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Abstract

The fungusFusarium moniliformanfects a wide range of crops throughout the world. In maizea(mays L.

it causes seedling blight and root, stalk, and ear rots. A simple procedure that can be used to detect infection by
F. moliliforme from infected plant tissues has been developedk. Aoniliformegenomic library was prepared

and used to identify the recombinant clones containing fungal DNA sequences not hybridizing with the DNA of
the host plant, maize. Based on the nucleotide sequence information obtained fremrtbeiliformepUCF2
genomic clone, specific oligonucleotides were designed and used as primarsgifar DNA amplification by the
polymerase chain reaction. An amplification product was obtainedruvittoniliformeDNA preparations whereas

no amplified DNA was detected with DNAs from other fungal pathogens, including vaFfiasesriumspecies, or

from the host plant. This PCR analysis was successfully employed to idéntifpniliformedirectly from the

mycelia that develop from naturally infected maize seeds, with no need to obtain pure fungal cultures for reliable
diagnosis. The protocol can be used for the diagnosis of infected plants and soils in epidemiological studies of
Fusarium diseases, for seed health testing, and for evaluation of susceptibility to colonization in commercial maize
hybrids.

Abbreviations: AP — alkaline phosphatase; PCR — polymerase chain reaction.

Introduction the germinability of infected maize seeds. In addition
to their agricultural importanc&usariumspecies can
Species of the genlraisariumare important pathogens  cause serious animal and human diseases by producing
of almost all cultivated crops (Shidu, 1988; Damicone harmful mycotoxins (Marasas et al., 1984; Logrieco et
et al., 1988; Logrieco et al., 1990). In cereals, sev- al., 1990). In particularf=. moniliformeproduces sig-
eral Fusariumspecies are widespread disease agents,nificant quantities of the toxin moniliformin, which
causing root-, stem-, and ear-rot. Depending on geo- adversely affects human and animal health (Burmeis-
graphical location and environmental conditions dif- ter etal., 1979; Marasas et al., 1984).
ferentFusariumspecies may be associated with Fusar- In maize, differences in susceptibility to infection
ium diseases (Martin et al., 1991). In maiZajsar- have been recognized but resistant varieties have not
ium moniliformeis one of the fungi most common- been developed (King and Scott, 1981). Studies on
ly responsible for stalk and ear rots (King and Scott, resistance to colonization By moniliformein seeds
1981; Calvert et al., 1985; McGee, 1988; Holley et of a wide range of maize hybrids indicated that com-
al. 1989). This is a seed-transmitted pathogen which mercial hybrids appeared to be more susceptible to
reduces germination through seed decay, damping-off, pathogen development than the topcross hybrids (Hol-
and seedling blight. Chemical treatment (i.e. beno- ley et al., 1989). It has been suggested that the increas-
myl or thiram treatment) has been used to improve ing problems with contamination of maize seeds may
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have arisen from the extensive use of highly suscepti- significantly affect the efficiency of DNA extraction

ble hybrids. Related to this, studies on the incidence of procedures.

internal fungi isolated from seeds of commercial corn The purpose of this research was the develop-

hybrids indicate that. moniliformeis the predominant  ment of a method suitable for detection of infection

fungus inZ. mays(Calvert et al., 1985). The extent by the fungusF. moniliformeby using nucleic acid

to which maize seed contamination can be reduced istechniques. Towards this end, nucleic acid hybridiza-

dependentupon the development of an efficient screen-tion with non-radioactive DNA probes and vitro

ing system. Such a screening system can also be ofDNA amplification (PCR) ofF. moniliforme DNA

great utility in research programs aimed at expanding sequences have been investigated. Initi&llynonil-

our knowledge ofrusariumdisease epidemiology, in  iforme genomic DNA sequences were cloned. One

the precocious selection of resistant maize genotypes,sequence, th€& moniliformeDNA fragment cloned

and in the evaluation of the effect of fungicides under into the pUCF2 clone was studied in more detalil.

laboratory and field conditions. Based on the nucleotide sequence obtained for this
The current method for identification & monil- F. moniliformecloned DNA, specific oligonucleotides

iforme and for differentiation betweerFusarium were designed to amplify a DNA fragment from the

species mostly relies on morphological traits. Fungi moniliformegenome. The specificity and suitability of

are identified visually by their mycelial and/or repro- the PCR technique has been tested with different plant

ductive morphology. Another method involves host fungal pathogens, including vario&sisariumspecies

inoculation for characteristic disease symptoms. These andF. moniliformeisolates. When compared with the

methods are relatively simple and inexpensive with alternative method based on the use of cloned DNA

regard to materials but they can be labor-intensive and sequences as hybridization probes for detectioR. of

results may not be obtained for weeks. Besides, suchmoniliforme the use of the PCR technique has defin-

methods depend to some extent on subjective assessiive advantages in terms of specificity and technical

ments and consequently considerable experience issimplicity.

