DNA was isolated from 200 ml using the UltraCleaatéf DNA Isolation Kit as described
by the manufacturer (Mo Bio Laboratories, Solanadde CA, USA).

DNA yield was determined spectrophotometricall2@ nm. All DNA extracts were

stored at — 20°C until further analysis.

2.2.3 Selection of oligonucleotides

In order to test the discriminatory potential ofagred detector oligonucleotides, specific
oligonucleotides were selected from ITS sequenndsnautated at various positions (Table
2-1). Perfect match oligonucleotides were selefteah either ITS | or ITS Il sequences
from four unrelated specieB: oxysporum, P. nicotianae, P. ultimum, andV. dahliae (Fig.
2-1). ITS sequences from the target species as agelirom the closest relatives were
derived from Genbank and the sequence databaseiesftid Terrae Research Institute and
aligned using the Clustal W algorithm in order dentify diagnostic oligonucleotides. The
length of these oligonucleotides was adjusted tainkdetector sequences with a melting
temperature of 55°C $°C as calculated using the nearest neighbor rdeffize ability to
form dimers and hairpin structures was checked guaifiector NTI software and the
sequences with the lowest tendency to form sucictsires were chosen.

For each species, initially several perfect matetector oligonucleotides were
designed of which the oligonucleotides that progidee most consistent hybridization
signals were selected for this study. These encesguhFox1 and Fox2, Pnil and Pni2,
Pull and Pul2, and Vdal, to detécbxysporum, P. nicotianae, P. ultimum, andV. dahliae,
respectively. Although these oligonucleotides diffelength, GC content, and origin, these
oligonucleotides all provide uniform and strong hglzation signals upon hybridization

with 10 ng labeled target amplicons per ml hybatian buffer (data not shown), and were
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therefore selected. To explore the discriminatasyer of immobilized oligonucleotides,
nucleotides were substituted (Table 2-1). In additito these oligonucleotides, a
digoxigenin-labeled control oligonucleotide (Dig&ith no homology to a known sequence
was designed and used as a reference for deteetimh calibration. The same
oligonucleotide was also synthesized without latgglias a negative control. All

oligonucleotides were synthesized with a 5’-C6-aminker for covalent binding to a nylon

membrane.
A OOMUP18Sc iss Pul2 Pri2
- ] 1 I
I p—| I | I
. - -«
Pult Pnil oo oM ITS4
18STrDNA ITSI 5.8SrDNA ITSHI 28SrDNA
B |T§,1'F IT_S>3 Fox2/Fox1
i - -«
vdal rsp ms4
18SrDNA  ITSI 58SrDNA  ITSII 28SrDNA

Fig. 2-1. Schematic representation of Anoomycete an®, fungal ribosomal cistron showing the location of
the PCR primers—+) and the detector oligonucleotides- used in this study. Sense sequences are indicated
at the top, antisense sequences at the bottone aigtron.
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Table 2-1. Sequences of matthnd mismatchdetector oligonucleotides used in this sfudy

Array®  Codé Sequence(5’-3) Substitutior! Length T°(°C) GC (%) Target

1 Fox1 TTGGGACTCGCGTTAATTCG 20 554 50.0 ITS I
Fox1-1 ATGGGACTCGCGTTAATTCG T1A 20 55.2 50.0
Fox1-2 CTGGGACTCGCGTTAATTCG T1C 20 55.9 55.0
Fox1-3 GTGGGACTCGCGTTAATTCG T1G 20 56.2 55.0
Fox1-4 TTGGEACTCGCGTTAATTCG G5C 20 56.1 50.0
Fox1-5 TTGRAACTCGCGTTAATTCG Gb5A 20 53.3 45.0
Fox1-6 TTG@ACTCGCGTTAATTCG G5T 20 52.8 45.0
Fox1-7 TTGGGACTCCGTTAATTCG Gl10C 20 54.7 50.0
Fox1-8 TTGGGACT@ACGTTAATTCG G10A 20 52.6 45.0
Fox1-9 TTGGGACTQ@CGTTAATTCG G10T 20 52.1 45.0
Fox1-10 TTGGGACTCGCGTIATTCG Al15T 20 554 50.0
Fox1-11 TTGGGACTCGCGTTATTCG Al15C 20 57.9 55.0
Fox1-12 TTGGGACTCGCGTGATTCG A15G 20 57.9 55.0
Fox1-13 TTGGGACTCGCGTTAATTC G20C 20 55.2 50.0
Fox1-14 TTGGGACTCGCGTTAATTE G20A 20 544 45.0
Fox1-15 TTGGGACTCGCGTTAATTT G20T 20 541 45.0
Fox1-16 AAGGGACTCGCGTTAATTCG T1A; T2A 20 55.2 50.0
Fox1-17 TTGE&TCTCGCGTTAATTCG G5C; A6T 20 55.6 50.0
Fox1-18 TTGGGACTCGGTTAATTCG G10C; C11G 20 54.7 50.0
Fox1-19 TTGGGACTCGCGTITTTCG A15T; A16T 20 56.3 50.0
Fox1-20 TTGGGACTCGCGTTAATEGC C19G; G20C 20 56.0 50.0
Fox1-21 ATGGCACTCGCGTTAATTCG T1A; G5C 20 56.0 50.0
Fox1-22 ATGGGACTCQCCGTTAATTCG T1A. G10C 20 54.6 50.0
Fox1-23 ATGGGACTCGCGTTATTCG T1A; A15T 20 55.2 50.0
Fox1-24 ATGGGACTCGCGTTAATTCC T1A; G20C 20 55.1 50.0
Fox1-25 TTGCG:ACTCCCGTTAATTCG G5C; G10C 20 55.5 50.0
Fox1-26 TTGCG:ACTCGCGTTATTTCG G5C; A15T 20 56.1 50.0
Fox1-27 TTGEACTCGCGTTAATTCC G5C; G20C 20 56.0 50.0
Fox1-28 TTGGGACT(CCGTTATTTCG G10C; G20C 20 54.7 50.0
Fox1-29 TTGGGACTCCGTTAATTCC G10C; G20C 20 545 50.0
Fox1-30 TTGGGACTCGCGTII'ATTCC A15T;G20C 20 55.2 50.0
Fox1-31 AAGGGACTCGCGTTAATTE T1A; T2A; G20C 20 55.0 50.0
Fox1-32 ATGGGACTCGCGTTAATTGC T1A; C19G; G20C 20 55.8 50.0
Fox1-33 AAGGGACTCGCGTTAAT'IGC T1A; T2A; C19G; G20C 20 55.7 50.0

2 Fox?2 GTTGGGACTCGCGTTAATTCG 21 56.4 524 ITS I
Fox2-1 GTTEGACTCGCGTTAATTCG G5C 21 56.9 524
Fox2-2 GTTGGGACTGGCGTTAATTCG C10G 21 56.5 52.4
Fox2-3 GTTGGGACTCGCGAAATTCG T15A 21 56.4 524
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Table 2-1 (continued).

Array® Codé Sequenc(5’-3) Substitutioff Length T.°(°C) GC (%) Target
3 Pnil AAAAAAGACTACTAAATCAGGCC 23 51.0 34.8 ITS |
Pnil-1 AAAATAGACTACTAAATCAGGCC  A5T 23 50.2 34.8
Pnil-2 AAAAAAGACAACTAAATCAGGCC T10A 23 51.9 34.8
Pnil-3 AAAAAAGACTACTATATCAGGCC  A15T 23 50.2 34.8
Pnil-4 AAAAAAGACTACTAAATCACGCC Gz20C 23 514 34.8
4 Pni2 TTTGGGAACTTAATGTGTACTTC 23 51.0 34.8 ITS I
Pni2-1 TTTEGAACTTAATGTGTACTTC G5C 23 51.6 34.8
Pni2-2 TTTGGGAARATAATGTGTACTTC T10A 23 51.0 34.8
Pni2-3 TTTGGGAACTTAATCTGTACTTC G15C 23 50.5 34.8
PniZ-f‘r TTTGGGAACTTAATGTGTASTTC C20G 23 51.0 34.8
5 Pul® TGCTGACTCCCGTTCCAGTG 20 59.6 60.0 ITS |
Pull-1 AGCTGACTCCCGTTCCAGTG T1A 20 59.3 60.0
Pul1-2 CGCTGACTCCCGTTCCAGTG T1C 20 60.5 65.0
Pull-3 GGCTGACTCCCGTTCCAGTG T1G 20 60.4 65.0
Pull-4 TGCTACTCCCGTTCCAGTG G5C 20 59.6 60.0
Pull1-5 TGCRACTCCCGTTCCAGTG G5A 20 57.0 55.0
Pull-6 TGCTACTCCCGTTCCAGTG G5T 20 57.0 55.0
Pul1-7 TGCTGACTGCGTTCCAGTG C10G 20 60.1 60.0
Pull-8 TGCTGACT@ACGTTCCAGTG C10A 20 57.3 55.0
Pull-9 TGCTGACTQ@CGTTCCAGTG Cc10T 20 56.9 55.0
Pul1l-10 TGCTGACTCCCGTGCAGTG C15G 20 60.3 60.0
Pull-11 TGCTGACTCCCGTACAGTG C15A 20 56.9 55.0
Pul1-12 TGCTGACTCCCGTICAGTG C15T 20 57.4 55.0
Pull-13 TGCTGACTCCCGTTCCAGT G20C 20 59.3 60.0
Pull-14 TGCTGACTCCCGTTCCAEA G20A 20 58.0 55.0
Pull-15 TGCTGACTCCCGTTCCAGIT G20T 20 58.8 55.0
Pull-16 ACCTGACTCCCGTTCCAGTG T1A; G2C 20 59.1 60.0
Pul1-17 TGCTTICTCCCGTTCCAGTG G5C; AGT 20 59.1 60.0
Pul1-18 TGCTGACTGGGTTCCAGTG G10C; C11G 20 59.6 60.0
Pull-19 TGCTGACTCCCGTGEGAGTG C15G; C16G 20 59.6 60.0
Pul1-20 TGCTGACTCCCGTTCCASC T19A; G20C 20 59.3 60.0
Pul1-21 AGCTCACTCCCGTTCCAGTG T1A; G5C 20 59.3 60.0
Pul1-22 AGCTGACTQGCGTTCCAGTG T1A; C10G 20 59.9 60.0
Pul1-23 AGCTGACTCCCGTIGCAGTG T1A; C15G 20 60.1 60.0
Pull-24 AGCTGACTCCCGTTCCAGT T1A; G20C 20 59.1 60.0
Pull-25 TGCTACTCGCGTTCCAGTG G5C; C10G 20 60.1 60.0
Pul1-26 TGCTACTCCCGTIGCAGTG G5C; C15G 20 60.3 60.0
Pul1-27 TGCTACTCCCGTTCCAGTC G5C; G20C 20 59.3 60.0
Pul1-28 TGCTGACTGCGTTGCAGTG C10G; C15G 20 60.8 60.0
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Table 2-1 (continued).

Array® Codé Sequenc(5’-3) Substitutioff Length T.°(°C) GC (%) Target
Pul1-29 TGCTGACTGCGTTCCAGTC C10G; G20C 20 59.9 60.0
Pul1-30 TGCTGACTCCCGTGCAGTC C15G;G20C 20 60.0 60.0
Pull-31 ACGTGACTCCCGTTCCAGTG T1A; G2C; C3G 20 59.4 60.0
Pull-32 TGCTIGTCCCGTTCCAGTG G5C; A6T; C7G 20 59.6 60.0
Pul1-33 TGCTGACTGGCTTCCAGTG C10G; C11G, G12C 20 59.8 60.0
Pul1-34 TGCTGACTCCCGTGGTGTG C15G; C16G; A17T 20 60.0 60.0
Pul1-35 TGCTGACTCCCGTTCCBAC G18C; T19A; G20C 20 59.8 60.0
Pull-36 AGCTCACTCGCGTTCCAGTG T1A; G5C; C10G 20 59.9 60.0
Pull-37 TGCTACTCGCGTTGCAGTG G5C; C10G; C15G 20 60.8 60.0
Pul1-38 TGCTGACTGCGTTGCAGTC C10G; C15G; G20C 20 60.6 60.0
Pul1-39 ACCTGACTCCCGTTCCAGA T1A; G2C; G20C 20 58.8 60.0
Pul1-40 AGCTGACTCCCGTTCCAGC T1A; T19A; G20C 20 59.1 60.0
Pull-41 ACCTGACTCCCGTTCCAGQC T1A; G2C; A19T; G20C 20 58.8 60.0
Pull-42 ACGTGACTCCCGTTCCAAC T1A; G2C; C3G; G18C; T19A; G20C 20 59.7 60.0
Pull-43 AGCTCACTCGCGTTGCGAGTC T1A; C2G; G3C,; G5C; C10G; C15G; G20C 20 59.5 60.0
6 Pul? TGTATGGAGACGCTGCATTT 20 545 45.0 ITS I
Pul2-1 TGTAAGGAGACGCTGCATTT T5A 20 54.4 45.0
Pul2-2 TGTATGGAG@ CGCTGCATTT Al10T 20 545 45.0
Pul2-3 TGTATGGAGACGCTCATTT G15C 20 53.7 45.0
7 vdal AACAGAGAGACTGATGGACCG 21 56.2 524 ITS |
Vdal-1 AACACAGAGACTGATGGACCG G5C 21 56.7 52.4
Vdal-2 AACAGAGAGICTGATGGACCG Al10T 21 56.2 52.4
Vdal-3 AACAGAGAGACTGAAGGACCG T15A 21 56.1 52.4

#100 % match oligonucleotides are indicated wittasterisk.

® Nucleotide substitutions are in bold and undedine

“In total seven DNA arrays were designed. Spedjfioftthe oligonucleotides was tested with labeletblicons fromFusarium oxysporum (arrays 1 and 2PRhytophthora
nicotianae (arrays 3 and 4Rythium ultimum (arrays 5 and 6), anderticillium dahliae (array 7).

9 Notation is as follows: the first character ind&sthe original and substituted nucleotide atpibsition indicated by the second character. Thel itfiaracter indicates the
nucleotide by which the original one is substituted

¢ Melting temperature calculated using the neareigfiibor method.

" Target of the 100% match oligonucleotide.

9 Lévesqueet al. (1998).
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2.2.4 DNA array production

DNA macroarrays were produced as follows. The seteoligonucleotides were diluted in
sodium bicarbonate buffer (0.5 M, pH 8.4) containth004% bromophenol blue and kept
in a microtiter plate according to a predesignedayartemplate (Table 2-1).
Oligonucleotides were spotted in duplicate on Imodyme ABC membrane strips (PALL
Europe Limited, Portsmouth, UK) using a 384-pinlicgtor (V & P Scientific, San Diego,
CA, USA) at an amount of 8.0 fmol per spot. For tagerence oligonucleotide Digl, 2.0
fmol was printed. The distance between two spasiny a surface of nearly 1 Minwas
approximately 3 mm. Membranes were air dried, bdocfor 30 min at room temperature,

again air dried, and stored at room temperaturé usg.

2.2.5 PCR amplification and labeling

Target ITS regions were amplified and simultanepuklbeled with alkaline-labile
digoxigenin (Roche Diagnostics GmbH, Mannheim, Gam). The region between the
small and the large subunit of the rRNA gene wapldied using the primers ITS1-F and
ITS4 (Gardes and Bruns, 1993) or OOMUP18Sc and (L&Venset al., 2004), for fungi
or oomycetes, respectively. Depending on whethertdinget is a fungus or an oomycete,
ITS | sequences were amplified using the fungusifipeprimer set ITS1-F and ITS2
(White et al., 1990) or the oomycete-specific primer set OOMURdLand ITS2-O0OM (5'-
GCAGCGTTCTTCATCGATGT-3"). In order to amplify theT$ Il region, ITS3 was
combined with ITS4 (Whitet al., 1990). Samples were amplified in 20 ul, contajriinng
genomic DNA from a pure microbial culture or 1 yNA from an environmental sample.
Amplification was performed using 0.15 mM digoxigeil-d-UTP mix (Roche
Diagnostics GmbH, Mannheim, Germany), 0.5 uM ohegagmer, and 1 unit Titanium Taq
DNA polymerase (Clontech Laboratories, Inc., PalmACA, USA). Before amplification,
DNA samples were denatured at 94°C for 2 min. N&Xxtcycles were run consisting of 45 s
at 94°C, 45 s at 59°C, and 45 s at 72°C, with al faxtension at 72°C for 10 min. After gel
electrophoresis, the resulting Dig-dUTP-labeled kiaops were quantified by comparison
to a DNA ladder (Smartladder SF, Eurogentec, SgraBelgium) using Labworks 4.0
Image Acquisition and Analysis Software (UVP, Ugla€A, USA).
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2.2.6 DNA array hybridization

Prior to hybridization, membranes were prehybridiZer at least 1.5 h at 54°C in
hybridization buffer (6x edium chloride_sdium dtrate (SSC), 0.1% sarcosine, and 0.02%
sodium cbdecyl silfate (SDS)) amended with 1% casein. Labeled arop$ were denatured
by boiling in hybridization buffer for 10 min andlssequently hybridized overnight at 54°C
in 6 ml of hybridization buffer. Hybridization wa®llowed by two washing steps in
stringency buffer (6x SSC and 0.1% SDS) at hybaitiin temperature, and three final
washing steps in washing solution (0.1 M maleidasid 0.15 M sodium chloride; pH 7.5)
at room temperature. Detection of digoxigenin wasfgymed using anti-digoxigenin
alkaline phosphatase conjugate and CDP-Star stbsfbamth from Roche Diagnostics
GmbH, Mannheim, Germany). Chemiluminescence wasctiEd cumulatively during 45
min at intervals of 30 s using a highly sensitivgitdl CCD camera (BioChemi System;
UVP, Upland, CA, USA). Hybridization signals weraiamtified and analyzed using
Labworks 4.0 Image Acquisition and Analysis SoftevaHybridization strength was
reported relative to the average integrated optamsity of the digoxigenin-labeled

reference control (Digl). All hybridizations werarded out at least twice.

2.3 Resultsand discussion

2.3.1 Hybridization of ampliconsderived from pure cultures

Despite the generally accepted high potential ofACd¥ray technology as an identification
tool (Lévesqueet al., 1998; Ueharaet al. 1999; Martinet al. 2000; Lévesque, 2001;
Fessehaiet al., 2003; Lievengt al., 2003; 2005b; Lievens and Thomma, 2005), not much
is known about the discriminatory potential of déte oligonucleotides, especially under
the high amplicon concentrations used to ensurficeuft sensitivity. In this study, ITS I-
or ITS ll-specific oligonucleotides were mutatedigmatch oligonucleotides; Table 2-1)
and tested for hybridization. Initially, one or raanucleotides were substituted in the
ultimum ITS | oligonucleotide Pull (Lévesqgekal., 1998) (Table 2-1). In addition to Pul1,
43 mismatch oligonucleotides were arrayed. For idydation, P. ultimum ITS | amplicons
from different PCR reactions were pooled and ugetray, 10 ng, 100 ng, or 200 ng 'l
of hybridization buffer.

For the mismatch oligonucleotides hybridizationnsig as well as cross hybridization

increased with increasing amounts of amplicon (Big¢). When only a single nucleotide
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was substituted, mismatches at the fifth nucleotidee the most selective (Pull-4, Pull-5,
and Pull-6; Fig. 2-2), allowing SNP discriminatiorespective of the amplicon amount or
the nucleotide used for the substitution. In casttraith mismatches at the extreme 5’ or 3’
end (Pull-1, Pull-2, Pull-3 and Pull-13, Pull-14185, respectively), oligonucleotides
were the least discriminatory. With two adjaceristitutions at any location, amplicons did
not cross hybridize to the mismatch oligonucleatjdexcept when they were positioned at
the extreme 5’ (Pull-16) or 3’ end (Pull-20). Sanibbservations were made with multiple
mismatches that were spread throughout the oligeatide (Pull-22, Pull-23, Pull-24,
Pul1-31, Pull-40, Pull-41; Fig. 2-2). However, nmss hybridization occurred in
combination with a mismatch at the fifth nucleot{@l1-21), again demonstrating the high
selectivity of this nucleotide (Fig. 2-2).

To test whether amplicon length affects specificaynplicons were generated from
the ITS I-5.8S rDNA-ITS Il region (approximately @@p, compared to 300 bp for the ITS
| amplicons). In all cases, when longer amplicoreseahybridized signal intensities slightly
increased due to the larger number of labeled otidkes incorporated per amplicon, but
oligonucleotides also provided lower specificityigiF2-2). Specificity is enhanced by
hybridizing a lower amplicon amount. However, aitgb highly specific at an amplicon
concentration of 1 ng m) hybridization signals produced by olignucleotiglell were
rather weak (Fig. 2-2).
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Fig. 2-2. Discriminatory potential of Pull-derived mismatchtettor oligonucleotides upon hybridization
with different amounts oA, ITS | andB, ITS I-5.8S rDNA-ITS Il amplicons frorRythium ultimum. Results
are only shown for those oligonucleotides that lteduin detectable hybridization signals. Mismatch
positions are indicated following the code of tHiganucleotide. Hybridization signal strength ipoeted
relative to the average integrated optical densityhe digoxigenin-labeled reference control (rlODgta
represent means from three hybridization runs=( 6). Error bars indicate standard errors. Before
hybridization, amplicons from different PCR rean8owvere pooled to minimize variability due to diffaces

in DNA amplification.

A similar experiment was performed for a set ofofiucleotides derived fromR
oxysporum ITS Il detector sequence, Fox1. As shown in Fg, &imilar results as for Pull
substitutions were obtained for mutations of Fdxt@wever, whereas the fifth position was
the most selective for the Pull-derived oligonutitkn for Fox1 the highest specificity was
obtained with a center mismatch oligonucleotidex@@, Fox1-8, and Fox1-9; Fig. 2-3).
This illustrates that the selectivity of a specidlP oligonucleotide also depends on its

sequence.
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Fig 2-3. Discriminatory potential of Fox1-derived mismatchtettor oligonucleotides upon hybridization
with different amounts oA, ITS Il andB, ITS 1-5.8S rDNA-ITS Il amplicons fronfrusarium oxysporum.
Results are only shown for those oligonucleotithes tesulted in detectable hybridization signalgnivatch
positions are indicated following the code of tHiganucleotide. Hybridization signal strength ipoeted
relative to the average integrated optical densityhe digoxigenin-labeled reference control (rlODgta
represent means from three hybridization runs=( 6). Error bars indicate standard errors. Before
hybridization, amplicons from different PCR reangovere pooled to minimize variability due to difaces

in DNA amplification.

These observations were confirmed by experimerits @ther SNP oligonucleotides
designed on ITS sequences fr&micotianae (Pnil and Pni2) an¥. dahliae (Vdal) and
additional oligonucleotides fd¥. oxysporum (Fox2) andP. ultimum (Pul2) (Table 2-2). For
Pni2 and Pul2 the 1Bnucleotide was found to be the most selective2Bnand Pul2-3)
and for Pnil the Z0nucleotide (Pni1-4). For Fox2 and Vdal mutati@pecificity could
not be obtained when hybridizing complete ITS IS®NA-ITS Il amplicons. However,
when ITS | amplicons were hybridized, specificityasv obtained for all mismatch
oligonucleotides under all conditions (Table 2-2).
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Table 2-2. Discriminatory potential of different single nuotele mismatch detector oligonucleotides upon tdibation with different amounts of amplicons gemedarom
several fungal and oomycete isolates

Oligonucleotid®@ Target organism

Hybridization signdl

ITS I or ITS Il amplicof®

ITS I-5.8S rDNA-ITS Il amplicoh

200 ng mf 100 ng mf" 10 ng mf* 1ng mt 200 ng mf 100 ng mif 10 ng mft 1 ng mt*
Fox1 F. oxysporum 79.1 +8.3 68.7 49.2 66.0+4.3 40.4 2.6 148.8 +7.2 138.2 1.7 105.7 6.4 62.5 6.2
Fox1-4 (5) 0.040.0 0.0+0.0 0.0+0.0 0.0.+0.0 18.3 +5.6 11.7 4.3 2.8+40.8 0.0+0.0
Fox1-7 (10) 0.00.0 0.040.0 0.0+0.0 0.0.+0.0 0.0+0.0 0.0+0.0 0.0.+0.0 0.0+0.0
Fox1-10 (15) 0.00.0 0.0+0.0 0.0 4.0 0.0+0.0 58.6 +10.0 37.248.5 15.0 2.2 0.0+0.0
Fox2 67.9 2.3 75.545.0 78.5 #4.2 57.2+2.8 115.9 #.7 106.1 #4.0 81.3 +10.8 85.6 5.6
Fox2-1 (5) 0.1440.0 0.0.+0.0 0.0 +0.0 0.0 40.0 84.8 4.2 78.3 +3.7 36.4 +11.1 2.8 40.9
Fox2-2 (10) 0.160.0 0.0+0.0 0.0+0.0 0.0.+0.0 68.8 6.3 60.7 8.6 30.149.2 1.1+0.5
Fox2-3 (15) 40909 0.8+40.3 0.0+0.0 0.0.+0.0 58.6 +15.6 66.2 +11.8 61.5 4.3 7.542.8
Pni P. nicotianae 102.2 +2.3 99.6 6.7 89.4 +7.3 81.9 8.9 135.4 2.0 119.7 #1.1 63.6 8.3 68.4 2.7
Pnil-1 (5) 30.56.0 33.6 5.8 15.1 8.2 1.6 0.4 98.3 #4.5 90.6 6.6 9.6 +3.3 0.4+40.1
Pnil-2 (10) 10.8 8.8 14.0 2.2 3.8 4.7 0.4+0.3 79.6 8.8 76.8 5.1 7.6 +1.5 0.0+0.0
Pnil-3 (15) 0.00.0 0.0.+0.0 0.0 +0.0 0.0 40.0 38.949.5 24.8 5.4 0.0 40.0 0.0+0.0
Pnil-4 (20) 0.00.0 0.0.+0.0 0.0 +0.0 0.0 40.0 1.7 4.9 0.0.+0.0 0.0 +0.0 0.6 +0.6
Pni2 88.945.1 945 2.7 76.9 6.0 40.3 +7.7 99.3 +/.7 101.6 6.6 93.8 4.1 32.1 4.7
Pni2-1 (5) 0.040.0 0.0+0.0 0.0+0.0 0.0.+0.0 29.046.4 13.04%.5 0.8+0.4 0.0+0.0
Pni2-2 (10) 1102 1.2+40.3 0.0+0.0 0.1+0.1 43.0 t3.4 145#4.1 2.140.6 0.0+0.0
Pni2-3 (15) 0.00.0 0.040.0 0.0+0.0 0.0.+0.0 0.0+0.0 0.0+0.0 0.0.+0.0 0.0+0.0
Pni2-4 (20) 1405 1.8+40.9 0.0 +0.0 0.0+0.0 55.7 45.6 29.8 4.5 6.9 +2.1 0.0+0.0
Pull P. ultimum 114.3 +10.2 104.3 9.0 52.1 +10.2 6.2+.1 143.9 6.2 131.8 6.2 69.3 8.0 16.7 +2.0
Pull-4 (5) 0.040.0 0.0+0.0 0.0 +0.0 0.0 +0.0 0.0 +0.0 0.0+0.0 0.0 +0.0 0.0+0.0
Pull-7 (10) 204 2.7 13.2+.4 0.0+0.0 0.0.40.0 75.2 +7.5 72.6 +71.5 0.4 +0.2 0.0+0.0
Pul1-10 (15) 11.34.0 6.3 +1.6 0.0+0.0 0.0.40.0 64.9 8.3 48.0 8.3 0.0.+0.0 0.0+0.0
Pul2 87.34.1 108.1 +2.8 94.8 40.9 59.8 4.9 119.3 4.2 104.1 #4.8 99.8 5.8 75.7 40.9
Pul2-1 (5) 2.040.7 9.7 +1.1 7.9+2.5 0.2+0.1 73.6 ¥10.3 51.7 4.1 35.246.1 0.6 +0.2
Pul2-2 (10) 0.00.0 0.0+0.0 0.0+0.0 0.0+0.0 35.948.4 20.545.3 10.5 3.0 0.0+0.0
Pul2-3 (15) 0.00.0 0.0.+0.0 0.0 +0.0 0.0 40.0 0.0 +0.0 0.0.+0.0 0.0 +0.0 0.0+0.0
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Table 2-2 (continued).

