
I
m

D
R
a

b

a

A
R
R
A

K
F
I
P
S

1

h
f
B
i
t
m
(
s
o
t
o
b
a
A
t

0
d

Applied Soil Ecology 46 (2010) 372–382

Contents lists available at ScienceDirect

Applied Soil Ecology

journa l homepage: www.e lsev ier .com/ locate /apsoi l

dentification and quantification of Fusarium oxysporum in planta and soil by
eans of an improved specific and quantitative PCR assay

aniel Jiménez-Fernándeza,1, Miguel Montes-Borregob,1, Juan A. Navas-Cortésb,
afael M. Jiménez-Díaza,b, Blanca B. Landab,∗

College of Agriculture and Forestry (ETSIAM), University of Córdoba (UCO), Campus de Rabanales, P.O. Box 3048, 14080 Córdoba, Spain
Institute of Sustainable Agriculture (IAS), Spanish National Research Council (CSIC), Alameda del Obispo S/N, P.O. Box 4084, 14080 Córdoba, Spain

r t i c l e i n f o

rticle history:
eceived 26 November 2009
eceived in revised form 4 October 2010
ccepted 5 October 2010

eywords:
ungal DNA quantification
n planta detection

a b s t r a c t

The proper identification and quantification of F. oxysporum populations inhabiting soil and plant rhizo-
sphere niches are of importance for soil microbial ecology and plant pathology. In this study, we report
the improvement of a PCR protocol for the specific identification of the F. oxysporum species complex and
its conversion into a real-time qPCR assay for the quantification up to 1 pg of the fungus DNA in soil and
different plant tissues. The amplification efficiency, sensibility and reproducibility of qPCR assays were
not influenced by presence of non-target DNA from either plant or soil. The applicability of the newly
developed qPCR protocol for F. oxysporum population studies was demonstrated using the technique for
quantifying the fungus in different complex environmental samples. The use of the qPCR protocol allowed
CR specificity

oil detection to accurately quantify up to 25 pg of F. oxysporum/g of naturally infested field soil, as well as to identify
significant differences in the amount of F. oxysporum DNA in roots of different chickpea cultivars grown
in a field soil infested with diverse pathogenic and nonpathogenic F. oxysporum populations. This qPCR
protocol may be especially important for studies on soil microbial ecology and plant pathology since it
provides a new opportunity for analyzing F. oxysporum populations and their interactions with the soil

and p
microflora, environment

. Introduction

Fusarium oxysporum Schlect. emend. Snyd. & Hans. is a large,
ighly diverse complex of morphologically similar anamorphic

ungi with multiple phylogenetic origins (O’Donnell et al., 1998b;
aayen et al., 2000; Bogale et al., 2006). This species complex

s well represented among fungal communities in different soil
ypes worldwide (Burgess, 1981), and is considered a common

ember of the fungal communities in the plant rhizosphere
Gordon and Martyn, 1997). However, within this species complex
ome strains can cause devastating wilts and root rots diseases
n a large number of crop plants of high economical impor-
ance. These phytopathogenic fungal strains show a high level
f pathogenic specificity to host species and cultivars, on which

asis they are classified into more than 100 formae specialis
nd pathogenic races within those, respectively (Armstrong and
rmstrong, 1981; Nelson et al., 1983; Edel et al., 1995). In addition

o phytopathogenic strains, agricultural soils also harbor large pop-

∗ Corresponding author. Tel.: +34 957499279; fax: +34 957499252.
E-mail address: blanca.landa@ias.csic.es (B.B. Landa).

1 First and second author have equally contributed to this research.

929-1393/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsoil.2010.10.001
lant host genotypes.
© 2010 Elsevier B.V. All rights reserved.

ulations of nonpathogenic F. oxysporum that comparatively have
received less attention than pathogenic ones although they play
an important role in the ecology of Fusarium diseases (Fravel et
al., 2003; Alabouvette et al., 2007). Indeed, a number of studies
have established the important role of nonpathogenic F. oxysporum
populations in the natural suppressiveness of some soils to Fusar-
ium wilts (Alabouvette, 1990; Alabouvette et al., 1993; Larkin et
al., 1996) that led to the screening and selection of nonpathogenic
F. oxysporum strains effective as biocontrol agents (Paulitz et al.,
1987; Postma and Rattink, 1992; Alabouvette et al., 1993).

Both plant pathogenic and nonpathogenic strains of F. oxys-
porum are able to survive for long periods by means of
chlamydospores. Nonpathogeneic strains can also survive by sapro-
phytic growth on organic matter in soil and the rhizosphere of
many plant species, and many of those strains are able to infect
cortical root tissues without causing visible disease symptoms
(Garrett, 1970; Burgess, 1981). Although the mode of action of non-
pathogenic isolates is not completely understood yet, experimental

evidence indicates that they compete with phytopathogenic F. oxys-
porum populations in soil and roots for nutrients and colonization
sites, and that also induce systemic resistance in the host plant
(Alabouvette et al., 2007). Consequently, since both pathogenic and
nonpathogenic populations of F. oxysporum play an important role

dx.doi.org/10.1016/j.apsoil.2010.10.001
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
mailto:blanca.landa@ias.csic.es
dx.doi.org/10.1016/j.apsoil.2010.10.001
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n soil ecology and plant pathology, many studies have aimed at
haracterizing these populations and analyzing their interactions
ith environment and soil microflora in specific crops (Appel and
ordon, 1994, 1996; Edel et al., 1997, 2001; Abo et al., 2005; Lori et
l., 2004).