necessary for reliable diagnosis. Consistently, there

is demand for a simple, rapid and reliable method for

the detection and differentiation usariumspecies Materials and methods

that does not use morphological characters. Consider-

able potential exists for the use of certain recombinant General methods

DNA techniques, such as nucleic acid hybridization,

non-isotopic labelling of DNAs, or Polymerase Chain All enzymatic DNA manipulations were performed

Reaction (PCR) technology, in studies of plant pathol- following standard protocols (Sambrook et al., 1989)

ogy (Henson and French, 1993). The advantages ofusing modifications recommended by the enzyme man-

DNA techniques, especially of the PCR, are high sen- ufacturers.

sitivity and specificity. However, to be effective inthese

applications, different assays must be first developed Fungal isolates and plant material

and their ability to detect an organism must be eval-

uated. Related to this, PCR-based assays have beefThe fungalisolatesincluded in this study were obtained

developed for the detection of fungal pathogens in sev- from different sources. Species names, isolate designa-

eral plant species (Blakemore et al., 1994; Roob et al., tions, and locations of collections are listed in Table 1.

1994; Nicholson et al., 1996). At present, all the exist- Fungi were mantained on PDA (Potato Dextrose Agar,

ing methods rely on DNA extractions from infected Difco Laboratories, Detroit, Ml) plates, at 2&. Phy-

planttissues. This approach, however, has some impor-tophtora infestansvas grown on ‘V8' vegetable juice

tant limitations, the most important being the presence agar.

of natural inhibitors of the PCR reaction in plant tis- Maize seeds purchased from the greenhouse (CID,

sues (Hu et al., 1993; De Boer et al., 1995). Further- CSIC, Barcelona) were examined for the presence of

more, depending on the source of tissue under analysis fungi associated with them. Seeds were placed on PDA

problems are often associated with plant DNA isola- plates and the fungi that were naturally presentin them

tion. This is particularly troublesome with seed tissues were allowed to grow into the medium. The predom-

where the presence of high levels of polysaccharides inant fungi originating from the seeds were indepen-

dently transferred to new PDA plates for purification.



Table 1 Fungal species and isolates used in this study

Isolates Geographical origin Source PCR
Fusarium moniliforme 1501Bary, Italy 2 +
Fusarium moniliforme 1758Bary, Italy 2 +
Fusarium moniliforme 1512Bary, Italy 2 +
Fusarium moniliforme 1777Bary, Italy 2 +
Fusarium moniliforme 1774Bary, Italy 2 +
Fusarium moniliforme Barcelona, Spain 1
Fusarium moniliforme ant. Torino, Italy 3 +
Fusarium culmorum Torino, ltaly 2 -
Fusarium equiseti Tarragona, Spain 4
Fusarium graminearum  Tarragona, Spain 4
Fusarium lateritium Girona, Spain 4 -
Fusarium merismoide Tarragona, Spain 4
Fusarium oxysporurhsp.  Barcelona, Spain 4
dianthi
Fusarium tabacinun{l) Torino, Italy 3 -
Fusarium tabacinung2) Torino, Italy 3 -
Fusarium tabacinung3) Torino, Italy 3 -
Microdochium nivale Torino, ltaly 3 -
Colletotrichumspp. Barcelona, Spain 4
Gliocladium roseum Barcelona, Spain 4 -
Penicilliumspp. Barcelona, Spain 1
Phytophtora infestans Madrid, Spain 5 -
Rhizoctoniaspp. Barcelona, Spain 4
Thielaviopsis basicola Torino, ltaly 3 -
Trichodermaspp. Barcelona, Spain 1
Sources

1. Centro de Investigain y Desarrollo de Barcelona (CID-CSIC).
Spain.

2. Istituto Tossine e Micotossine da Parassiti Vegetali (ITEM- CNR).
Bari, Italy.

3. Istituto di Patologia Vegetale, Facolta’ di Agraria, Universita’ di
Torino. Italy.

4. Institut de Recerca Tecno-Alimeémia (IRTA). Cabrils, Spain.

5. Departamento de Patolagvegetal, Escuela8cnica Superior de
Ingenieros Agbnomos (ETSIA). Madrid, Spain.

Identification of the fungi was carried out at the ‘Servei
de Protecd del Vegetals, Departament d’Agricultura,
Ramaderiay Pesca’ Generalitat de Catalunya.

Fungal and plant DNA isolation

Agar plugs containing fungal mycelia were used to
inoculate 1L of PDB (Potato Dextrose Broth) medium.
After 20 days at 25°C, mycelia were harvested by
filtering through Miracloth, lyophilized and stored at
—20°C.