Oligonucleotid® Target organism Hybridization signdl

ITS I or ITS Il amplicoR®

ITS I-5.8S rDNA-ITS Il amplicoh
200 ngmf 100 ng mf" 10 ng mi" 1ng mi* 200 ng mf 100 ng mft 10 ng mf* 1ngmi*
Vdal V. dahliae 85.4+2.7 73.7 4.7 79.8 3.9 63.5 #4.3 134.6 5.5 134.148.1 88.6 +12.2  72.1#3.7
Vdal-1 (5) 0.0 0.0 0.1+0.1 0.1+0.1 0.1+0.1 105.6 6.0 106.4 #4.4 41.8+5.2 2.8+40.9
Vdal-2 (10) 0.0 0.0 0.0.+0.0 0.0.+0.0 0.0.+0.0 85.5 4.2 92.2 4.8 29.7 141  0.0+0.0
Vdal-3 (15) 0.0 0.0 0.0.+0.0 0.0 +0.0 0.0 +0.0 84.7 5.1 89.9 45.2 455424 0.140.1
& Mismatch positions are indicated between brackets.

b Hybridization signal strength is reported relatisehe average integrated optical density of tigpxigenin-labeled reference control (Digl). Valaes means standard
errors (0 = 6 from three hybridization runs).

¢ Before hybridization, amplicons from different P@ctions were pooled to minimize variability doalifferences in DNA ampilification.

4 Pull-, Pnil-, and Vdal-derived detector oligonaitities were hybridized with ITS | amplicons frone trespective oomycete and fungal isolates whereas-FFox2-,
Pul2-, and Pni2-derived detector oligonucleotidesenhybridized with ITS Il amplicons.
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2.3.2 Hybridization of amplicons derived from naturally infested
biological samples

Identification from pure cultures is not very reden for use in practice as isolating and
culturing is time-consuming. In addition, sinceyoal small part of the microorganisms in
an environmental sample can be cultuiedvitro (Amann et al. 1995; Rapp and
Giovannoni, 2003), direct pathogen detection anentification from environmental
samples should be pursued. To investigate whethass chybridizations to mismatch
oligonucleotides are relevant when analyzing emwitental samples by DNA array
technology, practical conditions were mimicked byWA dilutions reflecting those
typically encountered in horticultural practice €iienset al., 2005a). A ten-fold dilution
series of genomic DNA frork. oxysporum f. sp.lycopersici andP. ultimum, ranging from

1 ng to 0.1 pg, was amplified and 10 pl of labetsdplicons were hybridized. When
disregarding mismatches at the extreme ends, clogdwidization to mismatch
oligonucleotides was rare, especially with tempéateunts equal or less than 100 pg (Fig.
2-4). WhenP. ultimum amplicons were hybridized, cross hybridizatiorsitogle mismatch
oligonucleotides was only observed for Pull-8 andlR1, both carrying a C to A
mutation, at the tenth and fifteenth position, esdively (Fig. 2-4). Wher. oxysporum
amplicons were hybridized, again no cross hybrithrawas observed for the center
mismatch oligonucleotides Fox1-7, Fox1-8 and FoxMghereas weak signals were
obtained for PCR amplification of 1 ng or 100 pg AWith the oligonucleotides mutated
at position 5 or 15, no cross hybridization wasepbsd when amplifying 10 pg DNA or
less. Moreover, in these cases, cross hybridizatieers strictly limited to the

oligonucleotides with a 5° end mismatch (Fig. 2-4).
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Fig 2-4. Discriminatory potential ofA, Pull- andB, Foxl-derived detector oligonucleotides after PCR
amplification of DNA dilutions. Results are onlyastn for those oligonucleotides that resulted iredetble
hybridization signals. Mismatch positions are imdéd following the code of the oligonucleotide.
Hybridization signal strength is reported relativethe average integrated optical density of tlywxigenin-
labeled reference control (rlOD). Data represenamsefrom two hybridization runsi (= 4). Error bars
indicate standard errors.

Finally, the mismatcHr. oxysporum andP. ultimum oligonucleotides were tested for
hybridization with amplicons from naturally infedt@lant, soil and water samples (Table
2-3). Ten microlitres of labeled amplicons were tigized in 6 ml of hybridization buffer.
As shown in Table 2-3, cross hybridization wascHirilimited to the oligonucleotides with
mismatches at one or both extreme ends, excephdoanalysis of plant sample 04-376B

which was heavily infected withP. ultimum. For this sample, amplicons additionally
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hybridized at low levels to Pull-8 and Pull-11. Bitlkeless, the overall results of these
experiments suggest that cross hybridization goolicleotides with a mismatch that is not
located at one or both extreme ends is not of nm@jacern when analyzing environmental
samples. When amplicons corresponding to one ofvileel TS regions were hybridized,

signals were very weak, even for the signals predudy the perfect match

oligonucleotides. In addition, in some cases evensignals were observed (data not
shown) demonstrating that, under the labeling den used, relatively short amplicons

are not suitable for assessing pathogen preserae/ironmental samples.

In conclusion, the results presented in this chiaptestrate the high specificity that
can be obtained with DNA arrays, even allowing dismation of single base pair
differences. As a consequence, when using apptepl@onucleotide sequences, closely
related microbial species can be differentiatedtHemmore, we demonstrated that center
mismatches do not always provide the highest degreespecificity, and that the
discriminatory potential of a single mismatch oligaleotide depends on the sequence of
the oligonucleotide used. As a consequence, inrotoledifferentiate SNPs, multiple
oligonucleotides harboring the unique polymorphisin different positions should be
screened for specificity when developing an oligdeatide array. Nevertheless, based on
our results, hybridization may generally be pregdnivhen the mismatch occurs in the 3’
half of the immobilized oligonucleotide. In additiove showed that hybridization of 10 ng
amplicons i hybridization buffer should be an appropriate @mmtion when pure
cultures need to be identified. When disregardingmmatches at the extreme ends, cross
hybridization signals are generally weak at thigpkeon concentration and do not interfere

with recognition of specific signals.
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Table 2-3. Discriminatory potential of Pull- or Fox1-derivedtector oligonucleotid@sipon hybridization of ITS 1-5.8S rDNA-ITS Il ampbns generated from
environmental samples naturally infested vittthium ultimum or Fusarium oxysporum, respectively

Oligonucleotid® Sample ID
Soil Plant Water

04-285 04-336C 04-495B 04-349 04-376B 04-398 D3-4 04-495E
Pull 31.946.3 27.3+5.3 16.1 +3.3 21.6 4.8 58.0 +10.2 7.343.8 57.0+%.4 8.4 +1.5
Pull-1 (1) 405 7.2 26.5+4.1 18.3 5.0 15.0 3.3 72.0 13.6 7.64#4.1 66.7 #4.2 10.6 5.2
Pull-2 (1) 321562 37.2+0.1 17.3 2.0 25.0 8.0 75.0 +16.1 7.0 +4.2 61.4 8.8 12.6 +7.5
Pull-3 (1) 23.146.2 30.9 #10.1 14.8 3.3 27.0 6.6 63.7 +17.0 8.8 #.6 41.4 +10.9 9.6 45.9
Pul1-8 (10) 0.00.0 0.0.+0.0 0.0+0.0 0.3+0.3 49+29 0.2 4.2 0.8 +0.7 0.0 +0.0
Pull-11 (15) 0.096.0 0.5 4.5 0.0 +0.0 0.0 0.0 8.3+2.9 0.0 +0.0 0.8 +0.7 0.0 0.0
Pul1-13 (20) 26969 0.4+0.4 0.3+0.3 0.1+0.1 28.5 +7.1 0.1 +0.1 6.2 +2.4 0.0 +0.0
Pull-14 (20) 5945 45+1.8 1.2 +1.1 0.9 40.6 34.446.9 04+0.4 11.3+#4.0 1.4 +.3
Pul1-15 (20) 20.34.4 119 +3.1 3.4 +.7 6.9 +1.6 55.6 +7.9 0.5+0.3 51.5 3.6 4.1 40.8
Pul1-16 (1;2) 0.29.2 0.0.+0.0 0.0+0.0 0.0 +0.0 11.1 2.5 0.0 +0.0 10.8 +0.7 0.040.0
Pul1-20 (19;20) 0.296.1 0.0.+0.0 1.1+.1 0.0 0.0 6.9 +3.7 0.0 +0.0 5.2+3.0 0.0 +0.0
Pull-24 (1;20) 0.86.3 0.9 H0.6 0.0+0.0 0.2+0.1 30.7.45.2 0.0 +0.0 16.1 6.0 0.5+0.5
Pul1-39 (1;2;20) 0.06.0 0.0.+0.0 0.0+0.0 0.0 0.0 4.0+2.2 0.0 +0.0 5.8 +3.0 0.0 +0.0

04-285 04-348 04-411 04-507 04-494 04-569C
Fox1 115 7% 33.4+8.1 74.1 ¥12.9 3.3+.3 36.0 5.2 17.948.0
Fox1-1 (1) 8.1 4.7 12.6 2.8 58.9 +14.6 1.240.7 19.6 3.7 11.0 6.4
Fox1-2 (1) 3.440.7 33.8 7.8 79.6 49.7 1.0 +0.8 11.6 5.0 3.9+2.3
Fox1-3 (1) 2.340.9 49.9 #11.2 87.3 8.7 0.7 40.6 22+.3 2.5+40.8
Fox1-13 (20) 0.00.0 5.743.1 0.1+40.0 0.0+0.0 0.040.0 0.0+0.0
Fox1-14 (20) 0.096.0 534 0.1 +0.1 0.0 +0.0 0.040.0 0.040.0
Fox1-15 (20) 0.096.0 75827 0.3+0.2 0.0 +0.0 0.0 0.0 0.0+0.0
Fox1-16 (1;2) 0.096.0 35.1 ¥16.4 59.3 1.5 0.0 0.0 18.4 #10.2 8.1 +3.0
Fox1-24 (1,20) 0.00.0 19.1 9.5 10.6 1.4 0.0 +0.0 0.0 +0.0 0.0 +0.0

#Results are only shown for those oligonucleotities displayed hybridization signals.

P Mismatch positions are indicated between brackets.
¢ Hybridization signal strength is reported relativethe average integrated optical density of ilgexdgenin-labeled reference control (Digl). Valaes means

+ standard errori(= 4 from two hybridization runs).
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3 Design and development of a DNA macroarray for
rapid detection and identification of multiple tomato

vascular wilt pathogens”

3.1 Introduction

Fusarium and Verticillium wilt are known as devésig diseases of tomatdycopersicon
esculentum Mill.) worldwide. They are caused by the soilbofoagal pathogenBusarium
oxysporum f. sp.lycopersici and theVerticillium speciesv. albo-atrum andV. dahliae. F.
oxysporum f. sp. lycopersici is host-specific, but may also exist in symptommlekernate
hosts representing many species (Katan, 1971)omtrast, bothVerticillium species are
able to infect a broad range of plant speciesuiling cultivated crops and weeds (Pegg,
1981). These three tomato wilt fungi are relatetteithey all invade susceptible plants
through the roots and plug the water conductingeiss causing wilt symptoms (Hutson
and Smith, 1983; Bishop and Cooper, 1993). For bhdibeases, brown vascular
discoloration can be observed in stem tissue gestons near the soil line, even though
these stems remain firm and green on the outside.

Currently, there are no effective curative treattaefior plants afflicted with these
wilts. Thus, effective preventative measures measapplied before these pathogens infect
crop plants. Control of these fungi in infestedisaian be established by reducing their
presence through long crop rotations or soil furtidga Furthermore, resistant cultivars to
each of these diseases are available (Kawcktiek, 2001; Sela-Buurlaget al., 2001).
However, fungal strains that are not restrictedthlse resistant host varieties do appear
(Paternotte and Vankesteren, 1993; O’Neill, 2009jernatively, attempts are made to
develop biocontrol strategies against these vasaoula diseases (ElAbyadt al., 1993;
Nagtzaamet al., 1998; Duijff et al., 1999; Solaraskat al., 2000). However, so far, these

YResults described in this chapter have been feuli; “Design and development of a DNA array fipid detection and
identification of multiple tomato vascular wilt petgens”; Lievens, B., Brouwer, M., Vanachter, ARC.C., Lévesque, C.
A., Cammue, B. P. A., and Thomma. B. P. H. J.; FBEWI&obiology Letters 223:113-122 (2003).
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have not yet been applied in practice, mainly bseaf poor efficacy and poor consistency
under variable environmental conditions.

In order to perform appropriate preventative treatts, early detection of the
pathogens’ presence is required. In principle, altimde of organisms can be
simultaneously differentiated using DNA array tealogy, even if they differ in only a
single to a few bases in the target gene (Chaptdie¥enset al., 2006). So far, this
technology has not been used to detect and idgpiifyt pathogens from complex extracts
isolated from artificially or naturally infestedraples.

In this chapter, we describe, as a proof-of-prilgithe design and development of an
ITS-based DNA macroarray to specifically detect afehtify the economically important
tomato vascular wilt pathogers oxysporum f. sp. lycopersici, V. albo-atrum, and V.
dahliae to the species level. The array was validatedgubioth artificially and naturally
infested soil and plant samples, demonstrating djygortunities for utilization of DNA

arrays in practice.

3.2 Materialsand methods

3.2.1 Fungal and oomycete isolates and DNA extraction

A collection of over 175 fungal and oomycete ise¢abf plant pathogens that frequently
occur in greenhouse crops was used. The most relesaates of this collection, including

isolates belonging to the target species as wetbadosely related species, are listed in
Table 3-1. All isolates were cultured on PDA anduimated in darkness at 22°C. Genomic

DNA was extracted from 5- to 10-day old cultureslascribed in Chapter 2.
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Table 3-1. Fusarium andVerticillium isolates used in this study

Species Isolafe Origin Host or substrate
Fusarium graminearum (lineage 7) HCK PH1 unknown unknown

F. oxysporum f. sp.conglutinans HCK 81-4 unknown unknown

F. oxysporum f. sp.cucumerinum ATCC 201950 Florida Cucumis sativus
F. oxysporum f. sp.cucumerinum ATCC 36330 New Guinea C. sativus

F. oxysporumf. sp.lycopersici (race 1) CBS 645.78 Morocco Lycopersicon esculentum
F. oxysporumf. sp.lycopersici (race 1)  CBS 412.90 Israel L. esculentum
F. oxysporumf. sp.lycopersici (race 2) CBS 646.78 Morocco L. esculentum
F. oxysporum f. sp.lycopersici (race 2)  CBS 413.90 Israel L. esculentum
F. oxysporumf. sp.lycopersici (race 1) HCK FOL1 unknown unknown

F. oxysporum f. sp.lycopersici (race 2) HCK FOL2 unknown unknown

F. oxysporumf. sp.radicis-cucumerinum Afu-68(A) Crete, Greece C. sativus

F. oxysporum f. sp.radicis-cucumerinum Afu-58 Crete, Greece C. sativus

F. oxysporum f. sp.radicis-lycopersici MUCL 39789  Belgium L. esculentum
F. oxysporum f. sp.radicis-lycopersici CBS 873.95 Israel L. esculentum
F. oxysporum f. sp.radicis-lycopersici CBS 101587 unknown L. esculentum
F. oxysporumf. sp.radicis-lycopersici HCK 0-1090/B  unknown unknown

F. solani CBS 165.87 Denmark Solanum tuberosum
F. solani CABI 17960 Brazil S tuberosum

F. solani HCK S-66 unknown unknown
Gibberella fujikuroi (anamorphF. MUCL 43506  Nepal Zea mays
verticillioides)

Nectria haematococca (anamorphF. MUCL 20259 Belgium Soll

solani)

Verticillium albo-atrum CBS 451.88 Belgium unknown

V. albo-atrum CBS 321.91 Netherlands L. esculentum
V. albo-atrum CBS 385.91 Netherlands L. esculentum
V. dahliae CBS 386.49 Netherlands S melongena
V. dahliae CBS 179.66 Netherlands L. esculentum
V. dahliae CBS 381.66 Canada L. esculentum
V. dahliae RCR V44 USA Gossypium sp.
V. dahliae RCR PH USA Pistacia sp.

V. dahliae RCR 115 Syria Gossypium sp.
V. dahliae RCR 70-21 USA Capsicum sp.

V. dahliae RCR BB USA S tuberosum

V. dahliae RCR S39 USA Soil

V. nubilum MUCL 8266 Germany Saoll

V. tricorpus MUCL 9792 UK L. esculentum

& ATCC: American Type Culture Collection, Manassé8, USA; Afu: collection of D. J. Vakalounakis, N.
AG. RE. F., Plant Protection Institute, Heraklioet@, Greece; CBS: Centraalbureau voor Schimmelast
Utrecht, the Netherlands; HCK: collection of H. Kistler, University of Minnesota, St. Paul, MN, USA

MUCL: Mycotheque de I'Université Catholique de Lain; Louvain-la-Neuve, Belgium; RCR: collection of
R. C. Rowe, Ohio State University, Wooster, OH, USA

3.2.2 Sdlection of oligonucleotides and DNA array production

Target-specific detector olignucleotides were desigbased on ITS sequences. To this end,
the region between the small and the large suloditiite rRNA gene of alF. oxysporum, V.
albo-atrum, and V. dahliae isolates listed in Table 3-1 was amplified and seged using
the universal primers ITS5 and ITS4 (Whiteal., 1990). Amplification was carried out in
25 pul containing 5 ng genomic DNA using Platind?fx DNA polymerase (Invitrogen
Corporation, San Diego, CA, USA) according to thenofacturer’s protocol. The following

37



Design and development of a DNA macroarray fordajgtection and identification of multiple tomat@seular wilt pathogens

thermal profile was used: 94°C for 2 min followeyg 85 cycles of 45 s at 94°C, 45 s at
58°C, and 45 s at 68°C with a final 10-min extensgiep at 68°C. Subsequently, the
nucleotide sequence of all PCR products was detedn{Eurogentec, Seraing, Belgium).

Genbank was searched to find matching and closelsted ITS sequences.
Subsequently, relevant ITS sequences were aligséth uhe Clustalw algorithm and
multiple oligonucleotides were selected as desdribe Chapter 2. In addition to the
previously used control oligonucleotides Digl, asrederence for the detection and
calibration, and Conl, as a negative control, &amal oligonucleotide (Unil) supposed to
detect the presence of any eukaryotic DNA was desigas a control for the amplification
and hybridization. All oligonucleotides were syrdtzed with a 5-C6-amino linker for
covalent binding to nylon membrane and DNA arrayarevproduced as described in
Chapter 2.

3.2.3 PCR amplification, labeling, and hybridization

The target ITS region of all isolates used in ttisdy was amplified and simultaneously
labeled with alkaline-labile digoxigenin using theiversal primers ITS5 and ITS4 (White
et al., 1990). The target samples (25 ul) containing 5gagomic DNA were amplified
using 1.25 units Platinumiag DNA polymerase (Invitrogen Corporation, San DieGad,,
USA), 0.15 mM Dig-dUTP mix (Roche Diagnostics Gmhb#annheim, Germany) and 0.5
UM of each primer, according to the same thermafilpras described above, with an
elongation temperature of 72°C. After gel electamgisis, the resulting Dig-dUTP-labeled
amplicons were quantified by comparison to a DNédker (Smartladder SF, Eurogentec,
Seraing, Belgium) using Labworks 4.0 Image Acqigsitand Analysis Software (UVP,
Upland, CA, USA). Approximately 10 ng of labeled @ioons per ml of hybridization
buffer were hybridized to the array in a total vokiof 6 ml as described in Chapter 2. All

hybridizations were performed at least twice.

3.2.4 Validation of the DNA array

The DNA array was validated using complex samptesnfdifferent biological origins.

First, artificially infested samples were producgitempting to mimic samples obtained
under current horticultural practices. Potting fiDCM potting mix for House and Garden,
DCM, Grobbendonk, Belgium) was heated for 5 day808C and subsequently inoculated

with eitherV. dahliae or F. oxysporum f. sp.lycopersici, or mock-inoculated as a negative
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control. Per gram fresh weight of potting mix, 80dahliae (CBS 179.66) microsclerotia
were added (Hawke and Lazarovits, 1994). Foroxysporum f. sp. lycopersici (CBS
645.78) soil inoculum was prepared in chopped potato asitlescribed by Ko and Hora
(1971). For inoculation, air-dried inoculum was gnd with a mortar and pestle followed
by sequential sieving through 2.0 mm and 1.0 mwesieParticles remaining on the 1.0 mm
sieve were used to infest potting mix at 0.5 g utom per pot (800 ml). Directly after
inoculation, ten-day old tomato seedlings. esculentum Mill. cv. Saint-Pierre) were
transferred to both inoculated and mock-inoculgietling mixes. Plants were grown in a
growth chamber with a 16 h photoperiod (225 PE sf)) at 22 °C and an 8 h period of
darkness at 18°C. Stems, roots, and potting mixpkssmwere collected for DNA array
analysis at 7 and 10 weeks after transplantatiorwhach time the plants had not yet
developed symptoms. Genomic DNA was extracted frOm5 g (fresh weight)
homogenized sample material using the UltraCleantADNA Isolation Kit (for stems and
roots) and the UltraClean Soil DNA Isolation Kibffpotting mix) as described by the
manufacturer (Mo Bio Laboratories, Inc., Solana @gaCA, USA). DNA extracts were
diluted 10-fold and amplified using the primers IFB and ITS4 (Gardes and Bruns, 1993)
as described in Chapter 2. Ten pl of labeled ampticwere hybridized in 6 ml of
hybridization buffer. A parallel set of samples watained for traditional plating on semi-
selective medium (Nadakavukaren and Horner, 19%®ndda, 1975).

In addition, the DNA array was validated using mally infested samples gathered
from commercial tomato growers. Soil samples weltected using a core bordr (3 cm)
to a depth of 20-30 cm from several locations peldf Plant samples were taken from
infected plant parts. Samples were homogenizedsabdamples were assessed using the
DNA array as well as by classical disease diagoost@thods. Genomic DNA was isolated
from 0.75 g (fresh weight) sample, amplified andoitigized as described above. All
hybridizations were performed at least twice. Imitidn, to confirm the identity of the
pathogens isolated, ITS amplicons derived from figai isolates were sequenced as
described above.
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3.3 Resultsand discussion

3.3.1 Development of the DNA array

Based on the ITS sequencesFofoxysporum, V. albo-atrum, andV. dahliae, 10 taxon-
specific oligonucleotide detectors with comparatbleoretical hybridization kinetics were
designed (Table 3-2Jusarium is an anamorphic genus for which clear speciesdearies
are lacking (Kistler, 1997). Two genus-specificgoliucleotides were developed for
Fusarium (Fgnl and Fgn2), both covering a wide and largeherlapping range of
Fusarium species. In addition, two species-specific olighdeatides were designed for the
detection ofF. oxysporum (Fox1 and Fox2). Specific oligonucleotides for thispecief.
oxysporum f. sp. lycopersici could not be designed because of the lack of l@@uaence
variation between differerfibrmae speciales.

Also the genusverticillium contains anamorphic species that are geneticalty v
diverse. This diversity is also reflected at thelaatide level for the ITS region. Since a
genus-specific oligonucleotide of which the seqeens shared by a wide range of
Verticillium species was not identified, two oligonucleotidguances (Vgnl and Vgn2)
that are common for a subgroup of homolog®asticillium species including/. albo-
atrum, V. dahliae, V. longisporum, andV. tricorpus were selected. Furthermore, species-
specific oligonucleotides were designed for theecin ofV. albo-atrum (Vall and Val2)
and forV. dahliae (Vdal and Vda2).

Table 3-2. Sequences of detector oligonucleotides used é&DMA array

Code Specificity Sequence (5’-3") Target
Fgnl Fusarium sp. CACGTCGAGCTTCCATAGC ITS I
Fgn2 Fusarium sp. CCAACTTCTGAATGTTGACC ITS1I
Fox1 F. oxysporum TTGGGACTCGCGTTAATTCG ITS 1l
Fox2 F. oxysporum GTTGGGACTCGCGTTAATTCG ITS I
Vgnl Verticillium sp. GCCGAAGCAACAATATGGTT ITS |
vgn2  Verticillium sp. GTTGTTAAAAGTTTTAATAGTTCG ITS I
Vall V. albo-atrum GCCGGTACATCAGTCTCTTTATTCA ITS I
Val2 V. albo-atrum CATCAGTCTCTTTATTCATACCAA ITS I
Vdal  V.dahliae AACAGAGAGACTGATGGACCG ITS I
Vda2  V.dahliae GTCCATCAGTCTCTCTGTTTAT ITS I
Conl None GTCCAGACAGGATCAGGATTG -

Uni1? Universal TCCTCCGCTTATTGATATGC 28S rDNA
Dig1” None GTCCAGACAGGATCAGGATTG -

21TS4 primer (Whiteet al., 1990).
b 3'-end digoxygenin-labeled.
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3.3.2 Evaluation of the specificity and sensitivity of the DNA array

Specificity of the detector oligonucleotides wastaée in hybridization reactions with
labeled amplicons from the target pathogens asagellom a large collection of related and
non-related species. Amplicons of the testedxysporum, V. albo-atrum or V. dahliae
isolates hybridized strongly to their respectivéedtor oligonucleotides as shown in Table
3-3. Amplicons generated from oomycete or fungacsgs other than from the genus
Fusarium or Verticillium did not show hybridization (data not shown). Diffetial
hybridization strengths were observed for the tiffeent oligonucleotides that were used
to detect the genuderticillium and the specieg. dahliae. In general, hybridization to the
oligonucleotides Vgn2 and Vdal produced stronggnas than hybridization to the
oligonucleotides Vgnl and Vdaz2, respectively. Fetedtion ofF. oxysporum andV. albo-
atrum, both oligonucleotides displayed similar hybridieat strengths. Amplicons
generated fronV. nubilum did not hybridize to any of th®erticillium oligonucleotides,
while amplicons of alF. solani (Nectria haematococca, teleomorph) isolates tested only
hybridized to Fgn2. This was anticipated because fthesigned genus-specific
oligonucleotides do not cover all species withia genus due to diversity at the nucleotide
level.