To extract fungal DNA, 2 g of lyophilized mycelia
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buffer (0.1 M Tris-HCI, pH 8.0, 0.5 M NaCl, 0.05 M
EDTA, 0.1% 2-mercaptoethanol (v:v)). To this supen-
sion, 1 ml of 20% SDS was added, and the suspension
was incubated at 68C for 10 min. Next, 5 ml of
5M potassium acetate were added and the suspension
was kept on ice for 20 min. After centrifugation for 20
min at 10,000 g at 4C, the supernatant was filtered
through Miracloth (Calbiochem, 20m) and 10 ml of
isopropanol were added. The DNA was allowed to pre-
cipitate for 30 min at-20°C, centrifuged at 10,000 g
for 15 min at 4°C. The precipitate was redissolved in
1.5mlof TE (10 mM Tris-HCI, pH 7.5, 1 mM EDTA).
The DNA was precipitated again with one tenth volume
of 3m sodium acetate (pH 5.2) and two volumes of cold
(—20°C) ethanol. The DNA was then incubated for 30
min at 37°C with DNase free RNase A (final concen-
tration 10p.g.ml~1). Ammonium acetate (final concen-
tration of 2 M) and ethidium bromide (final concentra-
tion of 40 ul.mI~1) were added to the DNA solution.
The DNA preparation was extracted twice with phe-
nol:chloroform:isoamylalcohol (50:48:2; v:v:v), pre-
cipitated with ethanol, dissolved in TE and stored at
4°C.

Genomic DNA was also prepared from maiZeé
mayspure inbred line W64A, grown in the greenhouse
in Barcelona, Spain). DNA was obtained from leaves
of 6-week old maize plants following the protocol
described by Dellaporta et al. (1983).

Preparation of digoxigenin-labeled DNA probes

This work was carried out using a nonradioactive DNA
labelling system. We choose digoxigenin labelling
of our probes, followed by immunological detec-
tion of the digoxigenin-labelled-DNA probes using an
anti-digoxigenin-AP conjugate. Maize amd monil-
iforme genomic DNAs were digested with Sacl and
labelled with digoxigenin by random priming follow-
ing instructions from the manufacturer (Boehringer
Mannheim). These digoxigenin-labelled DNAs were
used as probes for the differential screening ofhe
moniliformegenomic library. The selectdd monil-
iforme DNA sequences were also used as probes for
dot blot hyabridizations with DNAs from various fun-
gal pathogens. For this, inserts were isolated from
the recombinant plasmid DNAs by agarose gel elec-
trophoresis and electroelution (Biotrap system, elec-
troelution buffer 1x TAE (1 x TAE = 40 mM Tris-
acetate, pH 8.0, 2 mM EDTA)). These DNAs were

were ground to a fine powder with a mortar and pestle finally labelled with digoxigenin by random priming

in liquid nitrogen and suspended in 15 ml of extraction
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and used to probe the Hind lll-digested genomic fungal DNA sequencing

DNAs.

Nucleotide sequence was determined using the
Construction and differential screening of the dideoxynucleotide chain termination method (Sanger
F. moniliformegenomic library et al.,, 1977) on an automated fluorescence (ALF)

sequencing apparatus (Pharmacia LKB). The
F. moniliformegenomic DNA was digested with Sacl. moniliforme DNA sequence cloned into the pUCF2
The resulting fragments were ligated to Sacl digest- recombinant plasmid was sequenced from both ends
ed pUC19, and used to transform competent cells of using the pUC sequencing primers. Internal oligonu-
Escherichia coli(DH5« strain). Replica filters were  cleotide primers were designed to obtain the complete
prepared from the ampicillin-resistant colonies which nucleotide sequence. Oligonucleotides were synthe-
were then subjected to differential screening with the sized on an Applied Biosystems 392 DNA synthesiz-
digoxigenin-labelled maize admoniliformegenom- er and purified with OPC cartridges (Applied Biosys-
ic DNAs. Prehybridization was carried out at 42 tems) following the manufacturer's instructions.
for 6 h in 50% formamide, 5x SSC, 0.1% N-
lauroylsarcosine, 0.02% SDS, 1.0% (w/v) blocking Fungal DNA minipreparation and PCR amplification
reagent (Boehringer Mannheim). For hybridization,
the digoxigenin-labelled DNA probes were denatured The miniprep procedure used to obtain the fungal DNA
at 100°C and added to the prehybridization solu- samples to be directly used as the target DNA in the

tion to a final concentration of 40 ng.mi. Filters PCR assay was as follows. Fungal cultures were grown
were hybridized overnight at 42C, washed twice at on PDA in a petri dish (mycelium covered approx-
room temperature, and twice at 868 in 0.1 x SSC, imately 2.5 cm diameter disks). The mycelium was

0.1% SDS. Positive hybridizations were visualized covered with liquid nitrogen, scraped into a precooled
by incubation with the antidigoxygenin AP conju- mortar and ground in the presence of liquid nitrogen.
gate (Boehringer Mannheim) followed by the coloured The resulting powder was suspended in 1 ml of extrac-
enzymatic reaction with the NBT/BCIP substrates. tion buffer (1% SDS, 10 mM EDTA) by vortexing.
Plasmid DNAs were prepared from themoniliforme After adding 70 mg of sodium chloride and incubating
genomic clones by the alkaline minipreparation proce- 30 min on ice, the sample was centrifuged in a micro-

dure (Sambrook et al., 1989). centrifuge at 13,009for 15 min at room temperature.
Next, 100 mg of solid PEG 6000 was added to the
Southern blot analysis of fungal DNAs supernatant which was incubated on ice for 60 min.

After centrifugation (13.00§ 15 min, at room tem-
Genomic DNAs fromF. moniliforme F. oxysporum perature), the pellet was dissolved in 0.18 ml of TE.
f. sp. dianthi (race 2), Penicillium spp., Trichoder- The DNA was precipitated again by adding 0.02 ml
ma spp., and also from maize plant, were obtained. of 4 M LiCl and 0.2 ml of isopropanol. After washing
DNAs were digested with Hindlll (Promega, Madison with 70% ethanol, the DNA was dried and dissolved
WI), electrophoresed in 0.8% agarose gels, depurinat-in 50 ul of TE. Aliquots of these samples (d) were
ed in 0.25% HCI, and transferred to Hybond N mem- then used for PCR amplification as described above.
branes (Amersham International, Aylesbury, Bucks.). The PCR technique was used to iden&fymonili-
Membranes were prehybridized at 86 for 6 h in formefrom mycelia originating from naturally infect-
5 x SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 1.0% ed seeds. For this, maize seeds were placed on PDA
(w/v) blocking reagent (Boehringer Mannheim). For plates for 5 days. Mycelia grown into the agar medium
hybridization, the digoxigenin-labelled DNA probes from maize seeds were scraped off and used directly to
were added to a final concentration of 20 ng:fl extract fungal DNA by the miniprep procedure above
Detection of positive hybridizations was carried out indicated. There was no need to prepare subcultures to
with the anti-digoxigenin-AP conjugate and the chemi- obtain pure cultures.
luminescent AP substrate Lumigen PPD (Boehringer ~ For PCR amplification, two pairs of oligonu-
Mannheim). cleotide primers were synthesized on the basis of the

sequence of thE. moniliformeDNA fragment cloned

into the pUCF2 clone. The twia moniliformespecific

primers were the following:
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Figure 1 Analysis of the clonedr. moniliformesequences that had been selected by the differential screening of the genomic library. A)
Agarose gel electrophoresis containing ethidium bromide@.5l-1). Plasmid DNA minipreps from the pool&moniliformeclones were

digested with Eco Rl and Pst |, and subsequently transferred to nylon membranes. As an example, only four plasmid minipreps (lanes 1-4) are
shown. Lane 5, pUC19 plasmid DNA digested with Eco RI. Black squares indicate those DNA fragments that were selected for further analysis
(also indicated by open arrow heads in B). B) Hybridization of the DNA minipreps shown in A with the digoxigenin-laBeatheailiforme

genomic DNA probe. C) Hybridization of the DNA minipreps shown in A with the digoxigenin-labeled genomic maize DNA probe. Detection

of positive hybridizations was carried out by incubation with the anti-digoxigenin-AP conjugate. The chemiluminescent substrate was used to
detect AP activity (exposure time, 60 min).

FUS1: 23-mer, 5CTTGGTCATGGGCCAGTCAAGAC-3FUS2: aspects of the pathogen (McGee, 1988). As an exam-

24-mer, 5-CACAGTCACATAGCATTGCTAGCC-3 ple, FusariumandPenicilliumrots are seedborne and
Location of these primers s indicated in Figure 2A. geed transmitted diseases whilichodermarot is a

A preliminary study for obtaining optimal conditions  seedborne but not seed transmitted maize disease. In

for DNA amplification was carried out by using the  thjs work, infection byF. moniliformein maize seeds

pUCF2 plasmid DNA as the target sequence. was initially evaluated. For this, seeds were placed on
PCR reactions were carried out in a thermal cycler ppa medium and any fungi present on them were
(OmniGene, Hybaid) in a volume of 100l with allowed to grow on the medium. Afterwards, pure
0.2 mM of each dNTP, 1x PCR buffer (10 mM  cyltures were prepared and used for identification of
Tris-HCI, pH 8.3, 1,5 mM MgQd, 50 mM KCl, the fungi. All the seeds examined proved to be nat-

0.1 mg.mf-* gelatin), 0.2uM of both primersand 2.5 yrally infected by different fungifF. moniliformeand
U of Taq polymerase (Promega, Madison WI). DNA  penicilliumbeing the most predominaftichoderma
amplifications from maize and fungal genomic DNA Aspergi”usspp.' and\ﬂucorspp_ were also found.
samples were performed using 100 ng of DNA as tem-

plate. A program of 32 cycles (98C 1 min, 55°C  Cloning and selection d¥. moniliformeDNA

90 s., 72°C 2 min. 30 s.) was performed. Aliquots  sequences

of 10% of the PCR product mixtures were analyzed

on 1% agarose minigels in TAE buffer (40 mM Tris- A |ibrary was prepared from genomic DNA obtained
acetate, 1 mM EDTA, pH 8.0), containing Qu§.mi~* from the fungus F. moniliforme Fungal DNA
ethidium bromide. sequences that did not cross-hybridize with the DNA
from the host plant were initially identified. Dif-
ferential screening of thd= moniliforme genom-
Results ic library (about 2,500 recombinant clones were
screened) resulted in identification of 104 Fusari-
Maize diseases caused by fungi have been groupedym clones. These clones showed positive hybridiza-
according to the seedborne and seed transmissiontion with digoxigenin-labelled Fusarium DNA probe,
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Figure 2 Physical map of thé. moniliformeDNA sequence cloned into the pUCF2 genomic clone (A) and Southern blot analysis of genomic
DNAs from fungal pathogens (B and C).