Only for Vall, an oligonucleotide designed for thetection ofV. albo-atrum, cross
hybridization with a non-target species was obsktdemonstrating the high specificity of
the oligonucleotides on the membrane. In additiorhybridization withV. albo-atrum
amplicons, this oligonucleotide cross hybridizedhwamplicons fromV. tricorpus. This
latter fungus, together with(. dahliae andV. albo-atrum, is one of the thre¥®erticillium
pathogens of potato, but only occasionally causesdidfllium wilt of tomato (Huisman,
1988). The oligonucleotide Val2 did not displaystieross hybridization. This difference in
specificity can be explained by the position of ttweo adjacent nucleotides in the
oligonucleotide that do not match with thé tricorpus amplicon. While for Val2 the
mismatches occur in the central region of the oligieotide, they are at the extreme 3’ end
for Vall, which is, as also shown in Chapter 2, thest destabilizing position in an
immobilized oligonucleotide. Based on these findinge oligonucleotides Fgn2, Fox2,

Vgn2, Val2, and Vdal were selected for further expents.
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Table 3-3. Hybridization results of digoxigenin-labeled PCRmicons from selected fungal cultures to the DN

Detector oligonucleotides
Fungal isolate Fgnl Fgn2 Fox1 Fox2 Vgnl Vgn2 Vall Val2 Vdal Vda2 Conl Uni D

e

Fusarium graminearum HCK PH1

. oxysporumf. sp.conglutinans HCK 81-4

. oxysporumf. sp.cucumerinum ATCC 201950

. oxysporumf. sp.cucumerinum ATCC 36330

. oxysporum f. sp.lycopersici CBS 645.78

. oxysporum f. sp.lycopersici CBS 412.90

. oxysporum f. sp.lycopersici CBS 646.78

. oxysporum f. sp.lycopersici CBS 413.90
oxysporumf. sp.lycopersici HCK FOL1

. oxysporum f. sp.lycopersici HCK FOL2

. oxysporum f. sp.radicis-cucumerinum Afu 68(A)

. oxysporum . sp.radicis-cucumerinum Afu 58

. oxysporum f. sp.radicis-lycopersici MUCL 39789
oxysporum f. sp.radicis-lycopersici CBS 873.95
. oxysporum f. sp.radicis-lycopersici CBS 101587
. oxysporumf. sp.radicis-lycopersici HCK 0-1090/B
. solani CBS 165.87

. solani CABI 17960

. solani HCK S-66

Gibberella fujikuroi MUCL 43506 u
Nectria haematococca MUCL 20259

EEEEEEEEEEEEEEER
EEEEEEEEEEEEEEEEEEEER

EOCENENEEEEEEEEEEER

EEEEEEEEEEEEEER

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER
EEEESEEEESEEEEEEEEEEEEEEEEEEEEEEEENEENNEC

Verticillium albo-atrum CBS 451.88 O | | |

V. albo-atrum CBS 321.91 [ | [ ] [ ] [ ]

V. albo-atrum CBS 385.91 O @) ) )

V. dahliae CBS 386.49 [ | [ ] [ ] o)
V. dahliae CBS 179.66 @) [ ] [ | [ ]
V. dahliae CBS 381.66 @) [ | | [ ]
V. dahliae RCR V44 @) [ ] [ ] [ ]
V. dahliae RCR PH @) [ ] [ | [ ]
V. dahliae RCR 115 | [ | | [ ]
V. dahliae RCR 70-21 @) [ ] [ ] [ ]
V. dahliae RCR BB @) [ ] [ | o)
V. dahliae RCR S39 @) [ | | [ ]
V. nubilum MUCL 8266

V. tricorpus MUCL9792 @) ] |

#Hybridization signal strength is reported relativehe average integrated optical density of iigexigenin-labeled reference control (rlOD) andssified into three
categories: blank = no signal (rlQD2¥; O = weak signal (rlOD > 2 and 70); Bl = strong signal (rIOD > 70).
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In order to determine the detection limit of the MMrray, a dilution series of DNA
from V. albo-atrum CBS 451.88,V. dahliae CBS 386.49 and F. oxysporum f. sp.
lycopersici CBS 645.78 was made prior to PCR amplificatione Emount of undiluted
DNA varied between 250 and 500 ng and was subs#gudiluted in six ten-fold dilution
steps. After PCR, samples were hybridized (10 plepml) to the membrane and analyzed.
For V. dahliae, 2.5 pg of DNA could still be detected (Fig. 3-Moreover, forV. albo-
atrum andF. oxysporum a signal could easily be detected in the lastiditytrepresenting as
little as 0.35 pg DNA foW. albo-atrum and 0.50 pg DNA foF. oxysporum (Fig. 3-1). This
reveals the high sensitivity of this technique, ebhis comparable with the sensitivity of
other molecular techniques (Mercado-Blaetal., 2003; Suareet al., 2005; Szemest al.,
2005) and should allow detection of these pathog¢kensities in which they are likely to

occur in the field.

Amount of DNA
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Fig. 3-1. Sensitivity of the DNA array. Blots are shown faogtection ofA, Verticillium albo-atrum, B, V.

dahliae, andC, Fusarium oxysporum f. sp.lycopersici after PCR amplification of a ten-fold serial diart of
fungal DNA. Ten pl of labeled amplicons were hybrédl in a total volume of 6 ml. Figure panels repréd a
genus-specific oligonucleotide detector (upper &igit), Vgn2 and Fgn2 foWerticillium and Fusarium,

respectively) and a species-specific oligonuclentiégtector (lower signal (S), Val2, Vdal and FoaR\.

albo-atrum, V. dahliae andF. oxysporum f. sp.lycopersici, respectively) horizontally spotted in duplicafée
undiluted amount (1) of DNA is 350 ng fur albo-atrum, 250 ng forV. dahliae, and 500 ng foF. oxysporum

f. sp.lycopersici.

To test the discriminatory potential of the oligolaotide array, genomic DNA d¥.
oxysporum f. sp.lycopersici CBS 645.78YV. albo-atrum CBS 451.88, an¥. dahliae CBS
386.49 were mixed in different combinations (5 r@y fkach isolate) prior to PCR
amplification of the ITS region. As a contrdf. solani CBS 165.87 DNA was also
incorporated in some of these mixes. In all cagesexpected hybridization pattern for each
mixture was obtained, demonstrating that the deésmenplicons were generated and
detected from a fungal DNA mix using the DNA arf@gable 3-4).
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Table 3-4. Hybridization results of digoxigenin-labeled PCR@icons from DNA mixtures from selected
fungal cultures to the DNA arrdy

Detector oligonucleotides

Fungal isolate mixtufe Fgn2 Fox2 Vgn2 Val2 Vdal Conl Unil Digl
Fol + Vaa + vd ] [ | [ ] [ ] ] ] ]
Fs + Vaa + vd u | | [ | [ | |
Fol + Vaa u [ | ] ] ] |
Fol + vd ] [ | [ ] ] ] ]
Vaa +Vvd u u [ u u

& Hybridization signal strength is reported relatigehe average integrated optical density of tigexdgenin-
labeled reference control (rlOD) and classified ititree categories: blank = no signal (rlQR2x O = weak
signal (rlOD > 2 and <0; not observed in this experimerl;= strong signal (rlOD > 70).

® Fol: Fusarium oxysporum f. sp.lycopersici CBS 645.78; FsE. solani CBS 165.87; VaaVerticillium albo-
atrum CBS 451.88; VdV. dahliae CBS 386.49.

3.3.3 Validation of the DNA array using biological samples

To validate the DNA array using biologically compkamples, initially artificially infested
samples were produced. Tomato seedlings were ¢émmedf to potting mix that was
preheated and inoculated with dahliae or F. oxysporum f. sp.lycopersici. Seven and ten
weeks after plant transfer, plant material andipgtnix was sampled and evaluated for the
presence of the pathogen. At this stage, plantsndidshow any wilting symptoms. For
some plants, however, slight vascular discoloratias observed in stem cuttings. For PCR
amplification of the ITS region, the forward primdiS1-F (Gardes and Bruns, 1993) was
used in combination with 1TS4 (Whitet al., 1990). In contrast to primer ITS5 which
hybridizes to an rDNA sequence shared by all euktas; ITS1-F hybridizes specifically to
a fungal-specific IDNA sequence, thus enhancingydlidetection in complex biological
samples. Furthermore, based on an experiment wffereht DNA polymerases, we
observed that the yield of the PCR product was isterdly higher when using Titanium
Tag DNA polymerase (Fig. 3-2). Therefore, this DNA yokerase was used for PCR
amplification of DNA extracted from environmentalnsples.
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Fig. 3-2. Comparison of DNA polymerase enzymes. Comparisoifianium Tag DNA polymerase (T)
versus PlatinunTaq DNA polymerase (P) for product yield in a PCR teacwith primers ITS5 and ITS4 in
a ten-fold serial dilution ofFusarium oxysporum f. sp.lycopersici (CBS 645.78) DNA. Sample 1 is undiluted
(350 ng).

Both pathogens could be detected in roots and stemsplants that were grown in
inoculated potting mixes when using the DNA arrdgmonstrating that detection of the
pathogen was successful in plants even at theypngtematic stage of infection (Table 3-
5). Furthermore, both pathogens could also be titda the potting mix. The pathogen
was not detected in plant or potting mix samplesaf-inoculated control treatments. The
signal obtained with the universal detector oligdaatide (Unil) in the roots and potting
mix for mock-inoculated potting mix indicates theepence of fungi that associate with the
roots after recolonization of the potting mix. Alf the results above were confirmed by

(selective) plating methods (data not shown).

Table 3-5. Hybridization results of digoxigenin-labeled PCRicons from biologically complex samples to
the DNA array

Detector oligonucleotides

Sample Fgn2 Fox2 Vgn2 Val2 Vdal Conl Unil Digl
Fusarium oxysporumf. sp. stem ] ] u u
lycopersici CBS 645.78  roots u u [ | [ |
potting mix | | [ [
Verticilliumdahliae CBS  stem ] u [ [ |
179.66 roots | | ] ]
potting mix u ] [ | [ |
Mock-inoculated stem [
roots [ [
potting mix O [ |

& Hybridization signal strength is reported relatigehe average integrated optical density of tigexdgenin-
labeled reference control (rlOD) and classified ititree categories: blank = no signal (rIQR2xO = weak
signal (rlOD > 2 and <0); @ = strong signal (rlOD > 70).

Finally, we evaluated whether the DNA array coulsoabe used for diagnosis of
biological samples gathered from commercial tongatwers. Out of fifteen plant samples
analyzed, one was diagnosed withdahliae and one with-. oxysporum, while four carried

V. dahliae as well as &usarium species, though nét. oxysporum. From eight soil samples
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tested, all containedrusarium (in three sample$. oxysporum) and two contained/.

dahliae (See Fig. 3-3 for representative examples).
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Fig. 3-3. Diagnosis of greenhouse samples. DNA was isolateth fgreenhouse samples gathered from
commercial tomato growers, amplified and hybridizedthe DNA array. Detector oligonucleotides are
vertically spotted in duplicate: Fgn2 (1), Fox2,(2yn2 (3), Val2 (4), Vdal (5), Conl (6), Unil (@nd Digl
(8). Samples are diagnosed as follows: control (water);B, Pythium infected tomato plantC and D,
Verticillium dahliae infected tomato plan€&, Fusarium oxysporum andV. dahliae infested soil; andr, soil
with slightV. dahliae andFusarium infestation.

For all samples, results from the DNA array wereraoorated by classical plating
and taxonomy techniques (data not shown). In additithe pathogen identity was
confirmed by sequencing the ITS region of purifisdlates, demonstrating that both the
classical and the DNA array approaches are equellgble. However, the major advantage
of the DNA array is that the diagnosis is completadth faster, generally within 36 hours,
whereas plating for these organisms takes at tm@stto several weeks. In addition, this
array could be enlarged to include other tomatdqugns of fungal, oomycete, bacterial,
and viral origin as well as parasitic nematodedintditely, this may lead to a complete
pathogen assessment for a specific crop in a sagglay. Alternatively, this array could be

enlarged to include vascular wilt pathogens of ottreps in order to obtain a universal

vascular wilt detection array.

The results of all these tests illustrate the posiddNA arrays for routine analysis of
samples from different biological sources. In tloisapter, we demonstrated that this

technology can easily be implemented for pathogesessmentn planta, even at the
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presymptomatic stage of infection. Althou§h oxysporum could not be resolved to the
subspecies level by targeting ITS sequences, dmteat theforma specialis level is not
crucial when analyzing stem samples since Fusariumato wilt can only be caused By
oxysporum f. sp. lycopersici. However, successful implementation of this tedbgy for
soil diagnosis will require additional effort, esfaly with regard to complex species such
as F. oxysporum. Within this species, over 1Z0rmae speciales have been defined, each
consisting of strains with the ability to causeedise on a specific host (Hawkswoethal.,
1995). Morphologically, alF. oxysporum strains are identical and discrimination based on
the commonly used housekeeping genes, includingRINA, beta-tubulin or elongation
factor-1 alpha genes, is not possible (data noivshoHowever, recently, genes have been
identified inF. oxysporum f. sp.lycopersici that are directly linked to pathogenicity (Retp
al., 2004). Currently, the array is being adaptedntude these markers for accurate
detection and identification of thisrma specialis (data not shown). The next challenge will
be to implement a quantification aspect to the Difay. This is essential to quantify the
amount of pathogen infestation, to monitor disedeseelopment, and to judge whether and

when control measures should be taken.
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4 Real-time PCR for detection and quantification of
fungal and oomycete tomato pathogens in plant and

soil samples”

4.1 Introduction

Soilborne fungi and oomycetes are the causal agéntsgny diseases that severely impact
the agronomic performance of a large number of £rdgdso for tomato L(ycopersicon
esculentum Mill.), diseases caused by soilborne pathogens len economic losses
worldwide. For this economically important plantesfgs major diseases caused by
soilborne fungi and oomycetes include root rot eduly Fusarium solani, Fusarium and
Verticillium wilt and damping-off and tissue rotused byRhizoctonia solani, and root rot
and damping-off caused by sevePgthium species, respectively (Jorgsl., 1997).

Timely, accurate detection and identification ofmil pathogens are essential for
effective plant disease management. In additiothgugen quantification is an important
aspect since it provides the information required determining the necessity, and the
extent of, appropriate control strategies. Whilarfification based on culturing techniques
is considered relatively inaccurate and in some<awven unreliable (Tsao and Guy, 1977;
Jeffers and Martin, 1986; Thore al., 1996; Termorshuizemt al., 1998; Goud and
Termorshuizen, 2003), the development of real-tP@R (Heidet al., 1996) has been a
great step forward with regard to quantificatiomcreasingly, real-time PCR is being used
for plant pathogen diagnosis (McCartngtyal., 2003; Schaaét al., 2003; Gachoret al.,
2004; Schenet al., 2004; Lievenset al., 2005b) as well as for monitoring pathogen
infection (Brouweret al., 2003).

In this chapter, we describe the use of real-tifdRRo quantitatively assess the
presence of a number of economically important &imgnd oomycete pathogens of tomato

in environmental samples, including those derivieanf cultivated soils and plants. The

P Results described in this chapter have been fadlisn “Real-time PCR for detection and quantifimatof fungal and
oomycete tomato pathogens in plant and soil sarhjlesvens, B., Brouwer, M., Vanachter, A. C. R, Cammue, B. P.
A., and Thomma. B. P. H. J.; Plant Science 17116%{2006).
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target pathogens comprised the fuRgsolani, R. solani andVerticillium dahliae, and the
oomyceteP. ultimum. In addition to tomato, these pathogens are ab#ttack a broad range
of other plant species. In order to address theusimless of the developed assays,
guantitative assessment of these pathogens inatigtunfested samples from multiple

origins is demonstrated.

4.2 Materialsand methods

4.2.1 Fungal and oomycete isolatesand DNA extraction

Fungal and oomycete isolates used in this studylistesl in Table 4-1. All isolates were
grown on PDA in the dark at 22°C. Genomic DNA wasglated from 5- to 10-day-old
cultures as described in Chapter 2. For DNA extactrom soil and plant samples, bulk
DNA was extracted from 0.75 g (fresh weight) staytmaterial using the UltraClean Soill
DNA Isolation Kit and the UltraClean Plant DNA Iatibn Kit according to the

manufacturer’s instructions (Mo Bio Laboratoriesc.| Solana Beach, CA, USA) and
subsequently  diluted 10-fold. DNA vyield and puritywere determined

spectrophotometrically.
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Table 4-1. Fungal and oomycete isolates used in this stugyatuate primer specificity in real-time PCR assay

Specificity’ obtained with primer pairs

Phylum Order Speciés Isolaté Origin Host or substrate ITS1-F/ AFP276/ ST-RS1/ ITS1-F/
AFP346 1TS4 ITS4 ST-VE1
Ascomycota Dothideales  Didymella lycopersici CBS 378.67 The Netherlands Lycopersicon esculentum - - - -
Helotiales Botrytis cinerea MUCL 28919  Belgium L. esculentum - - - -
Sclerotinia minor CBS 339.39 Italy Lactuva sativa - - - -
S sclerotiorum DSM 1946 unknown Medicago sativa - - - -
Hypocreales Cylindrocladium spathiphylli* MUCL 40062  unknown unknown - - - -
Fusarium graminearum¥ HCK PH1 unknown unknown - - - -
F. oxysporumf. sp. CBS 645.78 Morocco L. esculentum - - - -
lycopersici
F. oxysporumf. sp.radicis- CBS 101587 unknown L. esculentum - - - -
lycopersici
F. solani CBS 165.87 Denmark Solanum tuberosum + - - -
F. solani CABI 17960 Brazil S tuberosum + - - -
F. solani HCK S-66 unknown unknown + - - -
Nectria haematococca MUCL 20259  Belgium Soil + - - -
Trichoderma asperel lum* MUCL 41923  unknown unknown - - - -
T. harzianum* MUCL 19412  unknown unknown - - - -
Microascales  Thielaviopsis basicola MUCL 8363 The Netherlands Primula sp. - - - -
Phyllachorales Colletotrichum coccodes DSM 2492 unknown L. esculentum - - - -
C. gloeosporioides CBS 503.97 USA Aeschynomene virginica - - - -
Verticillium albo-atrum CBS 451.88 Belgium unknown - - - +
V. albo-atrum CBS 321.91 The Netherlands L. esculentum - - - +
V. albo-atrum CBS 385.91 The Netherlands L. esculentum - - - +
V. dahliae CBS 386.49 The Netherlands S. melongena - - - +
V. dahliae CBS 179.66 The Netherlands L. esculentum - - - +
V. dahliae CBS 381.66 Canada L. esculentum - - - +
V. tricorpus MUCL 9792 UK L. esculentum - - - +
Pleosporales  Alternaria alternata CBS 105.24 unknown S tuberosum - - - -
Pyrenochaeta lycopersici DSM 62931 Germany L. esculentum - - - -
Mitosporic Phoma destructiva CBS 133.93 Guadeloupe L. esculentum - - - -
ascomycota
Basidiomycota AphyllophoralesAtheliarolfsii MUCL19443 Belgium Soil - - - -
CeratobasidialesRhizoctonia oryzae* CBS 273.38 USA Oryza sativa - - - -
R. solani AG 1-1B CBS 101761 The NetherlandsL. sativa - - + -
R. solani AG 3 CBS 101590 unknown L. esculentum - - + -
R. solani AG 1 CBS 323.84 The NetherlandsL. sativa - - + -
R. solani MUCL 9418 unknown L. esculentum - - + -
R. solani ST 36.01 Belgium Beta vulgaris - - + -
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Table 4-1 (continued).

Specificity’ obtained with primer pairs

Phylum Order Speciés Isolaté Origin Host or substrate ITS1-F/ AFP276/ ST-RS1/ ITS1-F/
AFP346 1TS4 ITS4 ST-VE1
R. solani ST 44.02 Belgium Cichorium endivia - - + -
R. solani ST 50.03 Belgium L. sativa - - + -
Peronosporales Phytophthora cactorum* CBS 112275 unknown Fragaria ananassa - - - -
P. capsici CBS 554.88 Argentina L. esculentum - - - -
P. cinnamomi* MUCL 43491  Australia Soil - - - -
P. cryprogea CBS 113.19 Ireland L. esculentum - - - -
P. drechdleri DSM 62679 Iran B. vulgaris - - - -
P. infestans MUCL 43257  unknown S tuberosum - - - -
P. nicotianae MUCL 40633  Zimbabwe Nicotiana tabacum - - - -
Pythium aphani der matum CABI 15272 unknown L. sativa - - - -
P. arrhenomanes CBS 324.62 USA Zea mays - - - -
P. dissotocunm* CBS 166.68 USA Triticum aestivum - - - -
P.irregulare* CBS 461.48 Australia unknown - - - -
P. myriotylum CBS 254.70 Israel Arachis hypogaea - - - -
P. polymastum* CBS 810.70 The Netherlands L. sativa - - - -
P. sylvaticum* CBS 225.68 The Netherlands  Soil - - - -
P. ultimum CBS 101588 unknown Cucumis sativus - + - -
P. ultimum CBS 805.95 Canada N. tabacum - + - -
P. ultimum var. ultimum CBS 656.68 The Netherlands L. esculentum - + - -
P. ultimum var. ultimum MUCL 16164 UK Pisum sativum - + - -

#Unless marked with an asterisk, fungal and comysgéeies are reported as tomato pathogens (&bales1997).

® CABI: Centre for Agriculture and Bioscience Inteiinaal, Surrey, UK; CBS: Centraalbureau voor Schituultures, Utrecht, The Netherlands; DSM: Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmBiraunschweig, Germany; HAJH: collection of H. AHbitink, Ohio State University, Wooster, OH, USACK:
collection of H. C. Kistler, University of Minnesmt St. Paul, MN, USA; MUCL: Mycothéque de I'UniviggsCatholique de Louvain, Louvain-la-Neuve, BelgiuST:
collection of Scientia Terrae Research InstituglgRim.

¢+ = significant amplification; - = no significantrglification. A sample was considered positive aifilig exhibited an exponential phase of amplifioatand fluorescence
exceeded the baseline threshold. The experimentepasted twice with similar results.
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4.2.2 Real-timePCR

PCR primers were designed based on ITS sequenoethisTend, the region between the
small and large subunit of the rRNA gene of Bl solani (Nectria haematococca,
teleomorph, P. ultimum, R. solani, andV. dahliae isolates listed in Table 4-1 was amplified
and sequenced as described in Chapter 3. Folloséiggence alignment using the ClustalW
algorithm with related ITS sequences found in Gekb@ensonet al., 2004) species-
specific primers were designed and checked for EHckignificant homology with other
DNA sequences using theaBic Local Alignment_$arch_Dol (BLAST). For each target
pathogen, single real-time PCR primers were dedig(iEable 4-2) and used for
amplification in combination with either the fungsisecific forward primer ITS1-F (Gardes
and Bruns, 1993) or the universal reverse prim&4ITWhiteet al., 1990).

Table 4-2. Real-time PCR primers used in this study

Code Specificity Sequence (5™-3") Target AmpliconTa  tef  Ti'
size (bp)

AFP346° Fusarium GGTATGTTCACAGGGTTGATG ITS | 104 60 6 82.5
solani

AFP2769 Pythium TGTATGGAGACGCTGCATT ITS I 150 58 8 81.0
ultimum

ST-RS1¢ Rhizoctonia AGTGTTATGCTTGGTTCCACT ITS I 187 60 8 83.0
solani

ST-VE1"® VertiCiéLium AAAGTTTTAATGGTTCGCTAAGA ITSII 200 60 9 85.7
dahliaf

ITS1-F*  Fungi CTTGGTCATTTAGAGGAAGTAA  18SIDNA Kk X X X

ITS4%* Universal TCCTCCGCTTATTGATATGC 28S rDNA X X X X

P45Q"  Saccharomyces ATGACTGATCAAGAAATCGCTAA ergll gene

cerevisiae 343 50 14 835
P45Q" S cerevisae  TGTAACCTGGAGAAACCAAAAC  ergll gene

#Annealing temperature (°C).

®Elongation time (s).

®Melting temperature (°C) at which a specific disation peak of increased fluorescence is geneiatéioe
melting curve analysis.

4Reverse primer.

In combination with ITS1-F.

fForward primer.

91n combination with ITS4.

"Experiments showed no species specificity but isigito the threeVerticillium species capable of causing
tomato wilt, includingVv. albo-atrum, V. dahliae andV. tricorpus.

'Gardes and Bruns (1993).

Ix, depends on second primer used.

“White et al. (1990).

'"Moraceet al. (1997).
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Real-time PCR amplifications were performed in gleapillaries in a total volume of
20 pl using the intercalating dye SYBRGreen | on a Lightcycl&rinstrument (Roche
Diagnostics Corp., Indianapolis, IN, USA). To perfoseveral parallel reactions a master
mix was prepared, which was then aliquoted intoasspd capillaries. Each reaction
contained 2 pl of the target DNA extract, 4 pltvé Lightcycler FastStart DNA Mastel’s
SYBR® Green | kit (Roche Diagnostics Corp., Indianapdli§ USA), 1ul of each primer
(10 pM), and 12 pl sterile distilled water. Therragtling conditions consisted of 10 min at
95°C followed by 45 amplification cycles of 10 s&&°C, 5 s at the annealing temperature
(Tany indicated in Table 4-2, and elongation at 72°Ctfe time period {) indicated in
Table 4-2. Fluorescence was detected at the etfteaflongation phase for each cycle. To
evaluate amplification specificity, melt curve aysié was performed at the end of each
PCR run. A melt curve profile was obtained by skpwkating the mixture from 65°C to

95°C at 0.1°C $with continuous measurement of fluorescence atr20

4.2.3 Exogenous control

To monitor potential different PCR kinetics betweseparate samples, 150 pg*of
exogenous control DNA frorBaccharomyces cerevisiae MUCL 28426 was added to each
sample and subsequently amplified and quantifiesejparate real-time PCR reactions. To
minimize variability between sampl&scerevisiae DNA was added to the PCR master mix.
A quantitative real-time PCR assay was develope& fcerevisiae using primers P450and
P45@Q (Moraceet al., 1997).PCR amplification conditions were those as desdrigove.
Comparing the efficiency of the amplification & cerevisiae control DNA allowed

comparing PCR efficiencies between samples.

4.2.4 Standard curves

For all target pathogens as well as for the exogemontrolS. cerevisiae, standard curves
were generated by plotting theréshold_gcle (G;) for a 10-fold dilution series of pure
genomic DNA (three replicates) against the logarithf the DNA concentration (Brouwer
et al., 2003). This threshold cycle is defined as thedeeywumber when the amplification is
in the exponential phase and the fluorescence dgdbe background level. In addition, in
order to evaluate possible alteration in amplifmagfficiency when environmental samples

would be assessed, all samples of the dilutioresevere spiked with plant- or soil-derived
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DNA at an average concentration when assaying emviental DNA samples (15 ng;
Lievenset al., 2005a).

4.2.5 Quantification of pathogen DNA

The eventual goal of this study was to quantifyhpgen DNA in complex biological
samples using real-time PCR. Therefore, the deedlopCR assays were validated in
several steps. Initially, for each target pathogkea,performance of the selected primer pair
was further evaluated. Experiments were performshaguisolates-. solani CBS 165.87P.
ultimum CBS 101588R. solani CBS 323.84, and. dahliae CBS 381.66. For each target
pathogen, 100 and 1 pg genomic DNA'IINA extract, reflecting a heavy and an early or
light infestation, respectively, was amplified imetpresence of 20 ng hienomic DNA
extracted from a healthy tomato plant or sandy &Siht-Katelijne-Waver, Belgium) as
described above. In addition, specific amountsacfdét DNA (either 100, 50, 10, or 1 pg
ul ) were added to samples containing 10 pyPINA isolated from nine other pathogens.
In addition to the remaining three target pathogeth®se encompassed six tomato
pathogens includingthelia rolfsi MUCL 19443,Botrytis cinerea MUCL 28919,Fusarium
oxysporum f. sp.lycopersici CBS 101587Phytophthora nicotianae MUCL 40633,Pythium
dissotocum CBS 166.68, and&lerotinia sclerotiorum DSM 1946. For all samples, two
replicates were analyzed.

Subsequently, to evaluate the correlation betweeculum density and quantified
DNA, atrtificially infested soil samples (0.75 g $te weight; sandy soil, Sint-Katelijne-
Waver, Belgium) were produced with ultimum CBS 101588R. solani CBS 323.84, and
V. dahliae CBS 381.66. Following an incubation period of sl at 22°C fresh inoculum
prepared in sterilized chopped potato soil (Ko &tata, 1971) was serially diluted with
non-infested soil resulting in a 5-, 10-, 50-, 108nd 1000-fold dilution of the starting
inoculum. As a check for thorough inoculum colotia, 100 soil aggregates](1-2 mm)
from the starting inoculum were plated on semi@le medium (Nadakavukaren and
Horner, 1959; Ko and Hora, 1971; Jeffers and Martié86) and incubated at 22°C in
darkness. Plates were checked daily for fungal tiroim addition, a specific number of
microsclerotia (5, 10, 40, and 100) fromdahliae CBS 381.66 produced according to the
method described by Hawke and Lazarovits (1994)eveetded to 0.75 g (fresh weight)
sandy soil (Sint-Katelijne-Waver, Belgium). For kaexperiment, non-infested soil served

as negative control. Two samples were used for Dé&iraction and independently
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analyzed in duplo using real-time PCR. Inoculumsitynand molecular analyses were
subjected to first degree regression analysis.