A) Partial restriction map for the genomic pUCF2 clone. The white box corresponds to the nucleotide sequeneenodiiformegenomic
sequence containing the open reading frame with similarity to the heat shock proteins from yeast. Arrows denote regions used to design the
synthetic oligonucleotides used for PCR. The Clal site (C) was used for the analysis of the PCR product (as shown in Figure 3). B, Bgll; E,
EcoRl; S, SnaBl; X, Xhol.

B) Fungal genomic DNAs (1g) were digested with the restriction enzyme Hind Il and hybridized wittrtimeoniliformegenomic sequence

cloned into the pUCF2 plasmid. Positive hybridizations were detected with the anti-digoxigenin-AP conjugate and the chemiluminescent
substrate (exposure time, 15 min). Sizes of molecular markers are shown in kilobasés.nramijiforme F.o, F. oxysporunf.sp. dianthi, T,
Trichodermaspp. Genomic DNA fronZ. maysZ.m, 10ug) was also run on the electrophoresis.

C) Fungal genomic DNAs were hybridized with the internal DNA fragment obtained by PCR using the FUS1 and FUS2 oligonucleotides
primers. DNAs were fronfr. moniliforme(F.m, 10ug), F. oxysporunf. sp.dianthi (F.o, 2x9), Penicilliumspp. (P, 2:g) andTrichodermaspp.

(T, 10 ).

whereas the hybridization to the digoxigenin-labelled
Z. maysDNA was negative. Positive clones detect-
ed on the primary screening together with adja-
cent, non hybridizing colonies, were pooled (1 to 10
colonies each pool). Plasmid DNA minipreps were
prepared from each of these colony pools. Inserts

were excised by restriction enzyme digestion, sepa-

formeand maize was then carried out (Figures 1B, C).
The five genomic sequences which gave the strongest
signals with thd=usariumprobe were cloned individu-
ally into the pUC19 plasmid and used for further stud-
ies.

The next step in our selection strategy was to con-
sider the specificity of the selectdd moniliforme

rated by agarose gel electrophoresis and transferred tosequences not only against the host DNA but also

nylon membranes (Figure 1A). Hybridization with the
digoxigenin-labelled genomic DNAs froe monili-

against other fungal DNAs. This search centered on
the fungi that were previously found to naturally infect
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Figure 3 PCR amplification of thé&. moniliformeDNA sequence with the FUS1 and FUS2 primers. Ethidium bromide-stained 1% agarose
gels of PCR products. 10% of each assay was loaded.

A) Pure genomic DNAs were used as targets for the PCR amplification. Lane 1, negative control with all reagents except template DNA. DNAs
from Z. mays(lane 2),F. moniliforme (lane 3),F. culmorum(lane 4), Microdochium nivale(lane 5),F. oxysporunt. sp. dianthi (lane 6),
Trichodermaspp. (lane 7), an&enicillium spp. (lane 8).

B) DNAs extracted by the miniprep procedure from fungal mycelium grown in agar (pure cultures) were used as targets for PCR amplification.
Lane 1, negative control with all reagents except DNA template. Lane 2, positive control, using purified genomic DNFArfroniliforme

Lane 3,F. moniliformemycelium. Lane 4, same DNA as in lane 3 but in this case the PCR reaction was carried out using one hundredth of
the target DNA. Lanes 5 to 9 contain PCR reactions with the DNAs extracted from pure mycelfirouirhorum Microdochium nivaleF.
oxysporunft. sp.dianthi, Penicillium spp., andlrichodermaspp.