Finally, the assays were validated using naturaflysted samples. Since a wide range
of economically important crops can be infectedallypathogens selected (Joretsal.,
1997; Agrios, 2005), sampling was not limited ton&io crops or tomato fields. Various
environmental samples, including ten soil and filent samples from diverse origins, were
gathered from commercial vegetable and ornamemntaVveys. Soil samples were collected
using a core borer ] 3 cm) to a depth of 20-30 cm from at least terations per field.
Plant samples were taken from infected plant parid, more in particular at the range of
diseased and healthy tissue. Samples were homegenizd subsamples were used for
DNA extraction (0.75 g fresh weight) and molecudatection and quantification as well as
for classical disease diagnosis. Initially, DNA sd®es were assessed for pathogen
occurrence using an extended version of the DNAyadesigned previously (Chapter 3;
Lievenset al., 2003), by which over 40 different fungal and gaete plant pathogens can
be detected in a single assay. Subsequently, faaatples in which any of the studied
pathogens was detected, the amount of genomic Dii®\determined using real-time PCR
and the specificity of the assay was confirmed &yugncing the generated amplicons. In
addition, a parallel set of samples was analyzewjudassical diagnostic methods. For each
soil sample, a series of three 10-fold dilutionswweepared from 10 g (fresh weight) of soil
and 100 pl aliquots of each dilution were platettiplicate on several semi-selective media
(Nadakavukaren and Horner, 1959; Ko and Hora, 19&ffers and Martin, 1986). Plates
were incubated at 22°C in darkness and checked dail fungal growth. For the soil
samples 04-200A and 04-200B which were taken franm fields of which the cultivated
crops displayed Verticillium wilt, the number ofabile V. dahliae microsclerotia was
determined by the wet sieving technique (Haetisl., 1993). Briefly, 12.5 g of air-dried
soil was wet sieved, followed by suspending thel@0-um fraction in 0.08% agar.
Subsequently, 0.8 ml of this suspension was spoeachodified soil extract agar medium
(Harriset al., 1993). Plates were incubated in darkness at 24ft€r 4 weeks, soil particles
were removed from the plates and clustersvetticillium microsclerotia were counted.
With regard to the plant samples, infected plamtspwere plated in triplicate on semi-
selective medium (Nadakavukaren and Horner, 1959;akd Hora, 1971; Jeffers and
Martin, 1986) following surface sterilization. Aftencubation at 22°C in darkness the

identity of the pathogen was confirmed using clzedsiaxonomy techniques.
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4.3 Results

4.3.1 Primer selection and specificity

For each selected target pathogen, several reali@R primers were designed based on
ITS sequences and amplified either with ITS1-F (Barand Bruns, 1993) or ITS4 (White
et al., 1990). Of the initially tested primers one sepomers for each species was selected
that provided the most consistent DNA amplificatioh a single amplicon following
optimization of the PCR reaction (Table 4-2). Thamer sets selected for further
experiments were ITS1-F combined with AFP346, orVEL to detectF. solani, or V.
dahliae, respectively, and ITS4 in combination with ST-R8IAFP276 to deted®. solani

or P. ultimum, respectively (Table 4-2). Specificity of the seéstiprimer sets was tested
using genomic DNA extracted from all isolates listen Table 4-1. These isolates,
representing 17 genera and 38 species, were skbléoteepresent a wide range of
ascomycetous, basidiomycetous, and oomycetous geErtiocommonly found on tomato
(Joneset al., 1997). As a check for DNA quality, all DNA extta were successfully
subjected to PCR analysis using the universal ditvag primers ITS5 and ITS4 (Whit

al., 1990) (data not shown). Except for Medahliae primers, all primer pairs displayed the
desired species specificity (Table 4-1), showinat tllespite the use of only one species-
specific primer, PCR assays were selective forténget organisms. With regard to the
primers ITS1-F and ST-VE1, developed to specificaletect and quantify. dahliae,
amplification was also observed fot albo-atrum and V. tricorpus, both of which are
closely related to/. dahliae (Table 4-1). For all positive runs, melt curve lgss of the
PCR products revealed a single dissociation pedkaréased fluorescence at the melting

temperature indicated in Table 4-2, demonstratiegaimplification specificity.

4.3.2 Quantification of pathogen DNA in complex biological samples

To quantify unknown concentrations of pathogen DIfok,each target pathogen, a standard
curve (Fig. 4-1) was generated by the amplificatidra 10-fold dilution series of target
DNA. All standard curves obtained demonstrate thathogen DNA can be accurately
qguantified over at least four orders of magnituffer each pathogen, the correlation
between the Gvalue and the logarithmic target DNA concentratioas very high R >
0.996). For each species, slopes were very simigylting in amplification efficiencies
(calculated using the formula E =35°P°L1)*100) ranging from 80% (foR. solani andV.
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dahliae) to 93% (forP. ultimum). In addition, when plant or soil-derived DNA waddad at
an average concentration when assaying environinsataples (Lievengt al., 2005a),
template quantification was not affected (Fig. 4-#lpmonstrating that amplification
efficiency is not influenced by non-target DNA centrations that are likely to occur in
horticultural practice. Based on these findings #dtandard curves obtained for PCR
amplification in pure water were used throughoue tiest of the study to calculate

concentrations of pathogen template.

A B
30 35
° 25 y = -3.647x + 28.807 @ 30 y =-3.495x + 31.657
o 2 = ° 2
3 R? = 0.9999 > R =0.9998
°
S 20 325
= =
8 g 5
E15 [=
10 i i i i 15 T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Log DNA concentration (pg ul') Log DNA concentration (pg ul")
C D
35 35
2304 y =-3.924x + 31.272 < 304 y = -3.9053x + 32.571
> R2 = 0.9969 S R? = 0.9998
° 251 o
3 525
%20 ®
8 8
E15 £ 20
i
10 - - - . 15 - - -
(1] 1 2 3 4 5 0 1 2 3 4
Log DNA concentration (pg pl) Log DNA concentration (pg pi-')
E

w
o

y =-3.71x + 32.057
R? =0.9996

N
o

Threshold cycle
N
(4]

-
o

0 1 2 3 4 5

Log DNA concentration (pg ')
Fig. 4-1. Standard curves used for the quantification ojg¢aDNA using real-time PCR fok, Fusarium
solani CBS 165.87B, Pythium ultimum CBS 101588C, Rhizoctonia solani CBS 323.84.D, Verticillium
dahliae CBS 381.66; andt, Saccharomyces cerevisiae MUCL 28426. Curves were obtained using a 10-fold
dilution series of target DNA amplified in watet J. Data represent means of three replicates 8). Error
bars, representing standard errors, not visibld@resmall to be displayed graphically. In addifittme mean
threshold cycles obtained with amplification in fiesence of 15 ng DNA extracted from a healthyatiom
plant (*) or a sandy soil ) are indicated on the plots.

The eventual goal of this study was to quantifyhpgen DNA in biological samples.

Therefore, the possible interference of non-tafgitA of diverse origins with accurate
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detection and quantification of target pathogen Dh#s further investigated. Initially, 100

and 1 pg |it pathogen DNA were added to 20 ng' gkenomic DNA from a healthy tomato

plant or from the total DNA present in a sandy.sA8 was also observed in Fig. 4-1, the
results presented in Fig. 4-2 show that neithentp@NA nor soil DNA significantly

interfered with target DNA quantification.
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Fig. 4-2. Influence of non-target DNA on target DNA quarttfiion using real-time PCR. Samples containing
A, 100 pg uf or B, 1 pg uf* pathogen DNA were amplified in the presence omgOul* genomic DNA
extracted from a healthy tomato pla ®) or a sandy soil@). As a control no non-target DNA was added
(0O). Target DNA was isolated frofusarium solani CBS 165.87 (T1)Pythium ultimum CBS 101588 (T2),
Rhizoctonia solani CBS 323.84 (T3), andVerticillium dahliae CBS 381.66 (T4). Calculated DNA
concentration is reported relative to the calculd@®A concentration for the control treatment. Dagpresent
means of two replicates € 2). Errors bars indicate standard errors.

In a next analysis, specific amounts of target ggéim DNA (approximately 100, 50,
10, or 1 pg Ht, respectively) were added to a DNA mixture coritajriLO pg pf genomic
DNA of 9 other fungal or oomycete tomato pathogditm results show that irrespective the
presence of non-target fungal or oomycete DNA lica@ses the amount of template DNA
was accurately quantified (Fig. 4-3). For each eugenerated, a slope of approximately 1
and a low intercept was obtained. In all cases,t roetve analysis revealed a single
dissociation peak at the melting temperature iriditan Table 4-2, demonstrating the
specificity of the amplification process (data shown). Therefore, these experiments show
that the desired amplicons can be generated, ddtenid quantified in complex DNA

mixtures.
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Fig. 4-3. Influence of non-target fungal and oomycete DNAtarget DNA quantification using real-time
PCR. Curves foA, Fusarium solani CBS 165.87B, Pythium ultimum CBS 101588C, Rhizoctonia solani
CBS 323.84; andD, Verticillium dahliae CBS 381.66 were obtained by plotting the calcdaRNA
concentration (pg [f) when non-target DNA was added against the catedileoncentration (pg fi when no
non-target DNA was added to the target sequenaas-t&dtget DNA represented a mixture of genomic DNA
of nine other fungal and comycete tomato pathogedpg pi* per pathogen). The experiment was performed
using genomic DNA extracted frosthelia rolfsi MUCL 19443, Botrytis cinerea MUCL 28919, Fusarium
oxysporum f. sp. lycopersici CBS 101587F. solani CBS 165.87 Phytophthora nicotianae MUCL 40633,
Pythium dissotocum CBS 166.68P. ultimum CBS 101588R. solani CBS 323.84 Sclerotinia sclerotiorum
DSM 1946,and V. dahliae CBS 381.66. Data represent means of two repliqates2). Errors bars indicate
standard errors.

To quantitatively assess pathogen presence indi@bsamples, artificially infested
soil samples were produced fBr ultimum, R. solani, andV. dahliae. Initially, inoculum
was serially diluted with non-infested soil resudfiin soil mixtures containing progressively
lower pathogen concentrations. The logarithmicti@taships between the calculated DNA
concentrations using real-time PCR and the inocudemsity are shown in Fig. 4-4 (A-C).
For each pathogen, a linear correlation was obdaimigh a coefficient of determination
higher than 0.94. In addition, soil was infestethvgipecific amounts of microsclerotia from
V. dahliae. As shown in Fig. 4D, again a linear correlatiomaswobtained ¢ = 0.98),
demonstrating the feasibility of the technique tawfify pathogen biomass in biological

samples.
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Fig. 4-4. Quantitative assessment of pathogen presencdificialty infested soil samplesA-C, Regression
lines for real-time PCR analysis of a dilution ssrof pathogen inoculum froRythium ultimum CBS 101588
(A), Rhizoctonia solani CBS 323.84(B), and Verticillium dahliae CBS 381.66(C). Inoculum density is
expressed as the percentage of fungal growth ol@@finoculum soil aggregatd3, Regression line for real-
time PCR analysis of a series of 100, 40, 10, amicbosclerotia fronV. dahliae CBS 381.66 added to 0.75 g
(fresh weight) soil. Data represent means of foeasarementsn(= 4): two samples were used for DNA
extraction and analyzed in duplo. Error bars in@ictandard errors.

In our final assays, it was evaluated whether #heebbped PCR assays could also be
used for the assessment of pathogen biomass imaligtinfested samples obtained from
commercial growers. Soil samples were taken frormisfested fields of which crops
showed different kinds of disease symptoms, and feamils on which crops were
asymptomatic. In addition, samples were collectednfinfected plants with clear disease
symptoms. Initially, samples were assessed foroggh occurrence using an extended
version of the DNA macroarray designed in the presichapter (Lievenst al., 2003).
Subsequently, for all samples in which any of thedied pathogens was detected, the

amount of genomic DNA was determined using reabtPCR (Table 4-3).
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Table 4-3. Real-time PCR quantification of fungal and oomgogenomic DNA in different environmental samples

Cultivated crop Calculated DNA concentratifigpg pl*) for

Sample Latin name Common name Sample ID Obsenregtsyns Fusarium Pythium Rhizoctonia Verticillium sp.
solani ultimum solani
Sandy soil  Rosa sp. Rose 03-111 Foot and stem rot 0.02 P x 0.18 X
Sandy soil  Fragaria Strawberry 03-224 Root rot; reduced growth 0.02 182. 1.50 X
ananassa
Sandy soil  Lycopersicon Tomato 03-307 None 0.34 X X X
esculentum
Sandy soil  Apiumgraveolens Celery 04-188 None X 0.86 X X
Sandy soil  Phalaenopsissp.  Orchid 04-1918 Root rot; reduced growth X X 1.97 X
Sandy soil  Brassicaoleracea Cauliflower 04-200A Wilting X X X 0.19
Sandy soil  B. oleracea Cauliflower 04-200B Wilting X X X 0.12
Sandy soil  Lactuca sativa Lettuce 04-285 None X 4.26 X X
Sandy soil  Apiumgraveolens Celery 04-3298 Crater rot 0.13 0.47 0.74 X
Sandy soil L. sativa Lettuce 04-336C None X 1.98 X X
Plant L. esculentum Tomato 03-182AW Root rot; wilting; nettle-like head  x 0.04 0.27 X
Plant Carpinus sp. Hornbeam 04-118 Damping-off X 4.08 X X
Plant Phalaenopsissp.  Orchid 04-191B2 Root rot; reduced growth X X 22.01 X
Plant L. sativa Lettuce 04-178A Vein rot; browning of leaves X X X X
Plant A. graveolens Celery 04-329¢ Crater rot X X 741.6 X
& Prior to PCR amplification, DNA was diluted 10-ddo avoid inhibitory concentrations of potenti&®R inhibitors. Calculated DNA concentrations aresthin the diluted
DNA samples.

bx, absent according to a DNA array analysis (Lievetral., 2003) by which over 40 different plant pathogefingi and oomycetes can be detected.
“dCorresponding samples.
°Pepino mosaic virus (PepMV) infected plant as ¢améid by ELISA (Agdia, Elkhart, IN, USA) testing.
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For all samples, pathogens detected using the DiXdy avere also detected in the
real-time PCR analyses. Using the array, all tehssanples were diagnosed with multiple
microorganisms (data not shown). In five of theamgles,P. ultimum was found in DNA
concentrations ranging from 0.47 to 12.18 pd. Hor the crops growing on three of the
corresponding soils, no disease symptoms were wixdeeven if DNA levels oP. ultimum
were relatively high (e.g. 04-285). For the sodsrging the highest (03-224) and the lowest
(04-329B) concentration of pathogen DNA, plantpliged disease symptoms (Table 4-3).
For sample 03-224. ultimum was identified as the main biological cause of diszase.
For 04-329B, other pathogens includifgsolani andR. solani were detected as well (Table
4-3) of which, based on the observed symptd®splani was determined to be the cause of
disease. One reason for these differenc®s uttimum levels is host preference. Wheréas
ultimum is a well known pathogen of strawberry (Maas, 19%98is species has, to our
knowledge, not been reported as a pathogen ofycalsd is not a primary pathogen of
harvestable lettuce (Davé al., 1997).R. solani was identified in three other soil samples
and in all cases the corresponding crops displaypital Rhizoctonia symptoms. DNA
concentrations were found between 0.18 and 1.9Ipgln all cases, BLAST analysis of
the sequenced amplicons confirmed the identithefgathogens, illustrating the specificity
and robustness of the developed assays. In addpamallel sets of all soil samples were
plated on multiple semi-selective media to validédétection and quantification. However,
using these poorly discriminative techniques it wapossible to accurately filter out, and
thus quantify, the target pathogens in these enriemtal samples (data not shown).

Based on the results shown in Fig. 4D, showingréhation between the calculated
DNA concentration using real-time PCR analysis dredlogarithmic number of. dahliae
microsclerotia, the number of microsclerotia in ta@amples (04-200A and 04-200B) of
fields exhibiting Verticillium wilt was estimated 8 and 13 microsclerotia per gram of soil,
respectively. By the classical wet sieving techeigun both soils the number of
microsclerotia was estimated at 7 per gram of stwlvever, as microsclerotia often get lost
by sieving (Goud and Termorshuizen, 2003), it waticgated that real-time PCR might
detect more microsclerotia.

In addition to the soil samples, five plant samplese analyzed, four of which (03-
182Aw, 04-118, 04-191B2, and 04-178A) contained entiran one pathogen (data not
shown). In plant samples 04-191B2 and 04-329C, lwhitsplayed typical Rhizoctonia
symptoms,R. solani DNA concentrations were established at 22.01 abl.67 pg uf
respectively. The corresponding soil samples, Q#Bl8nd 04-329B, contained less but
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detectable levels of DNA of this pathogen. In sar(-118, the amount of genomic DNA
from P. ultimum was calculated to be 4.08 pg'(Table 4-3). In addition to this pathogen,
Pythium sylvaticum was detected with the DNA array. Either one ohbaft thesePythium
species can explain the typical damping-off sym@aiserved. For each plant sample, the
accurateness of the detection was confirmed bysiclsplating and standard taxonomy
techniques (data not shown).

To confirm that all samples were amplified with th@me efficiency, each sample
analyzed was spiked with 150 pg'i8. cerevisiae DNA (generally not a soil inhabitant)
and amplified in a separate real-time PCR reactibhroughout our experiments,
amplification of exogenous control DNA never altbiggnificantly. A typical example of
efficiency measurement is given in Table 4-4. P@fiRiencies, reported as the calculated
DNA concentrations for the control DNA, are shown & mixture containing 100 pg hF.
solani (CBS 165.87) DNA and a specific amount of DNA &el from a healthy tomato
plant or a sandy soil. In all cases the expecteduamofS. cerevisae DNA (150 pg pf)
was recovered and no significant differencBs<( 0.05) were established between the
calculated DNA concentrations, demonstrating tHaRRefficiencies between the analyzed

samples were highly comparable.

Table 4-4. Example of the amplification efficientpf several DNA extracts containing genomic DNAnfra
specific pathogen and a healthy tomato plant @na\ soil

DNA mixturé® PCR efficiencies at plant- or soil-derived DNA amtsiof
0 pg pt* 200 pguf 2 ng uf 20 ng pf

Fusarium solani; Saccharomyces 149.6 +9.00 164.6 +12.1 158.3+#1.6 154.540.7

cerevisiae; tomato

F. solani; S cerevisiag; sandy soll 150.0 43.0 145.1 8.5 160.1 Y14.0 155.8 6.5

3Reported as the calculated concentratio@antharomyces cerevisiae DNA (pg i) in the sample using a
real-time PCR assay f& cerevisiae.

® Each sample, containing a mixture of 100 pg PNA from Fusarium solani CBS 165.87 and a specific
amount of non-target DNA isolated from a healthsato plant or sandy soil, was spiked with 150 pg l
exogenous DNA derived frol cerevisiae MUCL 28426.

“Values are the means of two replicates @) +standard errors.

4.4 Discussion

The results described in this chapter illustratat thathogen DNA can be accurately
guantified over a large concentration range uséadrtime PCR, irrespective of the presence
of non-target DNA. In addition, we have demonstiatiee feasibility of the technique to

qguantify pathogen biomass in biological samplesgusrtificially and naturally infested
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samples from diverse origins. Obviously, soils eamtmany different organisms. For most
naturally infested soil samples studied, it wasdsgible to accurately distinguish the target
pathogens from non-target microorganisms using Ipodiscriminative techniques like
plating on semi-selective medium. Therefore, foresth complex samples DNA
concentrations were related to the symptoms displdyy the cultivated crops. However,
for all artificially infested soil samples that weesterilized before infestation a high degree
of correlation was observed between inoculum dereiid the calculated template DNA
concentration, demonstrating the potential of #@hhique to accurately quantify pathogen
occurrence in environmental samples.

In our as well as in other studies (Waetgal., 2003a; 2003b), specific PCR assays
could be obtained by the use of a single speciesH#p primer combined with an overall
fungus or universal primer (in this chapter demaisd forF. solani, P. ultimum andR.
solani). However, cross-hybridization of the developeidhprs to DNA from closely related
species cannot be ruled out. In our study, spédgifiof the developed primers was
confrmed based on a representative collection ahato pathogens. Nevertheless,
sequencing of amplicons generated from diverseralgfunfested soil samples confirmed
the identity of all species, suggesting lack ofc#iety should not be of major concern. In
contrast, the primer set developed Yordahliae did not display the desired specificity and
cross-amplified DNA from its closest relatives, liming V. albo-atrum andV. tricorpus.
This lack of specificity can be explained by thghhhomology at the nucleotide level for
these species. However, while for primer ST-VEiIngle mismatch occurs in the middle of
the primer, greater specificity might be obtaindtew the mismatch is at the extreme 3’ end
of the primer. These thréerticillium species are related in that they all cause VHiditi
wilt in tomato. Whereas boti. albo-atrum andV. dahliae are the well known causal agents
of tomato vascular wilt (Pegg al., 1981; Jonest al., 1997),V. tricorpus occasionally
causes Verticillium wilt of tomato (Huisman, 1988 addition, ITS1-F and ST-VE1
generated identical standard curves for these gpeeies (data not shown). Therefore, this
primer set can be used to detect and quantify tesepce of all thre®erticillium species
capable of causing Verticillium wilt in tomato.

For theR. solani complex, current classification of isolates theg @athogenic on
different hosts is largely based on grouping intasiomosis groups (AG), defined on the
basis of hyphal fusion reactions (Agrios, 2005).f8g 14 AGs have been described, of
which AGs 3 and 4 are associated with tomato deseéSnelet al., 1994). However, it is

not unlikely that other AGs also harbor tomato pgtns. Therefore, in this study, a primer
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pair (ST-RS1 and ITS4) was chosen to detect a raidge ofR. solani strains. Whereas this
primer pair can easily be used for timeplanta detection and quantification &. solani
strains, its implementation for soil diagnosis @& that straightforward. Onde. solani is
detected in a soil sample, pathogenicity tests neetbe performed to determine the
pathogenic capacity of the isolate.

Pythium species are present in virtually all cultivatedssand depending on the crop
regarded as primary or weak, secondary pathogenglicating that its presence not
necessarily results in disease. However, whenlatigcstressed plants damage is likely to
occur (Agrios, 2005). This is endorsed by the dédi@mined in the present study. Out of ten
soil samples collected from fields where diversgpsrwere cultivated, five were diagnosed
with P. ultimum. For only two of them, plants displayed disease fgmp. In one soil
sample, containing the highest level Bf ultimum (12.18 pg if), this pathogen was
identified as the main cause of the disease (baseDNA macroarray analysis and the
observation of root necrosis). For the other samplants displayed typical Rhizoctonia
symptoms. Similar conclusions could be made forpitevalent soilborne complex species
F. solani. Although this species was found in four of thalgred samples, in none of the

cases its presence could be related with the obdesymptoms.

In this chapter we described the use of real-tifdiRRo quantitatively assess the
presence of different tomato pathogens in compielogical samples. Nevertheless, for
broad applicability, the availability of a multipidormat for all major pathogens of a single
crop is desirable. However, as discussed in Chdptdetection and quantification of more
than a handful of different pathogens is not pdssitsing this technology. In contrast, as
shown in the previous chapter, DNA array technologyg be used to detect an, in theory,
unlimited number of pathogens in a single assayrijMast al., 2000; Lévesque, 2001;
Lievenset al., 2003; 2005b). Therefore, qualitative detectiesimg a DNA array followed
by accurate quantification using real-time PCRtf@ detected pathogens could be a solid
basis for disease management decisions. Neversheasbining techniqgues makes routine
analysis of samples laborious and inefficient. Efene, the major challenge currently is the
implementation of a reliable quantitative aspectDidA arrays, making this technology
even more appealing for plant pathogen diagnosis.
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5 Quantitative assessment of phytopathogenic fungi and
oomycetes in various substrates using a DNA

macr oarr ay"

5.1 Introduction

In plant pathology, the imposed strategy of diseaaaagement is not simply to combat a
pathogen whether or not it is present, but to apprective measures only when its
presence is confirmed and its magnitude is expetderksult in disease development,
increasing distribution and inoculum potential, /méconomic loss. Therefore, in addition
to pathogen detection and identification, quardiicn of its presence is increasingly
gaining interest.

As shown in the previous chapter, real-time PCRidHa al., 1996) has been a
powerful development, especially with regard tousate detection and quantification of
specific plant pathogens (Schaad and Frederick?;20@Cartneyet al., 2003; Schaaet
al., 2003; Lievenst al., 2005b) as well as for monitoring pathogen irifeci{Brouweret
al., 2003). However, currently, the total amount of RP@actions in a single tube is
severely limited, independent of the detection asrsnused. Simultaneous detection and
quantification of multiple target organisms is npossible when using non-specific
detection chemistries such as SYBR Gfeddn the other hand, multiplex formats do exist
for probe-derived detection chemistries. For exanmpboley and coworkers (2006) were
able to simultaneously detect and quantify fgytophthora species using real-time PCR
technology. In an analogous way, Bertoleti al. (2003) developed an assay for the
simultaneous detection of five microbial pathogdansluding four RNA viruses and one
bacterium. Nevertheless, detection of more thararedful of different pathogens at the

same time is currently impossible because of tmitdd number of different fluorescent

Y Results described in this chapter have been eulisn “Quantitative assessment of phytopathogimigi in various
substrates using a DNA macroarray”; Lievens, BauBrer, M., Vanachter, A. C. R. C., Lévesque, C.@ammue, B. P.
A., and Thomma. B. P. H. J.; Environmental Micrdbgy 7:1698-1710 (2005).
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dyes available and the energizing light source usedal-time PCR instruments (Mackay
et al., 2002).

In Chapter 3, we showed the utility of DNA array® fmultiplex detection and
identification of plant pathogens from complex e@omimental samples including those
derived from soils and plants (Lievessal., 2003). However, a major limitation of the
current technology is that reliable quantificatiof pathogen presence was not yet
established. Hence, only qualitative detection &&nconducted. To fully exploit the
potential use of DNA arrays in plant pathology, iempentation of a quantification aspect
has to be pursued.

In this chapter, we describe, as a proof-of-prilggip new format of the previously
designed DNA macroarray (Chapter 3; Lievesisal., 2003), which has been further
developed and optimized for accurate quantitatiesessment of the economically
important vascular wilt pathogeierticillium albo-atrum andV. dahliae for concentration
ranges typically encountered in horticultural pi@tin addition, in order to generalize the
data obtained and to address the robustness @étheology, quantitative assessment of
other fungi as well as oomycetes in artificiallyoaulated and naturally infested samples
from diverse origin is demonstrated. In order ttidage the quantitative results obtained
using the DNA array, real-time PCR is used as eresfce technique.

5.2 Materials and methods

5.2.1 Microorganismsand cultivation

The fungal isolate$-usarium oxysporum f. sp. lycopersici CBS 646.78,F. solani CBS
165.87,V. albo-atrum CBS 451.88 and/. dahliae CBS 381.66 and the oomycete isolates
Pythium ultimum CBS 656.68 (Centraalbureau voor Schimmelcultutdsecht, The
Netherlands) andP. aphanidermatum ST 59.04 (Scientia Terrae Research Institute, Sint-
Katelijne-Waver, Belgium) were cultured on PD&Baccharomyces cerevisiae MUCL 28426
(Mycotheque de I'Université Catholique de Louvdiouvain-la-Neuve, Belgium) and the
bacterial strairRhizobium vitis LMG 258 (Laboratory of Microbiology, Ghent Univéss
Gent, Belgium) were cultured on malt extract aggptemented with yeast extract (2%)
and nutrient agar, respectively. All cultures wiaiubated in darkness at 22°C.
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5.2.2 Production of artificially inoculated samples

To quantify pathogen occurrence using DNA arrayfferént samples were produced
containing biologically relevant pathogen concetigres. Initially, microsclerotia fronv.
dahliae, or conidia from eitheW. albo-atrum or V. dahliae were added to 0.75 g (fresh
weight) of sandy field soil (Sint-Katelijne WaveBelgium). These samples were
subsequently used for DNA extraction and DNA aremalysis. Microsclerotia were
produced according to the method described by Haek@ Lazarovits (1994). The
microsclerotia were suspended in sterile distilwdter, vortexed briefly to disrupt
microsclerotia aggregates, washed through a 125ipwe with sterile distilled water, and
collected on a 32-um sieve. Conidia were obtaineddntly washing a culture plate with
sterile distilled water. Conidial cells were couhtby direct light microscopy using a
haemocytometer, serially diluted, and adjustedht desired concentration. In addition,
water-based samples were collected to examine whethnot a relationship could be
established between the hybridization signals obthifor the tomato pathogeR.
aphanidermatum and disease development. Ten 14-day old tométgogersicon
esculentum Mill. cv. ‘Clotilde’) seedlings were transferred test tubes filled with 6 ml of
nutrient solution (Cooper, 1979) containing,100° or 1¢f zoospores ril. Zoospores were
produced in 20 ml sterile mineral salt solutiors@mM C&", 0.05 mM Md*, 0.73 mM
K*, and 0.06 F&) inoculated with 10 agar plugs (@ 5 mm)Rfaphanidermatum grown

on V8 agar. After 1 day of incubation at 24°C undentinuous illumination, zoospores
were harvested and counted as described abovés Rlare incubated in a growth chamber
with a 16-h photoperiod (225 pEs') at 22°C. After 10 days, disease severity ratirg f
plant root and foot rot was scored on a 1 to 5eschkE symptomless; 2 = light browning
and/or superficial lesions present; 3 = dark braygnand/or sunken lesions present; 4 =
development of coalescing lesions and necrosisbanghlant death. At the same time, the
remaining nutrient solution was collected and usedDNA extraction and DNA array

analysis.

5.2.3 Caoallection of environmental samples

To define the range of relevant DNA concentratibpsvhich soilborne pathogens occur in
their natural habitats, several soil samples wetleated from commercial greenhouses at
various times during the growing season. Samplee wellected as described in the

previous chapter. Subsamples were retained for [@Xtaction. Separately, soil samples
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were collected from two fields that were naturafifested withV. dahliae. The number of
viable V. dahliae microsclerotia was determined using the wet sgpviachnique as
described in Chapter 4 (Haresal., 1993). Subsamples of the soil were retained fdAD
extraction and DNA array analysis. In addition, esay samples from various matrices,
including infected plants and infested soils, wgeghered from commercial growers to

address the robustness of the technology for gaéingé assessment of pathogen presence.

5.2.4 DNA extraction

Genomic DNA from all microorganisms was extractediascribed in Chapter 2. For DNA
isolation from soil and plant samples, genomic DMWAs extracted from 0.75 g (fresh
weight) starting material using the UltraClean JoNA Isolation Kit and the UltraClean
Plant DNA Isolation Kit as described by the mantfeer (Mo Bio Laboratories, Inc.,
Solana Beach, CA, USA), and subsequently dilutedolkd For water-based samples,
DNA was extracted using the UltraClean Water DN@ldsion Kit (Mo Bio Laboratories,
Inc., Solana Beach, CA, USA). DNA yield and puritwere determined

spectrophotometrically.

5.2.5 Selection of oligonucleotides and DNA array production

Part of the set of detector oligonucleotides usethis study (Table 5-1) was previously
selected (Chapter 3; Lévesquet al., 1998; Lievenset al., 2003). In addition,
oligonucleotides were developed to defecsolani (Fsol),P. aphanidermatum (Papl), and
R. solani (Rso1l). All oligonucleotides were found to be sfiecipon BLAST analysis and
cross-hybridization testing with over 175 relatad anon-related fungal and oomycete
isolates (data not shown). In addition to the prasly used control oligonucleotides (Unil,
Conl, and Digl) oligonucleotides were designedatget exogenous control DNA fro
cerevisiae (Scel) and the total amount of fungal DNA (Furdl). oligonucleotides were
synthesized with a 5’-C6-amino linker for covaldimding to nylon membrane and DNA
arrays were produced as described in Chapter 2hisostudy, the detector oligonucleotides
Funl, Fox2, Fsol, Val2, and Vdal were initially tspd at different quantities, namely 8.0,
2.0, 0.5, 0.2, 0.1, and 0.02 fmol. Detectors P&wl] and Rsol were spotted at 8.0 fmol per
spot. For the control oligonucleotides, 8.0 fmoh{y Conl, and Scel) or 2.0 (Digl) fmol

was printed.
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Table 5-1. Detector oligonucleotides used for DNA array as@ly

Code Specificity Sequence (5’-3") Target
FoxZ  Fusarium oxysporum GTTGGGACTCGCGTTAATTCG ITS 1l

Fsol F. solani ATCAACCCTGTGAACATACCTAA ITS |

Papl Pythium aphanidermatum TTGGAGTATAGATCAGTATTAGGTAAA TS|

Pul?® P. ultimum TGCTGACTCCCGTTCCAGTG ITS |

Rsol Rhizoctonia solani GCCTGTTTGAGTATCATGAAAT ITS 1l

Val2®  Verticillium albo-atrum CATCAGTCTCTTTATTCATACCAA ITS I

Vda? V. dahliae AACAGAGAGACTGATGGACCG ITS |

Funf  Fungi GCTGCGTTCTTCATCGATGC 5.8S rDNA
Scef Saccharomyces cerevisiae GTGTTTTGGATGGTGGTAAGAA ergll gene
Uni1® Eukaryotes TCCTCCGCTTATTGATATGC 28S rDNA
Dig1®®" None GTCCAGACAGGATCAGGATTG -

Conf°® None GTCCAGACAGGATCAGGATTG -

 Chapter 3; Lievenat al. (2003).

P Lévesqueet al. (1998).

©ITS2 primer (Whiteet al., 1990).

4 Reverse complement of detector oligonucleotideefBosteraret al., 2000).
®Chapter 2.

f3-end digoxigenin-labeled.

5.2.6 PCR amplification, labeling and hybridization

In order to determine the optimal number of PCR leycthat permits end-point
quantification, the target ITS region of fungal rBMas amplified using the primers ITS1-
F and ITS4 (Gardes and Bruns, 1993). Amplificatwas carried out in 20 pl reaction
volume using 1 unit TitaniunTaqg DNA polymerase (Clontech Laboratories, Inc., Palo
Alto, CA, USA), 0.15 mM dNTP mix, 0.5 uM of eachimper, and 1 ul genomic DNA.
Prior to amplification, samples were preheated4®C9for 2 min. Next, 25, 30, 35, or 40
cycles of a PCR reaction protocol consisting ofs4ét 94°C, 45 s at 59°C, and 45 s at
72°C, with a final 10-min extension step at 72°Geveun. After gel electrophoresis, PCR
products were quantified by comparison to a DNAdEd(Smartladder SF, Eurogentec,
Seraing, Belgium) using Labworks Image Acquisiteord Analysis Software (version 4.0;
UVP, Inc., Upland, CA, USA).

For DNA array analysis, the target ITS region wasphfied and simultaneously
labeled with alkaline-labile digoxigenin (Roche Brestics GmbH, Mannheim, Germany)
using the primers ITS1-F and ITS4 (Gardes and Bri@883) or OOMUP18Sc and ITS4
(Lievenset al., 2004), for fungi or oomycetes, respectively, adog to the same PCR
protocol described above. As a control for PCRcedficy between different samples, 100
pg exogenous control DNA froi8. cerevisiae was added to each sample, amplified and
simultaneously labeled in separate PCR reactiong gsimers P450and P45@ (Moraceet
al., 1997). Ten pl of both target and control DNA aifigdtion reactions were combined
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and simultaneously hybridized in 6 ml of hybridieatbuffer as described in Chapter 2. All

hybridizations were performed at least twice.

5.2.7 Real-time PCR

To define the range of relevant DNA concentratibgswhich fungal or oomycete
pathogens occur in naturally infested greenhouds aad to verify the robustness and
accuracy of the quantitative DNA array-based as#ay,amount of pathogen DNA was
guantified in a set of representative soil sammad various environmental samples,
respectively, using real-time PCR. This was domeafaumber of different pathogens that
were detected in these samples using an extendstbiveof the DNA array designed
previously (Chapter 3; Lieveneat al., 2003), by which over 40 different fungal and
oomycete plant pathogens can be simultaneouslyctdeteReal-time PCR amplification
reactions were conducted using SYB&reen | technology on a Lightcycler™ instrument
(Roche Diagnostics Corp., Indianapolis, IN, USA) described in Chapter 4. For each
pathogen, the forward primer ITS1-F (Gardes anch8rd993) or OOMUP18Sc (Lievens
et al., 2004), which hybridizes to a fungal- or oomycspecific rDNA sequence
respectively, or the universal reverse primer IT®Aite et al., 1990) was combined with
the appropriate reverse or forward species-spepifiber as presented in Table 5-2, to
generate amplicons smaller than 300 bp. The desigrmobustness of some of these assays
have been shown in the previous chapter. The anafuietal fungal and oomycete DNA
was quantified using the primer pair ITS1-F and AT8Nhite et al., 1990), and
OOMUP18Sc and ITS2-O (Table 5-2), respectively.

Samples were preheated to 95°C for 10 min and wleee subjected to PCR
amplification reactions consisting of 45 amplificat cycles of 10 s at 95°C, 5 s at the
annealing temperature | indicated in Table 5-2, and elongation at 72°C tfee time
period (t) indicated in Table 5-2. Fluorescence was deteatdtie end of the elongation
phase for each cycle. To confirm amplification sfigity, a melting curve temperature
profile was obtained as described previously (Gérag). For each pathogen, standard
curves were generated by plotting theeshold_gcle (G) of a 10-fold dilution series of
genomic DNA against the logarithm of the DNA conication. The regression line was
used to calculate the respective pathogen DNA atration in the studied sample via its
Cq- value (Chapter 4; Brouwet al., 2003).
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Table5-2. Primers used for real-time PCR

Code Specificity Sequence (5'-3) Target Tt
AFP308 Fusarium oxysporum CGAATTAACGCGAGTCCCAAC ITS I 60 9
AFP346* F. solani GGTATGTTCACAGGGTTGATG ITSI 60 6
AFP356 Pythiumsylvaticum  CAATGCAAAGTCAGCAGTGC ITSI 60 9
AFP276" P. ultimum TGTATGGAGACGCTGCATT ITS I 58 8
ST-RSf*® Rhizoctonia solani AGTGTTATGCTTGGTTCCACT ITS I 60 8
AFP307 Verticilliumdahliae = CAGAGAGACTGATGGACCG ITS | 60 9
ITS2-&F Oomycetes GCAGCGTTCTTCATCGATGT 5.8SrDNA 60 12
ITS1-Ff Fungi CTTGGTCATTTAGAGGAAGTAA 18SrDNA % X
OOM_UPlSS&h Oomycetes TGCGGAAGGATCATTACCACAC 18SrDNA x X
ITS4 Universal TCCTCCGCTTATTGATATGC 28SIDNA X X

& Annealing temperature (°C).

P Elongation time (s).

° Reverse primer.

dChapter 4.

®Forward primer.

fGardes and Bruns (1993).

9x, depends on second primer used.
"Lievenset al. (2004).

"White et al. (1990).

5.3 Reaults

5.3.1 Optimizing PCR conditionsto permit end-point quantification

For sensitive pathogen detection using DNA arr®GR amplification is required. There
are, however, limitations to the use of PCR in amitiative approach, as bias in template-
to-product ratios may be introduced due to typiR@R amplification kinetics (Suzuki and
Giovannoni, 1996). As a result, the dynamic ranfjéhe targets to be detected may not
always be reflected in the outcome of the assais Bilas in template-to-product ratio can
be caused by two technical artifacts, namely (ifedential PCR efficiency between
samples or (ii) analysis of samples, which are or@ér in the exponential phase of the
reaction. To monitor the first potential problenoy feach sample 100 pg of exogenous
control DNA derived fromS. cerevisiae was added to each sample and amplified in a
separate PCR reaction. In Table 5-3, PCR efficemnare shown for DNA extracted from
several soil samples that were obtained from comiaenegetable growers. PCR
efficiencies appeared fairly stable for all cormtis tested. For all other experiments, PCR

efficiencies between analyzed samples were higbyparable.
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Table 5-3. Comparison of PCR efficiencfelsetween different soil samples

Sample 1D PCR efficienéy
03-111 0.85+0.13
03-142 0.85+0.10
03-176 1.01+0.12
03-193 0.91 +0.06
03-224 0.94 +0.15
03-307 1.02 +0.17
03-337 0.95+0.09
04-200 0.84 +0.16

® Reported as the ratio between the hybridizatigmais for the detector oligonucleotides to tardwet t
exogenous control DNA derived froBaccharomyces cerevisiae (Scel) and the digoxigenin-labeled reference
control (Digl). Values are meansstandard errorsi(= 4 from two independent analyses).

In addition to spiking DNA samples with exogenousitcol DNA, PCR reaction
parameters were adjusted to ensure hybridizatidgh anplicons from the exponential
phase of the PCR reaction. To this end, a 10-foldion series of genomic DNA fror.
albo-atrum (5 ng to 0.5 pg) and. dahliae (25 ng to 2.5 pg) was amplified using 25, 30, 35,
or 40 cycles. PCR products were quantified follayvijel electrophoresis by comparison to
standard DNA, showing that up to at least 30 cyatesst PCR reactions remained in the
exponential phase (Table 5-4). In addition, genobiWA isolated from naturally infested
soils and infected plants was amplified under thmes conditions, essentially showing
similar results (Table 5-4).

Table5-4. Yield® of PCR product (ng [f) after a specific number of PCR cycles

Sample Sample ID Template Yield of PCR product after PCR cycle number
DNA (ng) 25 30 35 40
Verticillium albo-
atrum 5 81.7 96.3 112.1 118.3
0.5 21.2 59.7 97.9 99.6
0.05 3.7 24.3 40.3 435
0.005 0.0 0.9 1.2 2.3
0.0005 0.0 0.0 0.0 0.0
V. dahliae 25 69.8 377.7 442.9 441.7
25 14.8 82.0 218.3 254.7
0.25 0.0 19.4 34.0 34.7
0.025 0.0 8.4 12.2 329
0.0025 0.0 0.0 0.0 7.9
Soil° 03-311 0.275 12.5 47.3 105.7 166.4
03-324 1.275 20.9 71.6 67.6 45.4
Planf 03-312 0.15 19.1 48.9 127.3 178.6
P58 0.875 219 86.3 216.6 176.9

2 PCR products were quantified after gel electropbisrby comparison to a DNA ladder.
® Prior to PCR amplification, DNA was diluted 10dofo avoid inhibitory concentrations of potential®
inhibitors. Template DNA amounts are those of theteld samples.
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A comparable experiment was performed for othegélipathogens, including the
tomato pathogenis. oxysporum f. sp.lycopersici andF. solani. In all cases, PCR reactions
were found to be in the exponential phase up tteast 30 cycles (data not shown).
Therefore, all following PCRs were performed usB@ycycles to ensure detection at the

exponential phase of the PCR reaction in combinatiith high sensitivity.

5.3.2 Quantification of DNA dilutionsusing a DNA array

One potential problem that can hamper quantificatising DNA arrays is inter-spot
variability caused by printing errors or spatialeefs. To test this, 8.0 fmol of detector
oligonucleotide VVdal (Table 5-1) was spotted inlaape at 6 different locations on a
membrane and labelel. dahliae amplicon (10 ng mi hybridization buffer) was
hybridized to the membrane. The signals obtainenveld an average relative integrated
optical density (rlOD) of 112.4 with a standardoerof 4.6, demonstrating that the inter-
spot variability is limited.

To investigate the quantitative properties of DNAags, accurate quantification of a
10-fold dilution series oW. dahliae genomic DNA after PCR amplification was pursued.
The fungal template ranged from 2.5 ng to 0.25ggl 30 cycles of PCR amplification
were performed. On the DNA array, different amowfdtthe same detector oligonucleotide
(Vdal) were spotted. In theory, those detectorsghaw a perfect correlation between the
signal intensity and the amount of template bef@R amplification will permit accurate
template quantification. Hybridization results relesl that signals increased by increasing
the amount of printed detector oligonucleotide,eesgly when spotted at amounts lower
than 2.0 fmol (Fig. 5-1A). For all spotted amounds linear logarithmic relationship
between the rlOD and template DNA concentrationldcdee obtained for a specific
concentration range. When considering the completeentration range, the correlation
was almost linear® = 0.99) when 0.5 fmol of oligonucleotide was imniizieid per spot.

In other cases, however, the curves deviate frowatity for the lower or higher DNA
concentrations used in this dilution range. Théetatvas particularly observed when
signals were strong and at the saturation levehefimmobilized oligonucleotide. When
2.0 or 8.0 fmol was spotted, hybridization signatge saturated at 25 pg template DNA or
more. Additions of 2.5 ng of DNA extracted from dgsuirgreenhouse soil or from healthy
tomato leaf material to the samples of the dilusenes prior to DNA amplification did not

influence the hybridization results (data not shpwh similar experiment was conducted
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for V. albo-atrum (Fig. 5-1B) as well as for other fungal pathogensluding the tomato
pathogeng-. oxysporum f. sp.lycopersici andF. solani (data not shown), confirming the

outcome of this experiment.
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Fig. 5-1. Quantification of a dilution series &f, Verticillium dahliae andB, V. albo-atrum genomic DNA
after PCR using different amounts of detector oligdeotides on a DNA macroarray. Detector
oligonucleotides were spotted at several amoumigimg from 0.02 to 8.0 fmol. Hybridization signélegth

is reported relative to the average integratedcaptilensity of the digoxigenin-labeled referencet
(rIOD) and plotted against the logarithmic DNA centration. Data represent means of two independent
analyses of hybridization signals € 4) using detector sequences Vdal and Val2, cesply. Error bars
indicate standard errors. The experiment was refddatice with similar results.

5.3.3 Direct quantification of fungal and oomycete DNA in soil samples
using real-time PCR

To find the most appropriate amount of immobilize@tector oligonucleotide for
guantification of pathogen presence in environmesdmples, the range of relevant DNA
concentrations was defined for a number of diffeqglant pathogens. Initially, ten soil
samples obtained from commercial vegetable grovegrglifferent periods during the

growing season were assessed for pathogen occermsitgg a DNA array by which more
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than 40 different plant pathogenic fungi and oongsean be detected. Subsequently, for
all pathogens detected, the amount of genomic DN guantified using real-time PCR
(Table 5-5). In addition t&/. dahliae, pathogens detected by the DNA array incluéed
solani, P. sylvaticum, P. ultimum, and R. solani. Besides these pathogens, the spe€ies
oxysporum, which encompasses both pathogenic and non-pattwgeains was detected.
The tested DNA extracts contained on average 50Qpggenomic DNA after 10-fold
dilution of which between 1 and 300 pg'pbas of fungal or oomycete origin. Up to 25%
of this DNA turned out to be from a single pathog€he average concentration of DNA
from a single pathogen was established at 3 fgaptl the maximum found in this assay
was 12 pg jit. Based on these findings, a detector oligonuaeagimount of 8.0 fmol per
spot was selected for further experiments. At éimeunt, detection was most sensitive and
a linear logarithmic relationship was obtained doncentrations up to 25 pg }ilwhich
represents a realistic range of plant pathogen D¥Acentrations that are relevant for

naturally infested greenhouse soils (Table 5-5).
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Table 5-5. Quantification of fungal and oomycete genomic DNEg i) in soil samples using real-time PCR

Sample ID Sampling Template Fungi Oomycetes Fusarium F. solani Pythium P. ultimum Rhizoctonia  Verticillium
date DNAP OXysporum sylvaticum solani dahliae
(dd/mm/yy) (ng pr)

03-111 16/01/03  2.75 8.02 0.88 0.19 0.02 X X 0.18 X

03-115 22/01/03 .25 6.69 4.58 X X X X X X

03-142 14/02/03  4.00 299.80 11.42 X X X X X X

03-176 18/03/03 525 29.03 7.20 1.19 X X X X X

03-193  03/04/03 0.50 13.07 5.70 0.20 X X X X X

03-224 29/04/03  12.75 10.49 304.50 0.41 0.02 1.90 12.18 1.50 X

03-226 02/05/03  2.00 7.93 3.99 X X X X X X

03-307 30/07/03  10.25 317.80 50.93 4.13 0.34 3.68 X X X

03-337 02/09/03  3.00 22.80 2.711 6.30 X X X X X

04-200  30/03/04  7.00 6.20 1.40 0.50 X X X X 0.19

Maximum 12.75 317.80 304.50 6.30 0.34 3.68 12.18 1.50 0.19

Minimum 0.50 6.20 0.88 0.19 0.02 1.90 12.18 0.18 0.19

Mean 5.38 72.18 39.33 1.85 0.18 2.79 12.18 0.84 0.19

& Prior to PCR amplification, DNA was diluted 10-ddio avoid inhibitory concentrations of potenti@® inhibitors. Calculated DNA concentrations aresthin the diluted
DNA samples.

® DNA concentration in the undiluted DNA extract; BNoncentration was determined spectrophotomelyieal260 nm.
¢ x, absent according to a DNA macroarray analyisevenset al., 2003), by which over 40 different plant pathdgdangi and oomycetes can be detected.
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5.3.4 Influence of non-target DNA on target quantification using a DNA

array

Because the ultimate goal of this work was to géapgathogen presence in DNA extracts
from complex biological samples using a DNA arrthye possible interference of non-
target DNA of different origins with accurate ddten and quantification was tested. A 10-
fold dilution series of genomic DNA froM. albo-atrum andV. dahliae ranging from 0.25
pg (reflecting a light or early infestation) to Pg§ (resembling a strong infestation) was
amplified in the presence of a specific amountaf-target DNA. Either 25 pg, 250 pg, or
2.5 ng of non-target DNA was added to the PCR métwvhich resulted in testing
pathogen:non-target DNA ratios of 1:100, 1:1000d &@nl0 000 respectively. DNA
templates isolated from bacteri&. (vitis), oomycete P. ultimum), and fungal . solani)
cultures, and from healthy tomato plant and sawdynsere used. After PCR amplification,
amplicons were hybridized to the array and analyEegl 5-2 represents a typical example
of signals after hybridization, showing similar higlization strengths irrespective the
presence of non-target DNA. Apart from this, thghhisensitivity of the technique is
demonstrated by this figure. Regardless the presefi@50 pg non-target DNA, in all
cases as little as 0.25 pg target DNA can clealddtected (Fig. 5-2).

1 2 3 4 5 6

Vdal
Digl L 1 [ 1] L L L 1] 1 | Y ]

Fig. 5-2. Influence of non-target DNA on hybridization si¢ggaSignals after hybridization of amplicons
resulting from amplification of 0.25 pd/erticillium dahliae and 250 pg non-target DNA to the
oligonucleotide detectors Vdal, to det&ttdahliae, and Digl, for calibration, spotted in duplicaldon-
target DNA isolated from a bacteriaRhizobium vitis; 1), oomycete Rythium ultimum; 2), or fungal
(Fusarium solani; 3) culture or from tomato plant (4) or sandy $6)l were used to test possible interference.
In panel 6, no non-target DNA was added.

Non-target fungal DNA affected hybridization reswithen present at certain ratios
(Table 5-6), whereas signal intensities were nfda@mced by bacterial-, oomycete-, plant-
or soil-derived DNA and as little as 0.25 pg taD&A could be detected. In general, non-
target fungal DNA did not interfere with detectiand quantification up to a target:non-
target ratio of 1:1000. For the lowest concentratid target DNA (0.25 pg), the highest
concentration of fungal non-target (2.5 ng; tamymt:target ratio 1:10 000) resulted in an

inability to detect the target. In that case, iasirg the number of PCR cycles to 40,
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however, made detection of target DNA possible.il@imexperiments were also performed
for F. oxysporum f. sp. lycopersici, which essentially provided similar results (datat
shown). It can thus be concluded that this highwarhof fungal non-target DNA, which is,
however, not likely to occur in practice (Table h-sults in an underestimation of target
DNA. A non-discriminative fungal detector oligonaotide (Funl; Table 5-1), based on
5.8S rDNA sequences, was added to the array irr tod@easure the total pool of fungal
DNA in the sample and thus address possible uniii@agn of the target. In general, if
signals were obtained when this detector was gpatten amount of 0.02 fmol, the target

was determined to be underestimated (Table 5-6).
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Table 5-6. Influence of non-target fungafFsarium solani) DNA on target DNA quantification

Hybridization signals for different target DNA anmis of

Fusarium solani 0.25 pgVerticillium albo-atrum 2.5 pgV. albo-atrum 25 pgV. albo-atrum
templaté Ratid Val2* FunT Ratio Val2 Funl Ratio Val2 Funl
Con 1:0 397 0.0+0.0 1:0 51.7 8.8 0.0.40.0 1:0 90.6 6.0 0.0+0.0
25 pg 1:100 3604 0.0.+0.0 1:10 61.2 6.9 0.0.40.0 1:1 88.947.2 0.040.0
250 pg 1:1000 1.86.6 0.0 +0.0 1:100 58.9 6.3 0.2+0.1 1:10 93.7 45.8 14404
2.5ng 1:10000 0.08.0 42+1.2 1:1000 289126 6.6+.2 1:100 81.7 #5.3 8.6 2.9
Hybridization signals for different target DNA anras of
0.25 pgV. dahliae 2.5 pgV. dahliae 25 pgV. dahliae

F. solani templaté Ratio Vvdat Funl Ratio Vdal Funl Ratio Vdal Funl
Con 1.0 6.712.3 0.0+0.0 1.0 78.8 4.7 0.0 +0.0 1.0 116.5 4.5 0.0+0.0
25 pg 1:100 10944 0.0.+0.0 1:10 90.9 10.6 0.2+0.1 1:1 121.7 8.2 0.1+0.1
250 pg 1:1000 11.58.9 0.0+0.0 1:100 53.9 0.5 0.0+0.0 1:10 127.0 4.5 0.7.40.3
2.5ng 1:10000 0.08.0 2.9+40.2 1:1000 36.1 ¥4 10.3 2.3 1:100 134.7 8.3 6.1+1.1

2 Amount ofFusarium solani DNA template in the DNA mixture.

® Target:non-target ratio.

¢ Hybridization to the detector oligonucleotides ahd Vdal (8.0 fmol) to dete¥erticillium albo-atrum andV. dahliae, respectively.
4 Hybridization to the non-discriminative fungal eetor Funl spotted at an amount of 0.02 fmol.

¢ Hybridization signal strength is reported relatieethe average integrated optical density of tiymxdgenin-labeled reference control (Digl). Valuee
means 4standard errors)(= 4 from two independent analyses).
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5.3.5 Quantitative assessment of pathogen presence in artificially

inoculated and naturally infested samplesusing a DNA array

To quantify pathogen biomass in complex biolog&ahples, soil was infested with specific
amounts of conidia from eithev. albo-atrum or V. dahliae, or microsclerotiafrom V.
dahliae. The relationships of hybridization strength te thgarithmic number o¥. dahliae
spores and microsclerotia are presented in Fi@&\ 8nd B, respectively, demonstrating that
quantitative detection of the pathogen was sucakssfartificially infested mixes. A linear
correlation was obtained with a coefficient of detimation of 0.96 and 0.99 between®10
and 16 spores or 5 and 40 microsclerotia per 0.75 g df sample, respectively, each
representing realistic ranges by which these path®gccur under natural conditions (Xiao
and Subbarao, 1998). In addition, we evaluated henghe DNA array could also be used
for estimating fungal biomass in naturally infesseils. Based on the results shown in Fig.
5-3B, the relation between the hybridization sttengnd the number oV. dahliae
microsclerotia is described by the regression eguat = 12.3%-4.73, withy being the
relative integrated optical density and representing the logarithmic number of
microsclerotia. This formula was used to estimagertumber of microsclerotia present in the
soil of two fields exhibiting wilt symptoms. Usinthe DNA array, the number of
microsclerotia was estimated at 13 and 9 microstileper gram soil. This corresponds very
well to the real-time PCR analysis performed ors¢heamples (Chapter 4) by which the
number of microsclerotia was estimated at 13 ammkiBgram soil, respectively. With the
classical wet sieving technique in both soils thwnher of recovered microsclerotia was
established at 7 microsclerotia per gram soil. Hake since often a portion of the
microsclerotia gets lost by sieving (Goud and Teshoizen, 2003), one can expect to find

more microsclerotia using the DNA array than byhgghe classical method.
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Fig. 5-3. Quantitative assessment dérticillium dahliae presence in artificially infested soil samplds.
Regression line for DNA array analysis of a 10-fdildition series o¥. dahliae conidia added to 0.75 g (fresh
weight) soil.B, Regression line for DNA array analysis of a sedé€0, 10, and 5 microsclerotia froh
dahliae added to 0.75 g (fresh weight) soil. Hybridizatigignal strength is reported relative to the averag
integrated optical density of the digoxigenin-lagklreference control (rlOD) and plotted against the
logarithmic number of pathogen propagules. Dataessmt means of hybridization signals generateddal
from two independent analyses< 4). Error bars indicate standard errors.