C) Lane 1, PCR product obtained by using the miniprep procedure to extract DNA from the total mycelia grown into agar medium from naturally
infected maize seeds. Cla | digestion of the PCR products obtained using pHrifienhiliformegenomic DNA (lane 2), DNA extracted from

F. moniliformemycellium (lane 3) or DNA extracted from the total mycellia grown into the agar media from naturally infected maize seeds
(lane 4) as targets for PCR amplification. M, DNA molecular weight markers, lambda DNA digested with Hind Il and Eco RI.

maize seeds, such BenicilliumandTrichodermaand ern blot hybridization of the genomic DNA froa
also on anotheFusariumspecies Fusarium oxyspo-  moniliforme F. oxysporunf. sp.dianthi(a fungus for
rum). The analysis of cross-hybridization of the select- which maize is not a host), ariitichodermaspp. (a
ed F. moniliformesequences with the DNAs of these fungus with a broad host range), was conducted (Fig-
fungi (dot blot analysis, results not shown) revealed ure 2B). With the~ moniliformeDNA, few hybridizing
that the cloned~ moniliformesequences hybridized bands were observed. Furthermore, a similar number
with DNAs of the fungi above mentioned. Thus, the of hybridizing sequences were detected when genomic
specificity of theF. moniliforme cloned sequences, DNAs from the other fungi were probed under strin-
which did not hybridize with the host DNA, turned gentconditions with thE. moniliformeDNA probe. As
out to be unsatisfactory under field conditions because expected, there was no hybridization between the fun-
of the possible presence of other fungi whose DNA gal and plant DNAs. Thus, this hybridization revealed
would cross-hybridize with the probe. In view of these the presence of related sequences in the genome of
results, we reasoned that the PCR technique would the various fungal pathogens here tested, the genomic
have the specificity needed for our purposes and would organization being similar in all the fungi analyzed.
overcome the limitations observed with the use of DNA
probes. The recombinant plasmid pUCF2 was chosen The PCR technique specifically amplifies a DNA
for nucleotide sequence analysis. fragment from thd-. moniliformegenome

A schematic representation of tle moniliforme
genomic sequence cloned into the pUCF2 recombi- Oligonucleotide primers, FUS1 and FUS2, were syn-
nant plasmid is given in Figure 2A. Sequence analysis thesized on the basis of the nucleotide sequence
of this clone revealed an open reading frame, from obtained from thd~ moniliformepUCF2 DNA frag-
nucleotide 1 to nucleotide 540, that showed homol- ment (Figure 2A). In order to set up the experimental
ogy to the C-terminal region of heat shock proteins conditions for the PCR assay, genomic DNAs were
from yeast (Parsell et al., 1991; Leonhard et al., 1993) prepared from pure cultures obtained from the different
(results not shown). fungi and then used as template in PCR experiments.

The organization of the cloned sequence infhe  Results are shown in Figure 3A. Agarose gel elec-
moniliformegenome, and its presence in the genome trophoresis of the PCR amplification products revealed
of other fungal pathogens was investigated. South- a band representingthe expected 1.6 kb DNA fragment
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when the reaction mixture contained DNA extracted
from F. moniliforme (Figure 3A, lane 3). No PCR
product was obtained when DNA from any of the other
fungi was used as template, not even with the DNAs
from otherFusariumspecies (Figure 3A, lanes 4-8).
Definitive proof of the specificity of the PCR ampli-
fication was obtained by restriction enzyme analysis
of the PCR product. Digestion with the enzyme Clal
divides the PCR fragment into two DNA fragments of

1130 and 510 nucleotides (see Figure 2A). As can be

seen in Figure 3C (lane 2), the expected DNA frag-

with the restriction enzyme Clal confirmed the nature
of the DNA fragment obtained by PCR (Figure 3C,
lane 3). Furthermore, the yield of the PCR product
was dependent on the amount of DNA added to the
PCR reaction mixture (Figure 3B, lanes 3 and 4). No
amplification product was observed when the DNAs
prepared from mycelium of the other fungal species
were used for the PCR reaction (some examples are
shown in Figure 3B, lanes 5-9).

The PCR technique was assayed with diffefent
moniliformeisolates and Fusarium species as well as

ments were obtained when the PCR product obtained with other fungi. Results are presented in Table 1. In

from theF. moniliformegenomic DNA was subjected
to Clal digestion.
During the course of this work, the DNA fragment

conclusion, these results indicated tRamoniliforme
could be detected by the PCR protocol here described
using a simple and rapid miniprep procedure for the

obtained by PCR was also used as hybridization probe extraction of the DNA from the fungal mycellium.

for Southern blot hybridization with the fungal genom-
ic DNAs. Contrary to what was found when the entire
pUCF2F. moniliformeDNA sequence was used as
hybridization probe (Figure 2B), only a single frag-
ment hybridized to the PCR fragment in all the fungal
genomic DNAs (Figure 2C). These results indicated

that even though the PCR product s recognizing a sin-

gle DNA fragment in the=. moniliformegenome, it
is not able to specifically detect tHe moniliforme
genome from the other fungal genomes.