In order to generalize data obtained in this stude, finally used our findings to
pursue the development of quantitative detectagooliicleotides for other pathogens as
well. In a first experiment the oomyceRe aphanidermatum was chosen as the target
organism and a detector oligonucleotide (Papl;&8hkl) was spotted at 8.0 fmol. Tomato
seedlings grown for 10 days in nutrient solutiomtaining specific concentrations 1@

10" zoospores i) of P. aphanidermatum zoospores were rated for foot and root rot
severity (Fig. 5-4B). At that time symptoms of redd plant growth were well developed.
In addition, DNA was extracted from the nutrientusion for hybridization to the array
(Fig. 5-4A). The results of this experiment showadstrong correlation between the
hybridization signal intensity, the initial amounit zoospores, and disease severity (Fig. 5-
4), demonstrating the feasibility of the techniqaenonitor plant health based on pathogen

densities and to quantitatively detect a diffegathogen.
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Fig. 5-4. Quantitative assessmentRyfthium aphanidermatum in artificially infested water-based samplés.
DNA array analysis 10 days after inoculation of rimmt solution with 0 (Con), ¥ 1C° or 1¢' P.
aphanidermatum zoospores . Signals after hybridization to the detector ofigoleotides to deted®.
aphanidermatum (Papl) and the digoxigenin-labeled reference (Rigpotted in duplicate, are shows,
Disease severity rating (DSR) for root and footaxjppressed as the percentage of plants per treafmeri0).
Plants were rated 10 days after treatment for dessaverity on a 1 to 5 scale: 1 = symptomless;light
browning and/or superficial lesions present; 3 =kdarowning and/or sunken lesions present; 4 =
development of coalescing lesions and necrosisbangblant death. The experiment was repeated twite
similar results.

In addition, various environmental samples, inahgdplant and soil samples, were
assessed for pathogen quantification using DNAyaaraalysis and quantitative real-time
PCR. Analyses were done for four different pathegereviously detected in these samples,
including F. oxysporum, F. solani, P. ultimum, and R. solani. In addition to the control
oligonucleotides Unil, Conl, Scel (8.0 fmol pertspand Digl (2.0 fmol per spot), the
respective detector oligonucleotides Fox2, Fsoll,Rund Rsol (Table 5-1) were spotted at
8.0 fmol on a single membrane. For each targetnisga a linear logarithmic correlation
(R? > 0.91) was obtained between DNA array hybridematisignal strength and the
calculated DNA concentration obtained by real-tiP€R analysis (Fig. 5-5), thus
demonstrating the robustness and breadth of thelafged quantitative DNA array-based

assay.
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Fig. 5-5. Quantitative assessment of microbial presence tarally contaminated environmental samples for
A, Fusarium solani, B, F. oxysporum, C, Pythium ultimum, andD, Rhizoctonia solani. Hybridization signal
strength is reported relative to the average imatiegk optical density of the digoxigenin-labelederefice
control (rlOD) and plotted against the logarithroalculated DNA concentration using real-time PCRteD
represent the average of two independent analyfskgboidization signalsri{ = 4) using detector sequences
Fsol, Fox2, Pull, and Rsol to detect and quamtifgolani, F. oxysporum, P. ultimum, and R. solani,
respectively. Error bars indicate standard er®ysnbols# = soil sample$ = plant sample.

5.4 Discussion

DNA array technology has the potential to detecltiple microorganisms in a single assay
from diverse environments (Chapter 3; Masiral., 2000; Lévesque, 2001; Lieveesal.,
2003; 2005b; Lievens and Thomma, 2005). One majortsoming until now, however, has
been its lack of quantitative character allowing thvaluation of the severity of an
infestation. This has implications for interpredatiof pathogen assessment surveys and for
decision making as to whether or not disease cbsirategies should be undertaken based
on the presence of certain signals.

In this chapter we show that by including seveaaitols, hybridization results can be
standardized and accurately quantified allowing wmangjtative estimate of pathogen
biomass. To use DNA arrays for diagnostic purpasgdant pathology, PCR amplification

is required to obtain the desired sensitivity. Hegre end-point quantification after PCR is
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often accompanied by bias in template-to-produtib réSuzuki and Giovannoni, 1996).
This ratio may be skewed by two major technicaifaots, namely variability in PCR
efficiency and template saturation. Variability RCR efficiency is generally caused by
compounds in sample materials that reduce or inlitplification efficiency (including
phenolic compounds, humic acids, fulvic acids, lyeaetals, and excessive non-target
DNA). Analogous to the previous chapter, 100 pgxadgenous control DNA (derived from
S cerevisiag), was added to each sample and amplified in araep&®CR reaction. Using
the immobilized detector Scel, PCR efficiency bemveamples could be monitored. In this
study, PCR efficiency between all samples analyzad highly comparable, regardless of
the sample matrix from which DNA was isolated. Qimsly, the quality of the DNA to be
amplified is critical (Lopezt al., 2003; McCartnet al., 2003). Therefore, these results
also suggest that high-quality purified DNA was adbed in this work by using the
commercially available Mo Bio Ultra Clean DNA extten kits. In addition, the high
quality of the DNA extracted was confirmed by stambspectrophotometric readings.
Based on the results presented in this chaptegntbe stated that an immobilized
oligonucleotide amount of 0.5 fmol allows quantfion of template DNA over a wide
concentration range. In contrast, a detector amo@r2.0 fmol or more allows a more
sensitive detection at the lower concentration®@panied by a loss of resolution at the
higher concentrations. Thus, the choice of detesligonucleotide amount should depend
on the range of concentrations that need to be unedswhich is determined by the range
of concentrations by which these pathogens are dfoim horticultural practice. By
considering pathogen biomass and, hence, theiegmonding DNA concentrations that
typically occur in cultivated horticultural soilgur results revealed that accurate DNA
quantification is optimal when 8.0 fmol detectoigohucleotide, which is equivalent to 4.82
x 10" molecules, was immobilized per spot, irrespecthe presence or absence of non-
target DNA. With this amount of detector oligonuaide, the assay was determined to be
the most sensitive and quantitative over a rangeraag at least 3 orders of magnitude that
are relevant to horticultural conditions. Incregsthe amount of detector oligonucleotide
did not enhance detection sensitivity (data notwst)p probably due to steric hindrance
caused by the high packing of the oligonucleotidebe spot. Additional experiments have

revealed that certain oligonucleotides are easilyrated, even at low DNA concentrations.
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As a consequence, the choice of detector oligontidee amount depends on the detector
sequence and should, therefore, be determineaébr @igonucleotide individually.

In Chapter 3, we have shown that the detectiont liofithe DNA array largely
depends on the detector sequences used. Gendzallythan a picogram of DNA from a
single target organism could easily be detectethefappropriate detector oligonucleotide
sequence is used. However, based on the data edtaithis study, it can be concluded that
the detection limit of a detector oligonucleotide in addition, determined by the total
population of microorganisms whose DNA is amplifiegf the same primer pair that
amplifies the DNA of the target organisms. In tlisdy, the lowest amount of fungal target
DNA tested (0.25 pg) could be detected in the preseof a large excess of fungal non-
target DNA, with a dynamic range of 1000. When #meount of fungal non-target DNA
exceeded the target DNA around 1000-fold, the amofitarget DNA was underestimated.
Experiments with other fungal or oomycete deteabigonucleotides show that the
interference caused by fungal or oomycete non-taljeA, respectively, is a general
phenomenon. To check for possible underestimatidntasget presence, a non-
discriminative fungal detector oligonucleotide (Einwas added to the membrane. In
general, if signals were obtained when this detewsts printed at an amount of 0.02 fmol,
the target was underestimated. Obviously, the geifwiand the dynamic range of the
developed method is, among other factors, strodgpendent on the PCR step, the amount
of immobilized oligonucleotide and the detectiorsteyn used. In this chapter, the high
sensitivity of the technique as well as the brogdaghic range that can be obtained is
demonstrated, which compare favorably with thosetber multiplex diagnostic systems
(Bodrossyet al., 2003; Deneét al., 2003; Castiglionét al., 2004; Szemest al., 2005).

In conclusion, based on the results describedigndimapter, the power of DNA array
technology for quantitative assessment of the psef multiple pathogens in various
biological matrices is shown. While accounting $pecific criteria, pathogen DNA could be
accurately quantified in concentration ranges @ihicencountered in horticultural practice
by using a single PCR and DNA array hybridizatidhese criteria include optimizing of
PCR conditions, inclusion of the proper controlsg apotting the appropriate amounts of

detector oligonucleotides. Whereas the first twe ased to monitor potential bias in
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template-to-product ratio, the latter is importaten it comes to accurate quantification of
the hybridization signals. However, to fully aicapt disease management, additional effort
is necessary in order to correctly interpret theamled hybridization signals. Therefore, the

next challenge will be to correlate hybridizatioatterns and hybridization strength to
disease threshold levels and disease development.
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6 Assessing populations of a disease suppressive
microorganism and plant pathogen using a DNA

macr oarr ay"

6.1 Introduction

Largely driven by concerns about the detrimental &fet the use of synthetic chemicals on
the environment and on public health, IPM has bectireeimposed strategy for managing
plant diseases over the last few decades (Jarvi®; B8aet al., 2000). However, IPM has
been severely limited by the lack of fast, accurate, drable means by which plant pathogens
can be timely detected, identified, and accurately tfigsh Accurate quantification is
particularly important since it serves as the basigstablishing population thresholds whereby
a pathogen causes disease and at which point measaydse employed to effectively limit or
prevent losses.

Beneficial microorganisms are used in IPM programs toegse plant health and yield
by limiting or minimizing disease severity and incidencEhese _gsease _sppressive
microorganisms (DSMs) may be indigenous to the soil orrratively, introduced into the
rhizosphere. In general, DSM-mediated disease supgmesan only be achieved when the
pathogen is present under a certain threshold levelthenBSM is active and above a certain
threshold level (Paulitz, 2000). Therefore, as with plpathogens, accurate assessment
(including both detection and quantification) of beneficiédroorganisms is important when
DSMs are being considered in IPM programs.

Currently, DNA array technology is the most suitabléntégue to detect several target
organisms simultaneously (Chapter 3; Marnal., 2000; Lévesque, 2001; Lievemss al.,

o Results described in this chapter will be published iss&ssing populations of a disease suppressive micrismgand
plant pathogen using DNA arrays”; Lievens, B., Claes,Manachter, A. C. R. C., Krause, M. S., CammuePBA., and
Thomma. B. P. H. J. Plant Disease. In press.
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2003; 2005b; Lievens and Thomma, 2005). This can dwmlucted in such a manner that
reliable detection and quantification of multiple microorgansisin one assay is possible
(Chapter 5; Lievenset al., 2005a). This technology has been successfullylieapdfor
diagnostics of human, animal, and plant pathogens (Liemeth§ homma, 2005). However, the
possibilities of using DNA arrays for simultaneously assgsghe populations of both
pathogens and specific DSMs and relating such data tosdiseaerity and disease incidence
have not been reported to date.

In this chapter, we describe the use of DNA macroartaysimultaneously measure
population densities of a specific DSM and a fungathpgen and relate their presence to
disease development. Overall, the work described inctrapter describes a technical advance
with potential applications for studying population dynaraad ecology of target populations
in complex media such as potting mixes or soils. Sinckiocontrol assay was available for
the previously used model crop (tomato), the well estaldisiieraction between the
biocontrol agentlrichoderma hamatum isolate 382 and the pathogBhizoctonia solani in a
standard damping-off of radish bioassay (Kveblal., 1987) was selected as a model for this
study. As in the previous chapter, real-time PCR wad asea reference technique to validate

the quantitative results obtained using the DNA array.

6.2 Materials and methods

6.2.1 Selection of oligonucleotidesand DNA array production

A number of oligonucleotides used in this study (Table) 6vas selected in the previous
chapters, including thB. solani detector (Rsol) and the control oligonucleotides (Funll,Sce
Digl, and Conl) (Lievens al., 2003; 2005a). In addition, oligonucleotides to deteetgenus
Trichoderma (Tgnl) and the isolatesd, (Tha382) were designed as described in Chapter 3
(Lievenset al., 2003). Whereas the first oligonucleotide is based dif @&rsequence, the latter
is derived from the RAPD marker SCE16 (Abbasl., 1999).

Specificity of the oligonucleotides selected was checked IbYSH analysis and cross-
hybridization testing with over 225 related and nonteglafungal and oomycete isolates of
which the most relevant are listed in Table 6-2. The quamétatharacter of the

oligonucleotides selected was verified as describediquely (Chapter 5; Lievenst al.,
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2005a). To conduct these tests, DNA extraction froraregfce cultures, PCR amplification,
labeling, and hybridization were performed as describéhapters 2 and 5. In addition, PCR
reaction parameters were adjusted to ensure hybridizaiib amplicons from the exponential

phase of the PCR reaction.

Table 6-1. Detector oligonucleotides used for DNA array assly

Code Specificity Sequence (5'-3") Target
Rsof Rhizoctonia solani GCCTGTTTGAGTATCATGAAAT ITS 1l

Tgnl Trichoderma sp. GTCATTTCAACCCTCGAACCC ITS I
Tha382  T. hamatumisolate 382 ATTCACGACATATGATCTAATC SCEZ®6
Fun® Fungi GCTGCGTTCTTCATCGATGC 5.8S rDNA
Scef Saccharomyces cerevisiae GTGTTTTGGATGGTGGTAAGAA ergll gene
Dig1*“®  None GTCCAGACAGGATCAGGATTG -

Conf*° None GTCCAGACAGGATCAGGATTG -

@ Chapter 5; Lievenet al. (2005a).

® Abbasiet al. (1999).

¢ Chapters 2 and 3; Lievessal. (2003).

4 3"-end digoxigenin-labeled.

Table 6-2. Rhizoctonia andTrichoderma isolates used in this study

Species Isolafe
Rhizoctonia oryzae CBS 273.38, CBS 474.82
R. oryzae-sativae CBS 235.91

R. solani

Trichoderma aggressivumf.
aggressivum

T. aggressivum f. europeum
T. asperellum

T. atroviride
T. hamatum

T. harzianum

T. inhamatum

T longibrachiatum
T. pubescens

T. virens

T. viride

19 (AG-4), CBS 101590 (AG-4), CBS 101761, CBS 323M8UCL
9418, ST 44.02, ST 50.03
CPK 361, CPK 365

CPK 366, CPK 375

CPK 247,CPK 358, CPK 654, CPK 655, MUCL 41923, MU€I1924,
MUCL 41925, MUCL 41926, MUCL 41927, MUCL 41928

CPK 369

Tsg2, CPK 253, CPK 301, CPK 308, CPK 309, CPK 310, GRK, CPK
313, CPK 314, CPK 316, CPK 328, CPK 357

CPK 51, CPK 206, CPK 211, CPK 217, CPK 221, CPK ZHRK 271,
CPK 274, MUCL 19412, MUCL 28446

CPK 239

CPK 41D, CPK 47D, CPK 57D, CPK 59D

CPK 489

CPK 389, CPK 396, CPK 400, CPK 432, CPK 521

CPK 421, CPK 525

% CBS: Centraalbureau voor Schimmelcultures, Utretthé Netherlands; CPK: collection of C. P. Kubicek
Vienna University of Technology, Vienna, AustriajUZL: Mycotheque de I'Université Catholique de Loaya
Louvain-la-Neuve, Belgium; ST: collection of ScienTerrae Research Institute, Sint-Katelijne-WaBalgium;

AG, anastomosis group.
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Oligonucleotides were synthesized with a 5 Ngtoup and a C6 linker for covalent
membrane binding. DNA macroarrays were produced asribed in Chapter 2. For all
oligonucleotides, except the control oligonucleotides Qigd Funl, 8.0 fmol was spotted on
the membrane. The oligonucleotides Digl and Funl wgotted at 2.0 fmol and at different
amounts including 8.0, 0.2, 0.1, and 0.02 fmol, retpely.

6.2.2 Potting mixes

Two types of potting mixes that differ in disease sappive potential were used. The first type,
“dark Sohagnum pat” (DSP) mix, is a substrate that, because of its hidgbpmposed organic
matter and subsequent low microbial carrying capacity, &jigiprovides little or no support to
DSMs that induce suppression to damping-off diseaseshfBcand Hoitink, 1992; Boehet
al., 1993; Boehmet al., 1997; Krausest al., 2001). This potting mix was formulated by
blending dark Sphagnum peatsf, on the von Post peat decomposition scale (Puustjarvi and
Robertson, 1975); Bas van Buuren, Maasland, The edatids) with medium horticultural
grade perlite (7:3, vol/vol), and 1.1 g superphosphatielad g kSO, added per liter of mix.
The second type of potting mix used was anposted me bark” (CPB) mix that, due to its
low but stable decomposition level and consequent higihgohbial carrying capacity, is able
to support the disease suppressive activities of DSth s Fs, against Rhizoctonia
damping-off diseases (Krauseal., 2001). This mix was prepared with the same batatadd
peat used in the previous mix, composted pine bark (D@vp., Grobbendonk, Belgium),
medium horticultural grade vermiculite, and medium horticaltgrade perlite at ratios of
45:30:15:10 (vol/vol). Agricultural-grade Cag@nd Ca(N@), (<100 mesh) were added at a
ratio of 4:1 (wt/wt) to adjust potting mixes to pH 5.8%6In addition, tap water was added to
potting mixes to adjust moisture content to 35-40% of themelding capacity of each mix.
Portions of each potting mix were subjected to either a 26°€60°C (“heated”) initial
incubation treatment for 5 days to promote the coloniadiijoor diminish levels of mesophilic
microflora in the mixes, respectively (Kwak al. 1987). Eg-fortified potting mix treatments
were prepared by thoroughly blending a dry micrograngleeparation of s> (Sylvan
Bioproducts, Inc., Cabot, PA, USA) with these pottingesixo achieve an initial density of 2 x
10" CFU per liter potting mix, which is a recommended ratadbieve disease suppression

(Krauseet al., 2001). Portions of each potting mix not blended Wi served as non-fortified
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(“natural”) control treatments. Thereafter, all pottingkes were incubated at 25°C for 7 days
to allow Tss, to colonize fortified mixes. Immediately before plantingwsielease fertilizer
(8-5—7, 1:1 Ecomix 1-Ecomix 4 blend, DCM Corp., Grebdonk, Belgium) was incorporated

into all mixes at a rate of 2.5 g per liter (fresh material)

6.2.3 Rhizoctonia damping-off of radish bioassay

Experiments were conducted using the Rhizoctonia dangifngf-radish Raphanus sativus L.
cv. ‘Early Scarlet Globe’) bioassay developed by Kwakal. (1987) to (i) identify the
relationships between hybridization signal intensity amizéttonia damping-off severity as
well as incidence of severe disease, and (ii) evaluaeapiplication of the DNA array for
studying the interactions between a DSM and a pathogeulisease suppressive system.

Potato soil inoculum oR. solani isolate 19, belonging to anastomosis group 4 (AG-4)
and originally isolated from poinsettia (The Ohio Statévérsity, OH, USA), was prepared as
described by Ko and Hora (1971). Air-dried inoculuraswground using a mortar and pestle
and was sieved to retain 1-2-mme-sized particles (Medsmid Hoitink, 1982; Kwokt al., 1987;
Krauseet al., 2001). In the first experiment, this inoculum was ediat fertilizer incorporation
at rates of 0.125, 0.25, 0.375, 0.5, and 0.625 digeerpotting mix. In the second experiment,
potting mixes were inoculated with 0.5 g of this inoculum Igger mix. In both experiments,
non-infested control mixes did not receivRdsolani inoculum. Using a vacuum seeder, 32
radish seeds (85% germination, Shaffer Seeds, AkronU3tA) were deposited evenly across
the surface of 10-cm-diameter polystyrene foam potdagung approximately 400 ml of
potting mix. Seeds were covered with approximately 1 cmaifing mix and pots were
irrigated initially until mix saturation. As a fungicide d¢oml treatment, tolclofos-methyl (0.03
mg a.i. m* water) was applied as a drench to pathogen-infestedontiiied potting mixes
(125 ml of solution per pot). Pots were incubated inrawth chamber at 24°C under
continuous illumination (225 PE fns®) and were irrigated as needed. All bioassays were
configured according to a randomized complete bloclkgdewith five pots (replicates) per
treatment and were conducted twice with similar results.

Damping-off severity was determined 7 days after liation based on a damping-off
severity rating scale in which: 1 = symptomless; 2 = small or stem lesion; 3 = large root or

stem lesion; 4 = post-emergence damping-off; and Se=eprergence damping-off. Incidence
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of severely diseased seedlings (i.e. proportion of platith a disease severity rating >2) was
also evaluated using this data as described previdiisiuseet al., 2001). Immediately after
rating, for each of the five replicate pots in eachttneat, five samples of mix were taken by
inserting a 1.5-cm-diameter cork borer completely thinotige depth of the pot. Subsequently,
samples were combined, homogenized and used for BMraction and plating on semi-
selective medium. Additionally, the causal agent ofdisease was verified by recovery of the
pathogen from surface disinfected seedlings dRhigoctonia semi-selective medium (1.5 %
water agar amended with 250 ppm chloramphenicol ard@Bn metalaxyl) followed by

microscopic examination.

6.2.4 DNA extraction, amplification, labeling and hybridization

Genomic DNA was extracted from 0.5 g (fresh weight) pottimx using the UltraClean Soil
DNA Isolation Kit according to the manufacturer’s speeafions (Mo Bio Laboratories, Inc.,
Solana Beach, CA, USA) and subsequently diluted 10-foldg&urDNA spanning the target
ITS region was amplified using the primer set ITS1-F andtl{&ardes and Bruns, 1993) and
was simultaneously labeled with alkaline-labile digoxigefiRoche Diagnostics GmbH,
Mannheim, Germany). To specifically deteck,J amplification and labeling was performed
using primers OPE16-F and OPE16-R (Abbasil., 1999). PCR amplification and labeling
was performed as described in Chapter 5, using 30 B€IRscto ensure accurate end-point
quantification (Chapter 5; Lievera al., 2005a). In order to check for differences in PCR
efficiency, a separate PCR reaction was run for eaatpke in which 100 pg of exogenous
control DNA from Saccharomyces cerevisiae was added to 1 ul target DNA (Chapter 5;
Lievenset al., 2005a). Amplification and simultaneous labeling wasedusing primers P450
and P450 (Moraceet al., 1997). Labeled amplicons were subsequently cosbamd used for
DNA array hybridization as previously described (Chept28 and 5). All assays were
conducted at least twice.

6.2.5 Plating and real-time PCR asreference techniques

In order to validate DNA array analysis, both culture-aele@t classical plating, and culture-
independent real-time PCR methods were used. Foricdhssnumeration ofTrichoderma
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propagules, a series of 10-fold dilutions of 10 g ffre®ight) potting mix was made, followed
by spreading 100 pl aliquots of each dilution in triplicatea Trichoderma selective medium

(Chung and Hoitink, 1990)richoderma colonies were counted after five days of incubatibn
25°C in darkness. Since dilution plating cannot be used tquatkdy recover and quantify
discrete propagules &. solani, 50 randomly picked clumps of the potting mix were diyect
plated onRhizoctonia selective medium (Ko and Hora, 1971; Hedisl., 1978). Plates were
subsequently incubated at 25°C in darkness and werketi daily folR. solani growth.

In parallel, real-time PCR amplifications were performed total volume of 25 pl using
the intercalating dye SYBRGreen | on a SmartCyclefilinstrument (Cepheid, Sunnyvale,
CA, USA). Each reaction mixture contained 2 pl of target DNA extract, 12.5 ul of the
QuantiTect" SYBR® Green PCR Master Mix (Qiagen, Inc., Valencia, CAAND.625 pl of
each primer (20 uM), and 9.25 pl sterile distilled wakee forward primers ST-RS1 (Chapters
4 and 5; Lievenset al., 2005a) and ST-Tgnl (5-TTCAACCCTCGAACCCCTC) were
combined with the universal reverse primer ITS4 (Whkital., 1990) to detect and quantify
rDNA from R. solani and Trichoderma species, respectively. Thermal cycling conditions
consisted of 10 min at 95°C followed by 45 amplificatgyeles of 15 s at 95°C, 30 s at 60°C,
and 30 s at 72°C with a final 2-min elongation step aC7Fluorescence was detected at the
end of the elongation phase of each cycle. To evakmdification specificity, melt curve
analysis was performed at the end of the PCR run s@ilded in Chapter 4. Standard curves
were generated by plotting theréshold_gcle (G) of a 10-fold dilution series of standard
DNA against the logarithm of the concentration. The regjom line was used to calculate the
DNA concentration oR. solani and Trichoderma in the analyzed samples via thei-@lues
(Chapter 4; Brouwest al., 2003).

6.2.6 Statistical analyses

Analysis_d variance (ANOVA) was used to determine the effectpatting mix treatment on

damping-off severity and on the hybridization signalisained. Two aspects of damping-off
severity were analyzed as response variables, includiegn disease severity and mean
incidence of severe disease (Kragsal., 2001). The first response variable, disease dgveri
rating for each replicatiorRj, was transformed t& = (R**>-1)/1.5 to obtain a linear scale and

an approximately normal distribution with constant var@anthe second response variable,
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defined as the proportion of seedlings in each replicatibh damping-off severity rating >2
(y), was transformed tg* = arcsine {y) to obtain a constant variance. To determine the effects
of potting mix treatment on the hybridization signals ot#dj data were not transformeaast
significant dfferences (LSD) aP = 0.05 were calculated to compare means. Minitab (Relea
13, Minitab Inc., State College, PA, USA) was used twdoot ANOVA analyses.

6.3 Results

6.3.1 Quantification of DNA dilutionsusing a DNA array

Prerequisite to any study related to assessing microbiallgigms and monitoring their
dynamics are accurate detection, identification, andabiei quantification of the
microorganisms of interest. For detection Rf solani, the previously selected ITS-based
oligonucleotide Rsol (Chapter 5; Lieveetsal., 2005a) was usedrichoderma species are
present in virtually all soils and may act as indigenbuffers against a wide range of plant
diseases. Therefore, Tgnl, a genus-specific oligentide, was developed for this genus,
covering many species that have been reported to ssppaesus plant diseases. However,
since disease suppression ability may differ among aamties, species and isolates of
Trichoderma, specific detection of 35, a well-known and documented DSM (Trillas-Gaty
al., 1986; Kwoket al., 1987; Zhangt al., 1996; Krauset al., 2001; 2003; Ryckeboer, 2001;
Khan et al., 2004; Horstet al., 2005), was pursued. Discrimination ofsd from otherT.
hamatum isolates was not possible based on ITS sequences. diegt@iother genomic region,
namely the RAPD marker SCE16 (Abbasial., 1999), was utilized to develop an isolate-
specific oligonucleotide (Tha382). To investigate the tjtative properties of these detector
oligonucleotides, a 10-fold dilution series of genomiAfrom R. solani isolate 19 and 3
was quantified after 30 cycles of PCR amplification. @h@unt of template ranged from 2.5
ng to 0.25 pg. Hybridization signals revealed thahedr logarithmic relationship between the
signal intensity and template DNA concentration ocalurfeom 0.25 to 25 pg for the
oligonucleotides Tgnl and Tha382 (Fig. 6-1). For R#od relation was nearly linear over the
complete concentration range testBfi £ 0.99). As was also observed in the previous enapt
adding 2.5 ng of DNA extracted from plant or pottinges to all samples of the dilution series

did not influence template quantification, demonstratireg #mplification and hybridization
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efficiency is not affected by non-target DNA (data notvafp PCR efficiencies evaluated by
addition of 100 pg exogenou cerevisiae control DNA to each sample followed by PCR
amplification and hybridization were highly comparable agneamples and were consistent

with other experiments, as was also shown in the precioaster.
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Fig. 6-1. Quantification of a dilution series &hizoctonia solani isolate 19 andrichoderma hamatum isolate 382
(Tas2) genomic DNA after PCR using a DNA array contajnietector sequences Tgr—*_), Tha382%—),
and Rsol*) to detect the genuErichoderma, Tsg, and the pathogeR. solani, respectively. Hybridization
signal strength is reported relative to the averagggrated optical density of the digoxigenin-ledoereference
control (rlOD) and plotted against the logarithmiNA concentration. Data represent means from two
hybridization runs using amplicons from a singleRPf@action 1§ = 4). Error bars indicate standard errors. The
experiment was repeated twice with similar results.