Detection and identification oF. moniliforme from
mycelium directly grown from infected tissues

It was of interest to assess the utility of the PCR tech-
nigue for detection and identification of the fundus
moniliformefrom the fungal mycelium grown in agar

These findings prompted us to assess the possi-
bility of detection and identification of this fungus
from the mycelia directly grown from infected plant
tissues. Accordingly, naturally infected maize seeds
were placed on PDA plates and the fungal mycelia
that originated from them were allowed to grow into
the medium. No subcultures for purification of the dif-
ferent fungi grown from the seeds into the medium
were made before using the DNA miniprep procedure
to extract DNA from the total mycelia grown into the
agar medium. The presencaomoniliformewas how-
ever subsequently confirmed by its purification from
the mixed culture grown into the agar medium. As
can be seen in Figure 3C (lane 1), the expected DNA
fragment was obtained from the PCR reaction. Diges-
tion of this PCR product with the enzyme Clal also
yielded the expected bands (Figure 3C, lane 4). These

cultures. Towards this end, various minipreparation results proved that the PCR reaction positively identi-
methods for template DNA extraction from the fungal fied F. moniliformefrom the mixture of fungi present
mycelium grown in agar cultures were assayed. The in naturally infected maize seeds. The method works
best results were obtained by using the DNA miniprep to detect the presence of infection by this fungus in
procedure from frozen fungal mycelium described in a single maize seed, and differentiakesnoniliforme
Materials and methods. This procedure was assayedfrom other fungi which are known to be pathogens of
with F. moniliformeisolates of different origins, and maize and other cereal crops, and that are known to
also with other fungal species (see Table 1 for iso- occur in the natural habitat & moniliforme

lates used in this work). The DNAs prepared by this

miniprep procedure were directly used in the PCR

amplification reaction. PCR testing of the different Discussion

fungal DNAs yielded positive results when the DNAs

extracted from mycelia of thE. moniliformeisolates The genug-usariumcomprises a wide and heteroge-
were used for the PCR reaction (Figure 3B, lane 3). neous group of fungi, many of considerable importance
The same DNA fragment was amplified using the pure as pathogens in agriculture. The traditional methods of

genomic DNA (Figure 3B, lane 2), or the DNA pre-
pared by the miniprep procedure frdimoniliforme
mycelium grown on agar (Figure 3B, lane 3). Digestion

diagnosis, i.e. visual inspection of the plant, relies
on the presence of clear symptoms in the infected
plants. On the other hand, identification and classi-
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fication of Fusariumspp. based on the morphology be employed to identiff. moniliformegrown into the
of fungal structures, which are typically examined in agar medium from any infected plant material.
pure culture, is quite laborious and time-consuming. In the literature, cloned DNA fragments have been
Both methods require the skills of a trained plant used as probes to identify species of fungi, such
pathologist, and they are not always satisfactory for as Fusarium oxysporunfManicon et al., 1987) or
species identification. Several alternative approachesPhytophthora parasiticdGoodwin et al., 1989). An
have been worked out in order to classify and differ- assay based on Southern hybridization with species-
entiateFusariumspecies on the basis of soluble pro- specific DNA probes has allowed the differentiation
tein electrophoretic patterns (Glyn and Reid, 1969), between twoFusariumspecies,F. culmorumand F.
zymograms (Scala et al., 1981), immunoelectrograms graminearum(Koopmann et al., 1994). In the present
(Abd-el-Rehim and Fadel, 1980), monoclonal anti- work, several clonedr. moniliformegenomic DNA
body reactions (lannelli et al., 1983), and restriction sequences have been isolated and tested for sensitivi-
fragment length polymorphisms (RFLPs) (Manicon et ty and specificity when used as hybridization probes.
al., 1987; Edel et al., 1996). The use of the RAPD (ran- These experiments indicated that although the cloned
dom amplified polymorphic DNA)-PCR technique for F. moniliforme DNA probes did not hybridize with
identification of Fusarium species, and in particular the genome of the host plant, they failed to distinguish
of F. moniliforme has also been reported (Blakemore between different fungal DNAs. On the other hand, the
et al., 1994; Migheli and Cavallarin, 1994; Amoah use of DNA fragments as hybridization probesrequires
et al.,, 1996). However, the efficiency of the RAPD- larger amounts of pure fungal DNA to allow restric-
PCR analysis, which is based on the use of nonamertion enzyme digestion and includes time-consuming
or decamer random primers, depends on the repro-operations which constitute important limitations for
ducibility of the technique. In many cases, differences routine use in diagnosis of infection in plant tissues.
are observed depending on the procedure used for DNAAIthough F. moniliformewas not specifically detect-
isolation, which is one major source of irreproducibil- ed by hybridization with the cloned DNA fragment,
ity of RAPD patterns. In other cases, complex patterns the use of this nucleotide sequence to design specific
of amplified products may cause difficulties in inter- primers for DNA amplification has allowed us to devel-
preting the results. op an assay that detect the presence of this fungus in
This report present results from an initial screening infected plant tissues. In addition to being technically
of genomic DNA sequences from moniliforme as simpler, the PCR technique enables faster results to be
a basis for the design of a specific test for the direct obtained than by hybridization with DNA probes.
detection and identification of infection by this fungus The value of PCR techniques in diagnostic work
in plant tissuesk. moniliforme a seed borne and seed depends on designing good specific primers and devel-
transmitted pathogen, is the fungus most frequently oping the appropriate experimental conditions for the
found in maize seeds. Even when only a small propor- DNA amplification process (selection of times, temper-
tion of infected seeds might produce diseased plants, atures, number of cycles, etc). The high sensitivity of
large numbers of infected seeds in a seed lot can still the PCR technique might enable detectiof.ahonil-
produce sufficient foci to initiate serious disease epi- iformeDNA in preparations containing both plant host
demics thus increasing the chances of introducing this DNA and fungal DNA. However, it has been reported
plant pathogen to new areas via imported seeds. Forthat some plant tissues contain natural inhibitors of the
appropiate and cost-effective control measures to oper-PCR reaction (Hu et al., 1993; De Boer et al., 1995).
ate it is necessary to know whether this seed borne The levels of inhibition tend to vary from tissue to tis-
pathogenis present and it is also important to ascertainsue and plant to plant and must be determined empir-
the quantity ofinfected seeds in a sample. Accordingly, ically in each sample. The main problems associated
we have investigated the use of the PCR technique towith plant nucleic acid isolation have been attribut-
detect infection by this fungus in maize seeds, and also ed primarily to the presence of high levels of phenolic
to differentiate among this pathogen and other com- compounds and polysaccharides (Rogers and Bendich,
mon fungal pathogens of maize. The PCR method here 1994). The presence of polyphenols that are coextract-
developed works with crude DNA samples which can ed with plant DNA might inhibit PCR by sequestering
be easily prepared from fungal myceliaby arapid DNA Mg™* and false negatives may be obtained in these
miniprep procedure. Mostimportantly, this method can analysis. For this reason, whenever plant extracts are
used, control reactions using internal controls must
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be carried out. As a consequence of these drawbacksAmoah BK, Macdonald, MV, Rezanoor, N and Nicholson P (1996)
the rationale of the procedure developed here was to  The use of random amplified polymorphic DNA technique to