6.3.2 Quantification of fungal biomass of Tsg, using a DNA array

Since the population density ofg} is a crucial factor for effective suppression of Rhizoctonia
damping-off and crown and root rot diseases (Kwbhkl., 1987; Chung and Hoitink, 1990;
Krauseet al., 2001), accurate quantification ofsusing the DNA macroarray was pursued. At
the end of a bioassay, a DSP mix containing 1.17 XQRU Tzg, per gram fresh weight
(determined by dilution plate enumeration) was serially eilutvith non-fortified potting mix.

In Fig. 6-2, the logarithmic relationship between the Hiibation signals obtained with
detector Tha382 and the number of CFU fgesh weight is presented, demonstrating that
accurate quantification of the biocontrol agent is possibtevden 16 and 16 CFU g* fresh
weight (& = 0.98).
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Fig. 6-2. Quantitative assessmentTfichoderma hamatum isolate 382 (Ig,) using a DNA array. Regression line
for a serially diluted dark Sphagnum peat mix cioitgy 1.17 x 16 Tsg, CFU g' fresh weight. Dilutions were
made using non-fortified potting mix. Hybridizatieignal strength is reported relative to the averagegrated
optical density of the digoxigenin-labeled referemontrol (rlOD) and plotted against the amount £ present
in the sample (log CFUgfresh weight). Data represent means of hybridirasignals generated by Tha382
from two hybridization runs using amplicons fronsiagle PCR reactiomn(= 4). Error bars indicate standard
errors. The experiment was repeated twice withlamnésults.

Based on these results, the relationship between hyddia@izstrength and the number of
Tsg2 propagules per gram potting mix is described byrdgression equatiop = 35.7& -
108.81, withy representing the relative integrated optical density§jl@ndx the logarithmic
number of s, CFU g* fresh weight. This formula was used to estimate thaitjenf Tagz in
multiple fortified potting mixes, encompassing four DSH &ur CPB mixes. The inoculum
densities of 3g, calculated using the regression equation were highlypacable to the
inoculum densities determined by the classical plating teaknig well as to the inoculum
density values calculated by real-time PCR analysis (Téd3)g demonstrating thatg can be

accurately quantified in potting mixes based on this édam
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Table 6-3. Determination ofTrichoderma hamatum isolate 382 () amount in different potting mixes using
classical dilution plate enumeration, DNA aftapalysis, and real-time PERnalysis

Log CFU g’ fresh weight

Calculation method Dark Sphagnhum peat mix Composted pine bark mix
Dilution plate enumeration 3.76 6.87 3.52 6.07 03.0 5.73 4.00 6.39
DNA array analysis 4.04 6.61 3.50 6.13 3.55 5.47 .284 5.85
Real-time PCR analysis 3.66 7.53 4.11 5.54 4.13 096. 351 5.90

#Based on hybridization strength, the amount gf Was estimated using the regression equatien35.7& -
108.81, withy representing the relative integrated optical dgr(siOD) for detector Tha382 andthe logarithmic
number ofTrichoderma CFU g fresh weight.

® Based on the calculated DNA concentration, the arnofi Trichoderma was estimated using the regression
equationy = 0.95% — 2.91, withy representing the logarithmic calculated DNA coni@ion using primers ST-
Tgn1 and ITS4 ang the logarithmic number dfrichoderma CFU ¢* fresh weight.

Regression equations were obtained by analyzing-fald dilution series of dark Sphagnum peat mixteining
1.17 x 16 CFU of Tys, g™ fresh weight.

6.3.3 Correlation between hybridization signal intensity and disease severity

and incidence

Establishing a relationship between the pathogen inoculumtylenshe substrate and any
resulting severity or incidence of the disease is ess$dbtiaunderstanding and predicting
potential outcomes of the disease as well as for taking jigt® control measures. While the
density of pathogen propagules is generally related t@sksdevelopment, it is, in case of
DNA array hybridization, however, more efficient toeditly link hybridization signal strength
to these disease characteristics. Radish plants gimovpotting mixes infested with different
densities oR. solani inoculum were rated for damping-off severity afteragslof incubation,
at which point each of the different damping-off sever#tings were observed. In addition,
DNA was extracted from the potting mixes for DNA artaybridization (Fig. 6-3). Rsol
hybridization signal intensity correlated positively whoth mean damping-off severitiR(=
0.78; Fig. 6-3A) and mean incidence of severely disdaseedlingsRl = 0.76; Fig. 6-3B),

demonstrating the feasibility of the technique to monitrstrate and plant health.
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Fig. 6-3. Quantitative assessment ifizoctonia solani in artificially infested potting mixes. Regressitmes for
DNA array analysis refer t&, mean Rhizoctonia damping-off severity @dnean incidence of severely diseased
plants (proportion of plants with a disease seyeawting > 2). Damping-off severity and incidendeseverely
diseased seedlings was determined seven daypkfitting. Rating was based on five pots of 32 glastch and a
damping-off severity scale in which 1 = symptomjess: small root or stem lesion; 3 = large roostam lesion
but not damped-off; 4 = post-emergence dampingafl 5 = pre-emergence damping-off. Hybridizatimnal
strength is reported relative to the average iatiegk optical density of the digoxigenin-labelecerehce control
(rlIOD). Data represent means of hybridization sigrgenerated by Rsol from two hybridization runsais
amplicons from a single PCR reactian< 4). *, dark Sphagnum peat mi* , composted pine bark mix. The
experiment was repeated twice with similar results.

6.3.4 Assessing populations of Tsg and R. solani in potting mixes with a
DNA array

The effects of the different potting mix treatmentstlom severity of Rhizoctonia damping-off,
the incidence of severely diseased seedlings, andythrdization signal intensities obtained
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using the array are summarized in Table 6-4. Transfmmean damping-off severity as well
as transformed mean incidence of severely diseasedirggs in the infested natural non-heated
treatment was significantlyP(< 0.05) lower with the CPB mix than with the DSP mix. These
observations were corroborated by DNA array data dmsgtlayed significantly B < 0.05)
weaker hybridization signals fdR. solani in the CPB mix than in the corresponding DSP
treatment. Heating these mixes eliminated or decreasedsupigressive effect as both the
transformed mean disease severity and incidence ofedpwvdiseased seedlings increased
strongly (Table 6-4). In parallel, for both mixes hgization signal strength more than
doubled, reaching a rlOD of 110.51 and 76.76 for ntural infested DSP and CPB mix,
respectively. Heating the mixes followed by fortiticam with Tsg, significantly decreased
transformed mean damping-off severity and incidenceewvére symptoms again. Likewise, the
hybridization signals foR. solani decreased from a rlOD of 110.51 in the natural heBt®eR
mix to a rlOD of 68.02 in the s-fortified heated DSP mix. However, this decrease wds n
observed among the same treatments of the CPB mixbdibrfortified mixes similar, strong
hybridization signals were observed for ffréchoderma and Tzs2 oligonucleotides (Table 6-4).
When these mixes were not preheated, additiorsgfdid not significantly affect transformed
mean disease severity and incidence of heavily disesesetlings, nor for the DSP mix, nor for
the CPB mix (Table 6-4).

In general, hybridization signal strength fBr solani corresponded well to disease
severity and incidence of severe disease, which isistemt with the data presented in Fig. 6-3.
However, this was not observed when the fungicideapaéied into the infested potting mixes.
In the case of the fungicide-drenched heated tredim@ants were not diseased yet
hybridization intensities for the pathogen were a®ngfras with treatments for which
significant disease was observed, suggesting that DbiA the killed pathogen was detected.
A non-discriminative detector oligonucleotide (Funl; Table 6aHs added at different
amounts to the array in order to measure the total ammfufungal DNA. No signals were
obtained for Funl when mixes were heated, non-fadtifiand non-infested when this
oligonucleotide was spotted at 0.1 fmol, thus confirming ghsteurizing effect of heating
potting mixes. In contrast, clear signals were obtainedhfernon-heated, non-fortified, and
non-infested mixes for this oligonucleotide, indicatingighhendogenous fungal growth in
these mixes. When mixes were heated, inoculated with ttmegen, and drenched with the
fungicide, hybridization signals for Funl spotted at 0.dlfwere just detectable (DSP mix) or
not detectable at all (CPB mix).
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Table 6-4. Effects of different potting mixes on suppressidriRhizoctonia damping-off of radish and on thealepment ofTrichoderma hamatum isolate 382
(T3s2) andRhizoctonia solani measured by a DNA array

Rhizoctonia damping-dff

Hybridization signal strength

Mean Transformed
R. solani Mean Transformed incidence of mean incidence

Potting control disease mean diseasesevere  of severe Tgnl Tha382 Rsol Funl Scel

mix* T method R solani® severity R)? severity RY)" diseasey) diseasey)! (8.0 fmol) (8.0fmol)  (8.0fmol)  (0.1fmol) (8.0 fmol)

DSP 25 - - 1.28©.08 0.3040.09 0.07.40.02 0.24 .06 0.00 40.00 0.00#0.00 0.00+0.00 12.323.36 90.85#4.71
60 - 1.18 0.09 0.2040.10 0.04+0.02 0.18 40.06 0.00 40.00 0.004#0.00 0.0040.00 0.004.00 91.02 2.71
25 Tas2 - 1.20+0.06 0.2140.07 0.05+40.02 0.20+0.05 25.08 869 35.84+#4.06 0.004.00 17.0646.94 94.83 .41
60 Tssz - 1.23+0.08 0.2440.09 0.06 .02 0.21 40.06 86.07 .73 127.61 #4.17 0.00+0.00 25.12 410.67 95.15 +3.40
25 - + 3.1940.20 3.154.36 0.67 40.05 0.96 40.06 0.00 40.00 0.00 #0.00  46.219.78 26.69 8.49 93.88 .12
60 - + 4344.16 5.3740.33 0.9040.03 1.27 40.06 0.00 40.00 0.00 #0.00  110.518.25 8.79+4.25  97.87 8.91
25 Tas2 + 3.66+0.15 4.0214.29 0.8010.04 1.11+0.04 35.28 115.66 16.46 8.64 63.27 119.65 29.42 +11.75 91.85 +2.43
60 Taeo + 3.38+0.15 3.4940.28 0.7140.04 1.00+0.04 61.90 4.95 110.39 .77 68.02+21.81 5.00+3.80  94.98 83.56
25 Fungicide + 1.656.20 0.78+40.26 0.16 40.05 0.4 +0.07 0.00 40.00 0.004.00 1.2240.75 17.702.04 89.69 R.72
60 Fungicide + 1.09 6.02 0.09+40.02 0.03+0.01 0.14+40.04 0.00 40.00 0.004#0.00 70.7948.09 1.75+.09 93.41+.69

CPB 25 - - 1.239.06 0.2440.07 0.0640.02 0.23 8.03 0.00 40.00 0.004#0.00 0.00+0.00 13.444.18 97.55#.75
60 - 1.33+40.13 0.36#.15 0.08 40.03 0.25 40.08 0.00 40.00 0.00#0.00 0.004#.00 0.0040.00  94.08 83.53
25 Tas2 - 1.31+0.05 0.3340.06 0.08 #.01 0.27 +0.03 17.0546.29 18.12#8.24 0.0040.00 26.34#4.86 90.45R.71
60 Tag2 - 1.23+0.14 0.2640.16  0.06 #.03 0.18 40.08 82.06 4.74 86.75#.15 0.00+40.00 30.013.32 96.20 #4.46
25 - + 2,57 +40.08 2.08#.13  0.48 .03 0.76 4.03 0.00 8.00 0.00+0.00 21.25+7.35 33.18#10.72 90.11 ®.12
60 - + 4.194.11 5.06+0.22  0.94+40.03 1.38 #.08 0.00 40.00 0.00 #0.00 76.76 6.36 0.96 40.43  92.81 83.42
25 Tss2 + 2.24+0.22 1.6040.31 0.38#.06 0.65 +0.06 18.44 .53 44.35+46.12 35.838.88 47.08 .91 96.403.78
60 Tas2 + 3.29+0.14 3.3214.25 0.6810.04 0.97 40.04 71.07 #15.31 100.32 £.83 87.03+9.37 12.13#4.65 90.22 83.20
25 Fungicide + 1.256.08 0.27.4#0.08 0.0640.02 0.22 0.06 7.80 13.70 0.00#0.00 0.000.00 34.68 8.78 94.83 4.97
60 Fungicide + 1.306.06 0.33+0.07 0.0840.02 0.27 0.03 0.00 40.00 0.00 #0.00  37.75#2.19 0.00+0.00 90.12 83.88

LSDg os - 0.56 - 0.16 16.80 9.83 24.25 16.39 9.86

@ DSP = dark Sphagnum peat mix; CPB = compostedhanemix.
® Incubation temperature (°C). Potting mixes werribated at 25°C or heated at 60°C for five dayar e fortification or incubation.
© Potting mixes were fortified withsf, to achieve an initial density of 2 x 1GFU per liter potting mix (3s,), not fortified (-), or drenched with tolclofos-thg!
(fungicide; 0.03 mg a.i. lwater; 125 ml of solution per pot).
9+ = potting mixes infested with 0.5 g Rf solani isolate 19 inoculum per liter of mix; - = not isfed.
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¢ Damping-off severity and incidence of severelyedised seedlings was determined seven days aftginglaRating was based on five pots of 32 plaathe
and a damping-off severity scale in which 1 = syongess; 2 = small root or stem lesion; 3 = larget @y stem lesion but not damped-off; 4 = post-egaece
damping-off; and 5 = pre-emergence damping-offuéalare meansstandard errors1(= 5).

" Hybridization signal strength is reported relativehe average integrated optical density of ilgexdgenin-labeled reference control (rIOD). Valees means
+ standard errora(= 4 from two hybridization runs using ampliconsnfra single PCR reaction). All detector oligonudees with the exception of Funl for
which hybridization strength is shown were spotied.0 fmol. Funl was spotted at 0.1 fmol.

9 Mean damping-off severityRj.

" Disease rating for each replicatidR) (vas transformed t& = (R*>1)/1.5 to obtain a linear scale and an approxilpatermally distributed variable with
constant variance.

" Mean proportion of plants in each replication vattisease severity rating >3.(

I Mean proportion of plants in each replication witHisease severity rating >y as transformed tg* = arcsine {y) to obtain a constant variance.

k Differences inR*, y*, and rlOD larger than the LSD calculated are igantly different ¢ = 0.05).
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In addition to the hybridization assays, real-tiR€R analyses were performed and
parallel sets of the samples were plated on selithee medium to validate detection and
quantification. The population dfrichoderma propagules in the fortified mixes consisted of
approximately 10 and 16 CFU g' fresh weight in the DSP mix and in the CPB mix,
respectively. Once again, these values correspomded well to those calculated with the
formula derived from the regression equation in.Be2 (data not shown), as was also
presented in the results in Table 6-3. Becausheofdck of a good discriminative medium for
R. solani, it was impossible to accurately distinguish ahdst quantify the pathogen in the
samples. However, in all instances where hybritimasignals were obtained f&. solani,
except for fungicide treatments, the presence efpéthogen was confirmed by plating (data
not shown). Nevertheless, a very high degree ofetation & = 0.90) was found between
hybridization strength and the calculated DNA coniion obtained by real-time PCR
analysis (Fig. 6-4.), demonstrating the reliabilifythe quantitative results obtained with the

DNA macroarray.
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Fig. 6-4. Quantitative assessment A&f Rhizoctonia solani andB, Trichoderma hamatum isolate 382 (%) in all
artificially infested and Js-fortified potting mixes from a single bioassayspectively. Hybridization signal
strength is reported relative to the average iatiegk optical density of the digoxigenin-labelecerefice control
(rlOD) and plotted against the logarithmic calcethtDNA concentration using real-time PCR. Data espnt
means of hybridization signals generated with Raad Tgnl from two hybridization runs using amplisdrom

a single PCR reactiom (= 4). Error bars indicate standard errc*3;* ,dark Sphagnum peat mix incubated at
25°C or heated for five days at 60°C prior to inlation or planting, respectivel® ,4 , composted pine bark mix
incubated at 25°C or heated for five days at 603@r po inoculation or planting, respectively.

6.4 Discussion

Soil and plant health status has become the maunsfm integrated crop management. Soils,
soil-less growing media, and other substrates nayrally contain a multitude of potential

plant pathogens and beneficial microorganismsuing those that naturally suppress plant
diseases. Alternatively, controlled inoculation wgtpecific DSMs frequently helps to assure

that the proper microorganisms are in place to mggpvarious diseasek. hamatum isolate
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382, one such DSM, has been shown to suppressad bpectrum of plant diseases caused by
different soilborne (Trillas-Gayet al., 1986; Kwok et al., 1987; Krauseet al., 2001,
Ryckeboer, 2001; Khaet al., 2004) and foliar pathogens (Zhaetgal., 1996; Krauset al.,
2003; Horstet al., 2005) when it is incorporated into suitable girayvmedia. However,
effective use of g, and other DSMs for disease suppression is basetlorerous factors,
including physical, chemical and organic matterlijea of the substrate or niche, pathogen
infestation level, and DSM density (Paulitz, 2000).

Microbial detection and identification methods doné to evolve, each with its own
strengths and limitations. In recent years there iegen a shift towards molecular techniques
that provide powerful tools by which microorganisoan be precisely measured (McCartney
et al., 2003; Lievengt al., 2005b). Although most of these techniques haxgeted individual
microorganisms, DNA array technology has been tsegialitatively and quantitatively detect
several microorganisms using a single assay (Ctswaptand 5; Martiret al., 2000; Lievenst
al., 2003; 2005a; 2005b; Lievens and Thomma, 200%kimy them highly attractive for
analyzing the dynamics of microbial populationsainspecific environment as a basis for
further study of their potential interactions. hist chapter, we demonstrated the usefulness of
this technique for simultaneously assessing pojpmatof a DSM and a pathogemnssdandR.
solani, respectively. In addition, the technology wascessfully used to measure plant health
and predict disease severity based on pathogenlgtimpu densities in the substrate. We
demonstrated that DNA array-based quantification aofpathogen could be effectively
correlated with two different types of disease wsial namely disease severity and disease
incidence.

In this study, ITS-based detector oligonucleotidese selected to detect and identify
several members of tHe solani species complex (Rsol) and the gemtishoderma (Tgnl),
encompassing several pathogenic groups and disappeessive species, respectively. Current
classification ofR. solani is largely based on grouping isolates into anasgisngroups (AG),
defined on the basis of hyphal fusion reactionsrigdsy 2005). So far, 14 AGs have been
described (Snekt al., 1994). Based on BLAST analysis, a wide rang&.afolani isolates
should be detectable with oligonucleotide Rso1.

Nevertheless, ribosomal sequences do not alwaysidgrothe desired degree of
selectivity, especially below species level (Cha@eTooleyet al., 1996; Baoet al., 2002;
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Lievenset al., 2003). As a result, other diagnostic regionshef genome should be assessed,
preferably directly linked to virulence in casepathogens, or disease suppressive activity in
case of DSMs. This can be achieved by several tggbs, including RAPD analysis to
generate randomly amplified fragments from the gemgWilliamset al., 1990). Using this
strategy, Abbaset al. (1999) developed a series of PCR primers to fipalty detect Es>.
However, under this protocol that was developedrisure reliable detection, three individual
PCR reactions are required to rule out the preseficgher isolates (Abbagt al., 1999),
rendering the assay unattractive to conduct anditaide for direct quantification. In this
study, a detector sequence derived from one oétheskers (Tha382) was added to the DNA
array containing the ITS-based oligonucleotidesewhs the primers OPE16-F and OPE16-R
generated amplicons of the expected length for rttaae the half of th@richoderma isolates
tested, cross-hybridization to Tha382 was limitedhiree of thelrichoderma isolates tested,
including T. harzianum CPK 51, T. inhamatum CPK 239, andr. longibrachiatum 57D (data
not shown). It is currently unknown whether thesmldtes manifest any levels of
suppressiveness to diseases causerl sylani.

The power of DNA arrays to simultaneously measifferént microbial populations as a
basis for further study of their potential intefant is shown in this chapter. Any bias resulting
from potential PCR inhibitors was excluded as ecigthals were obtained between different
samples for the exogenous control DNA (Table 6démonstrating the accuracy of the assay.
An alternative for detecting, and, in particulanaqtifying microorganisms, is real-time PCR
technology (Chapter 4; Schaad and Frederick, 2Bo@uweret al., 2003; McCartnewt al.,
2003; Schaadt al., 2003; Lievenst al., 2005b). In this study, all results obtained gsihe
DNA array were confirmed by real-time PCR (Fig. ;6¥ble 6-3), as was also shown in
Chapter 5. However, the detection capabilities tug ttechnology are limited to a few
organisms in a single assay (Macleial., 2002). The higher resolution that can be obthine
using DNA arrays represents their major advantagevertheless, while all DNA-based
techniques require isolation of DNA, non-destruetiechnologies also exist for monitoring
particular microorganisms, including measuremenGofS (3-glucuronidase) or GFP (green
fluorescent protein) activity in microorganismsrséormed with the bacterialdA or gfp gene,
respectively (Bae and Knudsen, 2000). However,rfmtence of plant factors with the

measured parameter constitutes a major drawbadkdee methods (Thomnetal., 1999). In
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addition, DSMs transformed to contain these trais transgenic and will likely suffer the
stigmas associated with genetically modified crdpscontrast, the use of DNA arrays may
prove very useful for tagging a particular isolateinterest in a complex system without
genetic transformation of the organism and withnajor artifacts caused by external factors.

In this chapter, the power of DNA arrays to prediitease severity by analyzing the
growing medium (Fig. 6-3) is shown, which corrolierthe results obtained with a preliminar
experiment in the previous chapter (Lievenhal., 2005a). A reasonable correlatid¥f & 0.76)
was found between Rsol hybridization signal aneéatie severity as well as incidence of
severe disease. The lack of a stronger correlatiay be explained by the biological variation
that impacts symptom development but also by thethva severity of disease is scored.

We further demonstrated the utility of the DNA n@amray approach to measure
different microbial populations and the interaciobetween them (Table 6-4). Sustained
biological suppression oR. solani requires the presence of specific DSMs that esaelic
pathogen propagules by predation or suppress pathggowth by production of biostatic
agents. The most important microorganisms thatsagpressive to diseases causedRby
solani are members of the gentischoderma (Elad et al., 1980; Kuteret al., 1983; Harman
and Bjorkman, 1998; Lewia al., 1998) andPenicillium (Hadar and Gorodecki, 1991). These
organisms often interact with a number of bactesjacies that enhance their suppressiveness
(Kwok et al., 1987; Tuitertet al., 1998). When monitoring a mycopredatory intekagtione
would expect a decline in the pathogen level contrwith an increase in the predator
population. However, in this study, we only obseraesignificant decline in the hybridization
signals forR. solani in the heated DSP mix (Table 6-4). This suggdsis also other factors
than eradication by sk, contributed to suppression of Rhizoctonia dampmiffgmost probably
factors inherent to the mixes themselves, includihg undetected presence of naturally
occurring DSMs. The microbial carrying capacitytloé potting medium, which is determined
by the decomposition level of the organic mattaction (Boehnet al., 1997), is an important
factor in suppression of Rhizoctonia damping-offdfseet al., 2001). Assessment of the
microbial activity by the rate of hydrolysis ofubrescein_acetate (FDA; Schnirer and
Rosswall, 1982) revealed higher microbial activitythe CPB mixes than in the DSP mixes
(data not shown). Though it is rare for potting esixo be naturally suppressive to Rhizoctonia

damping-off without allowing several months for $kematerials to be colonized by naturally
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occurring DSMs (Krauset al., 2001; Kuteret al., 1983), it may be possible that the source of
composted pine bark used in our experiments alreadyained such suppressive microflora
and/or more in general antimicrobial compounds. déenthe higher microbial carrying
capacity of the CPB mixes coupled with the natprakence of suppressive microorganisms in
the compost may possibly explain why natural suggom of Rhizoctonia damping-off was
observed in the infested natural CPB mix and wihiiffang this mix with Tzg, did not further
reduce disease severity and incidence of sevesashs

As further discussed in more detail in Chapter pogential limitation of DNA-based
techniques is the possibility of detecting DNA frémactive or dead organisms. Indeed, in this
study, R. solani was still detected in heated mixes that were dredcwith a fungicide
specifically labeled for protection again® solani diseases (Table 6-4). Based on the
hybridization signals generated by Funl, the naorithinative fungal detector
oligonucleotide, we concluded that the presence eodsequently, the activity of fungi was
rather low in these mixes. As DNA degradation ipatelent on microbial activity (Englart
al., 1998; Herdinat al., 2004), this may potentially explain wky solani was still detected in
these heated, fungicide-drenched mixes using theA RiXray. When these mixes were
reanalyzed 3 weeks after planting, general fungedgnce was higher and the pathogen was no
longer detectable (data not shown), thus confirntiigyhypothesis.

In conclusion, the results shown in this chaptasitate, apart from the diagnostic power
of DNA arrays (e.g. shown in Chapters 3 and 5)jrtfeasibility to simultaneously assess
populations of specific DSMs and pathogens, oftgqrerspectives for studying population
dynamics and ecology of target populations in @eravironments. Furthermore, we showed
that DNA arrays can be used to measure plant haalthestimate disease severity as well as
incidence of severe disease based on populaticsit@snin the growing medium. Taking into
account the unlimited extension possibilities of ®Hrrays to include detectors for other and
more microorganisms, this technique has the peatietiatibecome a valuable tool for diagnostic,
ecological as well as epidemiological studies. rofiiely, this will allow the development of

novel methods for integrated measurements of sailth.

10€



General discussion

7 General discussion®

The failure to adequately identify plant pathogefism culture-based morphological
techniques has led to the development of moleayproaches, of which PCR-amplification of
pathogen-specific nucleic acid targets is the npostiominant. In general, these methods are
much faster, more specific, more sensitive and nameurate, and can be performed and
interpreted by personnel with no specialized taxoical expertise. Perhaps even more
important, these techniques allow detection of oolturable microorganisms (Chapter 1;
McCartneyet al., 2003; Lievengt al., 2005b). However, although these methods arerelyti
used in the diagnosis of human diseases (Sebig., 1998) and an online PCR primer
database for phytopathogenic fungi and oomycetasdgable (Ghignone and Migheli, 2005;

www.sppadbase.comthey are not yet widely used for routine plaathmgen detection. One

of the reasons is that, although generally moshe$e assays are reliable, they target only a
single pathogen, making comprehensive screenicgmoplex samples unprofitable. Therefore,
the main objective of this thesis was the develagnoé a multiplex pathogen detection assay
that, in addition, allows quantification and istabie for implementation in practice.

In this chapter we discuss, with a special attentamolecular diagnosis of fungal and
oomycete plant pathogens, the different criteré trave to be fulfilled for the development of
robust detection procedures that can be routingedd by diagnostic laboratories in relation to
the results presented in this thesis. In addifpatential limitations of molecular detection and
identification techniques as well as some futuresjpectives that are likely to impact future

plant disease controlling and preventing strategiesliscussed.

o This chapter is a modified version of the manuscript “Recentlaf@wents in pathogen detection arrays: implications for
fungal plant pathogens and use in practice”; Lievens, B.Taomma. B. P. H. J.; Phytopathology 95:1374-1380 (2005).
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7.1 Requirementsfor technology implementation in practice

Since its introduction in the mid 1980’s (Mullis carFaloona, 1987), PCR has become a
fundamental aspect of molecular diagnostics, ameraé technologies based on PCR have
been developed since then (McCarteegl., 2003; Lievenst al., 2005b). However, although
extensively used as a tool in (academic) resedtwh,use of PCR-based technologies in
horticultural and agricultural practice is stilimited (McCartneyet al., 2003; Schaadt al.,
2003). Nevertheless, several areas would benefih fthe commercial availability of such
detection assays. With the opening of the bordérsamy countries and increased free-trade
agreements, rapid testing for possible contaminatisth quarantine organisms is in high
question. In addition, in order to be able to tékeely control measures, the question from
commercial growers for rapid, affordable pathogetedtion assays is increasing. However,
different requirements have to be met before neteaien methods are implemented in
practice. These requirements can be separated tédionical and economical demands.
Whereas the technical demands are absolutely estjor the development of any successful
diagnostic method, the economical criteria are irtgga guidelines for the development of a

commercially attractive assay.

7.1.1 Technical demands

When developing a tool for plant pathogen diagmogtirposes, several technical aspects
related to plant disease management on one haddggulatory issues on the other hand, are
to be considered. These aspects mainly concerrifispigc sensitivity, and robustness. In

addition, multiplexing and quantification are inasegly becoming required features for a

diagnostic assay.

7.1.1.1 Specificity

The ability to specifically detect the target pagaos is vital for all diagnostic applications.
One of the most important advantages that moled#aed detection techniques have over
conventional diagnostic methods is the power topiimciple, distinguish closely related
organisms. Obviously, the specificity of nucleiddabased techniques is determined by the

sequences that are targeted. Common approacheslettt sarget sequences are in detail
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discussed in Chapter 1. For molecular diagnostiogjuitously conserved genes are frequently
used as target genes. Closely related microbigiepeften differ in a single to a few bases in
such genes. However, the high degree of specifidityucleic acid-based detection techniques,
achieved through the use of PCR primers (Papal., 2003), hybridization probes (Livak,
1999), or arrayed detector oligonucleotides (Chapte&onsolandet al., 2001; Lievenst al.,
2006) allows detecting such SNPs. Since closebtedlpathogens might have a different host
range or display a completely different pathogéwpicihis is an extremely important trait.
However, ultimately, to enhance specificity of agliostic assay, a combination of multiple

unigue diagnostic regions can be exploited.

7.1.1.2 Sensitivity

Early detection of pathogens, e.g. before cropsirdexted or symptoms have developed, is
essential to prevent diseases, spread of the mmeogubnd economic losses. Therefore,
diagnostic procedures should be highly sensitiviiorRo the introduction of nucleic acid
amplification methods, in particular PCR, nucletidabased diagnostics mainly involved the
use of specific probes to report the presencecafi@in organism (Yaet al., 1991). However,
these methods often led to “false negatives” bexaidoo low sensitivity. Because of this,
PCR has been introduced in most molecular diagnassays in recent years, allowing
detection of minute quantities of pathogen DNA. Kweer, high sensitivity also causes one of
the potential pitfalls of PCR technology: the stiegt carry-over contamination can give rise to
“false positive” results. Therefore, stringent cibioths and controls are necessary such as
guarding the reagents and samples for accidentah Bdhtamination via aerosols, running
negative controls simultaneously with the test dasymand having separate dedicated areas for
pre- and post-PCR handling (Kwok and Higushi, 1989)

Recently, attempts are being made to assess tkat@btuse of relatively novel highly
sensitive amplification techniques such as rolliimgle amplification (Chapter 1; Baneral.,
1998) for pathogen detection. However, comparedG® this procedure is fairly complicated
(Andraset al., 2001) and relatively expensive. Therefore, itiportant to realize what level of
sensitivity is required when selecting an apprdprimethod for plant pathogen detection.
Techniques more sensitive than those based on stioral PCR amplification will probably

not be required when assessing whether measuresttidoe taken to prevent yield losses, as
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the threshold level that has to be crossed carlyebsi detected using PCR. In contrast,

sensitivity is very important for quarantine orgams for which a zero-tolerance is wanted.

7.1.1.3 Multiplexing

Most current molecular diagnostic assays usedantygathology target one specific pathogen.
However, as crops can be infected by numerous gatisowhich are, in addition, often present
in plants as complexes, it is desirable to develepays that can detect multiple pathogens
simultaneously. The first multiplex PCR-based smas involved the use of multiple primer
sets in the same reaction. Nevertheless, the dawelot of a reliable multiplex PCR, in order
to resolve at least a few amplicons by gel elettoogsis, is a significant technical challenge
(Elnifro et al., 2000). For real-time PCR (Heid al., 1996) the amplification process is
monitored on-line, meaning that the size differeat@amplicons to discriminate them on gels
is not necessary. Nevertheless, in this case nestipg is limited by the availability of dyes
emitting fluorescence at different wavelengths ae band, and the monochromatic character
of the energizing light source in real-time PCRiimsients on the other hand (Macketyal .,
2002). As a result, detection of more than a feth@gens per assay is currently not possible
using these strategies.

In contrast, array hybridization technology offtére possibility to add a multiplex aspect
to PCR-based detection. In theory, DNA arrays,ioailly designed to study gene expression
or to generate SNP profiles, can be used to datecinlimited amount of different organisms
in parallel (Martinet al., 2000; Lévesque, 2001; Lievedsal., 2005b). The virtually unlimited
screening capability of DNA arrays, coupled withRP@mplification, results in high levels of
sensitivity, specificity, and throughput capacity.plant pathology, this approach was applied
for identifying DNA from pure cultures (Lévesqeeal., 1998; Ueharat al., 1999; Fessehaie
et al., 2003). Despite these studies, for applicatiopractice, identification of pathogens from
pure cultures is not very relevant as, in the guathogens should be preferably assessed
directly from plant and soil samples. In this wotke utility of this technology for the
diagnosis of multiple pathogens in such environmlesamples was shown (Chapter 3; Lievens
et al.,, 2003; 2004). Ultimately, such multiplex approasiould lead to a comprehensive
diagnostic kit that can detect all relevant patimsgef a specific crop. In an analogous manner,

recently the first cross-pathogen group DNA arraydetect human pathogens has been
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developed for high confidence identification of bacterial species, five viruses and two

eukaryotic pathogens (Wilsabal., 2002).

7.1.1.4 Quantification

With respect to plant disease management, especjalintification of a pathogen upon its
detection and identification is an important asgexit can be used to estimate potential risks
regarding disease development, spread of the inogund economic losses. Apart from this
potential, it provides the information required titke appropriate management decisions.
However, the non-linear nature of PCR amplificatinakes it challenging to relate the amount
of amplicon produced in the reaction to the amoointarget DNA initially present in the
sample. Nevertheless, several studies have shoamnbth extensive optimization of PCR
conditions quantification in endpoint analysis-Bh&CR assays can be performed @tal.,
1993). More recently, the introduction of real-tilR€R technology (Heiet al., 1996), which

is characterized by on-line measurement of ampdicas they accumulate during each cycle
has improved and simplified methods for PCR-basadntification. Currently, in plant
pathology, real-time PCR is the most reliable gelindependent technique to quantify the
presence of specific pathogens (Schaad and Fred@002; McCartnewt al., 2003; Gachon

et al., 2004; Lievenset al., 2005b) as well as for the quantification of dise progress
(Brouweret al., 2003). The power of real-time PCR for plant pgén diagnosis is illustrated
in Chapter 4 as the feasibility of the techniquespacifically quantify pathogen biomass in
biological samples was demonstrated for a numbéoroéto pathogens. However, to quantify
more than a handful of plant pathogens in a siagiay, real-time PCR instrumentation needs
to be adapted or other techniques should be pur@dadkay et al., 2002). As concluded
previously, DNA array technology offers the mositafle technology for multiplex detection
of plant pathogens. Therefore, implementation gfiantitative aspect to this technology would
be highly desirable. In Chapter 5 (Lieveatsal., 2005a), it is shown that while accounting for
specific criteria like optimizing of PCR conditignsthe amount of immobilized
oligonucleotides and controls for PCR kinetics hpgen DNA could be accurately quantified
in concentration ranges typically encountered irtibaltural practice by using a single PCR
and macroarray hybridization (Fig. 7-1). In additi@ high degree of correlation was found

between hybridization signal intensity and realetiRCR quantification, demonstrating the
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accuracy of the technique (Chapters 5 and 6; Liegea ., 2005a).

A

105.6 |105.6 122.1 |123.9
100.0 |98.9 100.0 |100.8
107.2 |87 121.2 |69.1
955 |69.6 116.0 |92.8
685 |0.0 974 |0.0
8.4 78.6

0.0 42.6

0.0 1.6

Fig. 7-1. Detection and quantification of fungal DNA utilizjra DNA macroarrayA, Scheme for the localization
of the oligonucleotide detectors on the macroamBaysignals obtained upon hybridization of amplicorsuténg
from co-amplification of 50 pgrusarium solani genomic DNA and 5 n¥erticillium albo-atrum genomic DNA.
C, Signals obtained upon hybridization of amplicasasulting from co-amplification of 5 ngusarium solani
genomic DNA and 5 n¥erticillium albo-atrum genomic DNA.D andE, Quantification of hybridization signals
obtained inB and C, respectively. Hybridization signal strength ipoged relative to the average integrated
optical density of a labeled reference control,kedr2 in panel A. Values are means of two repleafée target
oligonucleotides (spotted at 8.0 fmol per spot)d&iectF. solani andV. albo-atrum are marked 10 and 11,
respectively. In addition, several control oligoleatides were spotted on the membrane, includinpsitive
control for the hybridization (1), an oligonuclet#ito target exogenously added control DNA (9)jwtidn series
of a universal fungal detector oligonucleotide (dbte quantities are 8.0 (3), 2.0 (4), 0.5 (5), @R 0.1 (7), and
0.02 fmol (8)), The labeled reference oligonuckéetior detection and calibration (2) is also systhed without
label and spotted as a negative control (12).

7.1.1.5 Robustness

Obviously, each diagnostic assay developed shauldlust, meaning that the methodology is

highly reproducible. Therefore, the assay must ptnized and thoroughly tested against

multiple targets and taxonomically related orgarsispreferably isolated from various hosts or

cultivars and from different geographical areaseréhare, however, specific obstacles that can

affect the robustness and reliability of PCR-badedjnostic assays. PCR efficiency can be
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drastically reduced or even inhibited due to aetsrof naturally occurring compounds that are
co-extracted with the nucleic acids, suchs as gienompounds, humic acids, fulvic acids,
and heavy metals. However, in many cases thesdisg@oblems have been circumvented by
improved extraction methods (McCartnelyal., 2003) or by the use of optimized extraction
kits (Chapter 5; Lievenst al., 2005a) by which highly purified DNA can be ob&ihfrom

complex environmental samples. To improve relighilPCR efficiency can be monitored by
spiking the DNA extract with a certain amount ofoggnous control DNA that can be
amplified in the same reaction (Cubestoal., 2002) or in parallel (Lievengt al., 2005a) as

demonstrated in Chapters 4, 5 and 6.

7.1.1.6 Validation

In many cases, detection procedures are develapbd tised in specific research areas. As a
consequence, these tools are generally only eealutd work under the experimental
conditions used. The steps required to evaluatedetaction techniques for their direct use in
practice are, however, rarely taken. New diagnopticcedures should be validated and
standardized using worldwide ring tests before ramgethe market. Factors involved in
validation include (i) specificity, (ii) sensitiyif (i) reproducibility, (iv) accuracy of results,
and (v) consistency and reliability of detectioheTreliability of the test must be demonstrated
unequivocally in blind tests in several differeabdratories and results should be interpreted
without any ambiguity. Preferably, the evaluatiomogess must be monitored by an
internationally recognized organization that ensuseitable expertise for the crop(s) and
pathogen(s) involved in evaluating the test. Asns@s new methods and reagents are
validated, they can be officially recognized ancbramended for plant pathogen detection and
eventually replace more conventional gold standerdpecific control directives (Stead, 1999;
Martin et al., 2000).

7.1.2 Economical demands

Apart from the technical criteria several economiaspects have to be considered in the
development of reliable detection methods thatlmamsed by diagnostic laboratories. These
demands include short diagnosis time and high-titiput capability. In addition, it should be

possible to perform the test with a minimum of taxmical expertise and at a minimum of
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cost. With regard to quarantine and export legmtaspeed is the most important factor. When

it comes to routine diagnosis requested by groespgcially cost is of high importance.

7.1.2.1 Speed

The speed at which results can be obtained is » imaportant issue for any commercial
diagnostic tool, especially for the detection othogens of high-risk potential or when it
comes to take timely disease management decisiffeereas culture-based traditional
techniques are often laborious and time-consumargl typically take days to weeks to
complete, molecular detection techniques can gemeaxxurate results much faster. In general,
most molecular analyses can be accurately perforwiddn one or two days, which is a

considerable gain of time compared to the more eotiwnal analyses.

7.1.2.2 High-throughput sample analysis

Another requirement for commercial applicabilitytlie possibility to screen a large number of
samples in a short period of time. Nowadays, whengumolecular techniques, comprehensive
screening of samples is made possible becausecehtrelevelopments in automated high-
throughput DNA extraction systems and because @fintroduction of 96- to 384-well plate
PCR systems. In addition, the development of DNwa for plant pathogen diagnosis has
enabled screening of multiple pathogens in a singhay, eliminating the need of performing
several singleplex assays. However, when many ssmpted to be processed using such
multiplex assays in a short time, there is stillaak of high sample throughput capacity.
Nevertheless, it can be expected that this wilhtieieved in the near future by the use of low-
density arrays in a multi-well configuration (Szexeeal., 2005), similar to the array systems

that are currently being used for the pharmacedlutidastry (Eggers, 2000).

7.1.2.3 Expertise

Traditionally, the predominant techniques used dentify pathogens have relied upon

morphological criteria and require highly specietiztaxonomical expertise, which may take
extensive education plus years of work in pradticacquire. However, since many pathogens
are difficult to identify using morphological crita, these techniques often lead to incomplete

or even wrong diagnoses. Therefore, companieptoatde diagnostic services are intensively
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searching for generic diagnostic tools that caeXeruted relatively easily and interpreted for

standard analyses by technicians with a generalagidm in molecular biology.

7.1.2.4 Cost issues

Cost is perhaps the most important consideratiomdiatine pathogen testing since, relative to
human clinical diagnostics, the willingness to spamoney on expensive plant disease
diagnosis is limited. This is caused by the facttiprofit margins in agriculture and
horticulture are often low as is the emotional eaddi a crop. On the other hand, when it comes
to regulatory issues and risk management of exmtbogens, other criteria like specificity,
sensitivity, and speed are more important than cost

While nucleic acid-based assays provide an exdetipportunity for rapid and precise
detection, currently their success largely depeadswell-equipped laboratory facilities.
Therefore, first of all, companies that providegtiastic services should compare the many
advantages afforded by nucleic acid-based diagnastays to the costs of establishing and
maintaining a suitable laboratory environment.

When large numbers of samples need to be assesséldef presence of one specific
pathogen (as in some quarantine testing progradiajnostic assays that can detect only
single pathogens may be the most cost-effectiveohirast, when one has no idea about the
causal agent of a disease or when several pathomst to be targeted simultaneously,
detection of multiple pathogens increases effigiermeduces costs, and saves time. With
regard to a grower, it is the price that he hagayp that counts. In general, a multiplex assay,
like a DNA array-based test, is the most cost @ffecper sample as the use of singleplex
assays often requires multiple consecutive analiseketermine and confirm the cause of a
disease, hence increasing the price per samplgzatalNevertheless, the price of such DNA
array-based analysis is largely determined by mtiseuments used. In general, there are two
types of DNA arrays, including membrane-based nmacays and high density microarrays
using a glass slide (Schesiaal. 1996) or beads (Yang al., 1998). Whereas a macroarray-
based detection generally does not require speeihliequipment, highly specialized
instruments are needed for microarray fabricationd areading. As a consequence,
implementation of microarray technology for diseabagnostic use in plant pathology is

currently relatively expensive and therefore conuiadly unattractive. In addition,
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macroarrays are generally more sensitive than micags since spots on a macroarray often
contain higher amounts of detector oligonucleotif@®so and Tiedje, 2002), favoring the use
of macroarrays. Besides, high density is probaldy ax necessity for host-based diagnostic
assays since the number of major pathogens of engivop is usually not more than one
hundred.

7.2 Potential pitfallsand limitations

Molecular methods have become increasingly impotiarspecifically detect pathogens and,
as indicated in the first chapter, different regiari the genome can be targeted to obtain the
desired specificity. In recent years multiplexings well as quantification, are being
implemented as traits to several of these techmedodiowever, despite all their advantages
there remain limitations to molecular technologlest can hamper accurate pathogen detection
and quantification. Nevertheless, most of theserdrerent to the classical detection methods
as well.

First, misclassification of strains is a reguladgcurring phenomenon in microbial
taxonomy. Historically, closely related microorgaisms have been grouped into a single
species and subsequently to a certain genus labgskyd on similarities in morphological and
biological features (Tayloet al., 2000). However, very poorly defined genera andege
containing asexual fungal species suclirasarium, Rhizoctonia, andVerticillium are known
to often contain unrelated species (Roberts, 1B88lieet al., 2001). As a result, relationships
based on these morphological and biological teigsnot always reflected by the phylogenies
that are revealed using nucleic acid-based chaizatien techniques (Taylogt al., 2000).
Consequently, finding DNA sequences that are shbyedll members of a given species or
genus may be challenging. Therefore, efforts towesahisclassifications should be closely
monitored. Presently, there is a trend to reconstphylogenies based on orthologous DNA
sequences, known as “DNA barcodes” (Hered ., 2003). However, controversy exists over
the value of DNA barcoding, largely because spedet®rminations based solely on the
amount of genetic divergence in a single gene coeddlt in incorrect species recognition
(Will and Rubinoff, 2004).
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Another difficulty for molecular detection of ceirtgplant pathogens is the existence of
species that contain pathogenic as well as normepatiic or even beneficial strains. This is a
known phenomenon for complex species suchFasarium oxysporum, F. solani, and
Rhizoctonia solani (Recorbetet al., 2003). Since these differences can very often beot
resolved by targeting the known and generally usetserved genes, target sequences should
preferably be derived from genes that are dirditked to pathogenicity (Johnsahal., 2000;
Recorbetet al., 2003; Repet al., 2004). As long as no molecular markers are alkl for
these species complexes that allow for discrimimakietween pathogenic and non-pathogenic
strains, pathogenicity tests with different hostswltivars need to be performed to determine
whether or not a specific isolate is a pathogea gfpecific crop.

In addition, the lack of adequate sequence infdomatan hamper the development of a
reliable molecular diagnostic assay. However, secgiedata in public databases is
continuously increasing and also allows validatgrent phylogenetic classifications. As a
result, integration of more organisms into detett&ystems should become possible and
identification of emerging pathogens is likely tecome an easier task. In this respect, the
increasing availability of full-genome sequenceglaht pathogens is a desirable development.

Another potential limitation of DNA-based techniguis the possibility to detect DNA
from dead or non-active organisms, as was alsorebdén Chapter 6. As a result, detection of
non-viable propagules, and thus the risk of overegion of viable cells or “false positives”,
should be taken into account. This is particularglevant for pathogens subjected to
elimination treatments such as the applicationheiaicals or antibiotics. Nevertheless, the rate
of DNA degradation from dead cells in soils shobé&lconsidered fairly high due to the high
microbial activity, suggesting that interferenceMMA derived from non-viable cells might be
of less importance (Herdirgt al., 2004). The rate of DNA breakdown depends on typit
(Romanowskiet al., 1992) and moisture content (Brieh al., 1994). As DNA degradation
occurs more slowly in dehydrated soils (Breinal., 1994), reliable diagnosis especially of
samples from dry fields may be perverted by detactf non-viable organisms. However,
since persisting soil desiccation generally does oarur in horticultural or agricultural
practice, this should not be of major concern. Xolele detection of non-viable organisms,
PCR-based diagnostics may be combined with a preg step (Schaadt al., 1995).

Because only the viable propagules will grow, s@becof living organisms is guaranteed. In
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addition, by this culturing step the detection tinsi increased and potential PCR inhibiting
compounds from the original sample are eliminatedngalveret al., 2000; Schaadt al.,
1995). However, disadvantages to this approachherdabor intensive and time-consuming
nature, implications for quantification since thwtial amount of target is influenced in an
uncontrolled manner, and the inability to detegamisms that are either slow or difficult to
grow or non-culturable. A perhaps more attractilternative is the use of DNA-binding dyes
such as #idium nonoaide (EMA) to distinguish viable from non-viableganisms (Rudét

al., 2005). Since dead cells have compromised plasemhranes, EMA is able to selectively
penetrate dead cells where it intercalates into DIy®n photoactivation. Once this takes
place, EMA-bound DNA inhibits PCR amplification anthus allows the selective
amplification of targets from living organisms. Aher alternative is the use of RNA as a
target instead of DNA, in combination with RT-PCRnce RNA is less stable than DNA,
RNA will be degraded more quickly in dead organisinsaddition, mRNA is only produced
by metabolically active cells, making mRNA suitable selectively detect living
microorganisms. However, because of the extremesitsety to degradation, specific
precautions should be taken to isolate RNA fromremmental samples.

As mentioned in Chapter 1, rDNA sequences are wotlyrehe primary target for
diagnostic development. Whereas the high copy nuwibihis gene allows sensitive detection,
this may, however, complicate pathogen quantificatin environmental samples. Accurate
guantification would be biased if it should app#aat the copy number of the rDNA repeats
significantly varies between different isolates the same species. Nevertheless, to our
knowledge, this has not been reported to date. Wamofactor that can hamper reliable
quantification is the potential presence of botbrep and mycelium, which are co-extracted
during DNA extraction (Dickiegt al., 2002). However, at present it is still uncleawhihis
proportion varies under horticultural conditions.addition, as the majority of spores are likely
to be found in the upper layers of a soil, theylass likely to be of concern when deeper soil
samples are taken (Dickéal., 2002).

Other potential bottlenecks are sampling procedanessampling size. As the amount of
material necessary for analysis reduces with theeldpment of more sensitive technologies,
developing appropriate sampling strategies thabwuc for possible spatial variability is
becoming even more challenging than previously. Sdrapling plan should be performed in a
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manner that ensures a statistically representativeple. Nevertheless, Ranjard and coworkers
(Ranjardet al., 2003) found that DNA extracted from multiple sdimg aliquots of soil %g

had no effect on the assessment of fungal divensityereas variations were observed between
replicates of smaller samples. Therefore, to minémiariation between different molecular
analyses a standard sample size should be useatidition, expressing the amount of soil
sample per unit of dry weight will decrease potntiariation and allow fair comparison
between different samples. Currently, pooling npldtismall samples taken from a plant into
one extraction or using subsamples taken from aogemzed soil sample may be the
preferred sampling method. However, concentratiathggen inoculum or DNA may be
appropriate for certain pathogens, especially farsé with limited distribution capabilities.
With regard to accurate pathogen quantificatiorplemt samples, the accuracy of the assay
may be enhanced further by calibrating againsatheunt of plant DNA.

Finally, and very importantly with respect to pladisease management, pathogen
densities need to be coupled to thresholds at whHarMmage may occur, and translated in
accurate advice to growers. In the previous chagteis demonstrated for the model
pathosystem radish seedliRfpizoctonia solani that DNA array-based quantification of the
pathogen in the growing substrate could be effelticorrelated with disease development.
However, in order to take the proper disease managedecisions, such relationships need
also to be established under practical conditiasswell as for other pathosystems for which
the array is meant to be used. Therefore, extersiotgical and epidemiological studies still
need to be conducted, studying the behavior oftlzogan in relation to both biotic and abiotic
factors of its environment. In addition, althougbletular assays can be performed routinely
without any skilled taxonomical expertise, expestifl still be necessary to interpret DNA
array hybridization patterns, which may be fairlgnplex for matrices which contain a
multitude of organisms such as soils or other gngwhnedia, and translate these patterns into
an appropriate advice. After all, it is likely thatore and other microorganisms will be
detected using such sensitive, multiplex assays those that have been detected in the past
using conventional techniques. For example, in &ieset al. (2004), we reported the first case
of root and foot rot of tomato caused Blytophthora infestans, a pathogen which was, until
then, not known to cause this disease. Without daybt, the establishment of a database
holding information on several disease related rpatars, both of biotic and abiotic nature,
will contribute to assessing the risk of a disease losses as well as to taking the appropriate
management decisions.
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7.3 Conclusions and future per spectives

Increasingly, diagnostic laboratories and inspectmencies are searching for fast routine
methods that provide reliable identification, séwmsidetection, and accurate quantification of
potentially plant pathogenic organisms. In additiowltiplex detection is an important aspect,
taking into account efficiency, cost, time, anddabCurrently, DNA array technology is the
most suitable technique to detect multiple plathpgens in a single assay, even if they differ
in only a single to a few bases in the gene thedrigeted (Chapter 2; Lievessal., 2006). As
shown in Chapter 5, a quantitative aspect was atiW@dmacroarray-based assay (Lievens
al., 2005a), making this technology highly attractfge its use in practice. Currently, several
diagnostic companies are using an extended vedditihe DNA array developed in our work,
by which in its current format over 50 differen@apt pathogens, including fungi, oomycetes

and bacteria, can be detected and quantifisdw.DNAMultiscan.con). For instance,

Microbiometrix (Belgium), Relab Den Haan (the Netheds), and the Plant Diagnostic Clinic
of the University of Guelph (Canada) are using tbisl, called DNAMultiscafi, for routine
plant pathogen diagnosis. In addition to diagndkis,same approach is used by Blgg (Spain)
as a pathogen monitoring tool (Riscdi)ein hydroponics to prevent diseases by regularly
assaying water samples. With timely and regularlyaea, preventive treatments can be
properly prescribed and performed, and in casectiadfies are monitored, the afflicted plants
can be cured or removed. Whereas previously preaetreatments were frequently applied
without the knowledge of actual pathogen populajahis approach should result in well-
founded control measures. Ultimately, this consfyould reduce the number of treatments and
thus result in minimal environmental impacts.

Obviously, the future will bring new technologies tetecting plant pathogens, largely
because of the current efforts in genomics and cotde biosystematics and because of new
platforms that have been developed primarily infiekl of clinical medicine or even in the
field of biological warfare. Whenever appropridtey generally find their way somewhat later
to plant pathogen diagnostics as well. This canllbstrated by DNA array hybridization,
essentially a reverse dot blot technique, which waginally developed to detect mutations
related to different human genetic disorders (Sakial., 1989) and was subsequently

successfully applied to plant pathology (Lévesqual., 1998; Ueharat al., 1999; Fessehaie
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et al., 2003; Lievenset al., 2003; Nicolaiseret al., 2005). Another example includes the
development of affordable, portable real-time PCGRtruments such as the SmartCycler
(Cepheid, Inc., Sunnyvale, CA) that was originalsigned for military personnel to rapidly
detect biological threats in the field. Nowadayts,enables sensitive on-site diagnosis of
specific pathogens (Schaettal., 2003).

Most progress can be expected from the developofesiinple and rapid devices for on-
site pathogen detection. Recently, new formatsguaimibody-based detection for very rapid
presumptive on-site diagnosis have become availabtese do not require specialized
equipment or knowledge. Most of them use a membbased lateral flow assay, in which
capillary forces generate a migration of the sangxeact over specific antibodies (Fig. 7.2;

Smits et al.,, 2001; www.pocketdiagnostics.comIn case the antibodies recognize specific

antigenic determinants a visual signal is generatachediately. One of the drawbacks,
however, is the relatively low sensitivity, impedinvidespread use. Nevertheless, because
these assays are relatively inexpensive and reliliedabor and knowledge, there is a gaining

interest to use these tests for in-field plant pgém diagnostics (Danks and Barker, 2000).

A B C
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Fig 7-2. Membrane-based lateral flow assay. Capillary foestablish the migration of a sample extract frbm t
sample pad (A) to the absorbent pad (C). The sapaiecontains antibody-coated latex beads thatmaparget
antigens if present in the sample. The mixture at&g along the detector strips (B) containing tasgecific
antibodies (t) and bead-specific antibodies (bjad®econtaining antigenic determinants are trappethe test
line, whereas superfluous beads are trapped ocottiteol strip as a control for the assay. Bindifigp@ads to the
detector strips immediately results in a visibieeli

In clinical diagnostics biosensors that use DNAdolmethods are currently developed
(Wang, 2000). These devices contain a biologicabgaition element (e.g. specific DNA

sequences) coupled with a physical transducertthaslates recognition (e.g. hybridization)
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into a measurable electronic signal such as lightent or frequency. Whenever applied to the
diagnosis of plant pathogens this should lead & davelopment of simple, rapid, on-site
detection systems. Another interesting developritentedical diagnostics is the lab-on-a-chip
instrument which integrates several processes (DOIA extraction to DNA analysis) within a
single, portable, and fully automated instrumenindérsonet al., 2000; Wang, 2000).
However, it is unlikely that many of these devioesl meet the desired requirements
mentioned before in the near future. It is likehatt those technologies that are cost-effective
will only be used in routine plant pathogen diadimss In addition, only when new
technologies become integrated with conventionalktand human expertise they will lead to a

better understanding and, ultimately, preventiodiséases.
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