favor the growth of the fungi, if present, and allow
the mycelia to come out of the infected tissue. In this
way there is no need either to extract DNA from plant
tissues. DNA minipreps can be easily prepared from
fungal mycelium growing from the infected plant tis-
sue, i.e. from a single seed, and directly analyzed by
PCR.

In conclusion, our results indicate the potential of
PCR as an important method useful for the detection
and identification oF. moniliforme The method offers

several advantages, the most important of which are

the following. First, its symptom-independence as the
assay can be useful for fungal detection at popula-
tion levels below those causing yield loss. Second, its
applicability to infected plant tissues without the need
of subculturing to obtain pure cultures of the pathogen.
Third, speed of execution, which allows many samples

identify mating groups in théusariumsectionLiseola Plant
Pathology 45: 115-125

Blakemore EJA, Jaccoud Filho DS, and Reeves JC (1994) PCR for
the Detection ofPyrenophoraSpecies,Fusarium moniliforme,
Stenocarpella maydend thePhomopsis/Diaporth€omplex. In:
Schots A, Dewey FM and Oliver R (eds) Modern Assays for Plant
Pathogenic Fungi: Identification, Detection and Quantification
(pp. 205-214) CAB International, Oxford

Burmeister HR, Ciegler A and Vesonder RF (1979) Moniliformin,
a Metabolite ofFusarium moniliformeNRRL 6322: Purification
and Toxicity. Appl. Env. Microbiol. 37: 11-13

Calvert OH, Foudin AS, Minor HC and Krause GF (1985isarium
moniliforme Colonization of Corn Ears in Missouri. Plant Dis.
69: 988-990

Damicone JP, Vineis PD and Manning WJ (1988) Cross-
Pathogenicity ofFusarium moniliformdsolates form Corn and
Asparagus. Plant Disease 72: 774-777

De Boer SH, Ward LJ and Chittaranjan S (1995) Attenuation of
PCR inhibition in the presence of plant compounds by addition
of BLOTTO. Nucl. Acid. Res. 23: 2567-2568

Dellaporta SL, Wood J and Hucks JB (1983) A plant DNA
minipreparation, version Il. Plant Mol. Biol. Rep. 1: 19-21

to be processed. Forth, the diagnosis can be carried outEdel V, Steinberg, C, Gautheron N and Alabouvette C (1996) Evalu-

by laboratory technicians. Equally, this methodology

can be successfully used in epidemiological screening

programs, and can be adapted to detect coloni€s of
moniliformedeveloping from infected soil samples. It

ation of restriction analysis of polymerase chain reaction (PCR)-
amplified ribosomal DNA for the identification dfusarium
species. Mycol. Res. 101: 179-187

Glyn AN and Reid J (1969) Electrophoretic patterns of soluble fungal
proteins and their possible use as taxonomic criteria in the genus

can be also used for the screening of maize genotypes  Fusarium Can. J. Bot. 47: 1823-1831

and commercial hybrids on the basis of their suscep-
tibility to colonization byF. moniliforme Related to
this, it is worthwhile to mention that the extensive use
of highly susceptible hybrids might have contributed to
the increasing problems with contamination of maize
seeds observed in these days throughout the world.
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