Typically, morphology-based diagnoses of Fusarium spp. such
s F. oxysporum are hugely challenging. This is due mainly to use
f different taxonomic systems, a reduced number of mycologists
ith adequate expertise in the identification of those fungi, and

ack of sufficiently informative morphological features as the iden-
ification relies on minor differences in morphology. In addition,
ifferentiating F. oxysporum from other Fusarium species belonging
o sections Elegans and Liseola can sometimes be especially diffi-
ult (Fravel et al., 2003). To further complicate the picture, plant
athogenic, saprophytic and biocontrol strains of F. oxysporum are
orphologically indistinguishable.
During the last decade, new DNA-based technology, such

s polymerase-chain-reaction (PCR) assays, has been devel-
ped to support and replace morphology-based identifications
f phytopathogenic fungi. As the cost of PCR consumables and
hermocycler equipments has decreased nowadays, molecular
nd specific identification of microorganisms have become more
ffordable and less time consuming than they used to be a few
ears ago for large-scale population biology studies. In the case of
. oxysporum, most of specific PCR assays were developed for dif-
erentiating plant pathogenic isolates (i.e., forma specialis) causing
usarium wilt diseases (Alves-Santos et al., 2002; Jiménez-Gasco
nd Jiménez-Díaz, 2003; Pasquali et al., 2004, 2006, 2007; Zhang et
l., 2005; Hirano and Arie, 2006; Lievens et al., 2007; Zambounis et
l., 2007) or Fusarium crown rots (De Haan et al., 2000; Hirano and
rie, 2006; Lievens et al., 2007), or even races or pathotypes within a

orma specialis (Kelly et al., 1998; Jiménez-Gasco and Jiménez-Díaz,
003; Hirano and Arie, 2006; Pasquali et al., 2007; Lin et al., 2009) or
ore specifically biocontrol strains of F. oxysporum (Cipriani et al.,

009). However, only a few of those protocols were developed for
he quantification of a given forma specialis of F. oxysporum (Pasquali
t al., 2004, 2007; Zhang et al., 2005; Zambounis et al., 2007). Also,
o the best of our knowledge only two specific PCR assays have been
eveloped for the detection of “F. oxysporum sensu lato”, but none
f them are quantitative in nature (Edel et al., 2000; Mishra et al.,
003).

Edel et al. (2000) developed specific primers for F. oxysporum
argeting the variable domains of 28S rDNA, which amplify a frag-

ent of 70 bp. While using this protocol for the characterization
f a large collection of F. oxysporum isolates, we found that repro-
ucibility of results can be influenced by some factors making the
rotocol somehow unreliable (B.B. Landa, unpublished results): (i)
he amplicon is not equally amplified by all brands of Taq DNA
olymerase (Edel et al., 2000); (ii) gel electrophoresis should be
onducted using a high-content agarose gel (4%) to correctly visu-
lize the diagnostic amplicon; (iii) the amplified DNA fragment is
oo short to detect sequence polymorphism by RFLP analysis or
equencing among F. oxysporum isolates.

Later on, Mishra et al. (2003) developed a PCR-based assay for
he rapid identification of some Fusarium species including F. oxys-
orum. This technique was based on the design of primers targeting
he ITS region of the rDNA that amplify a 340-bp fragment. Com-
ared with the protocol developed by Edel et al. (2000), that of
ishra et al. (2003) has the advantage of the ITS sequence showing

ome degree of variation at intraspecific level within F. oxysporum
s revealed by restriction fragment length polymorphism (RFLP)

nalysis (Edel et al., 1995). Consequently, the Mishra et al. (2003)
pecific-PCR protocol could be useful both for the identification
f F. oxysporum isolates and also to assess a degree of genetic
iversity among them. However, while testing the F. oxysporum
pecific primers and amplification conditions originally described
oil Ecology 46 (2010) 372–382 373

by Mishra et al. (2003) we surprisingly found that the primers cross-
amplified several Fusarium spp. other than F. oxysporum.

Quantitative real-time (qPCR) assays can be a useful tool for
studies of the ecology of F. oxysporum populations in soil and the
rhizosphere. Those qPCR assays have allowed the accurate and
culture independent quantification of a variety of soil- or plant-
associated microorganisms, including plant pathogens from plant
tissues, seeds and soils (reviewed by e.g. Schaad et al., 2003;
Schena et al., 2004). Real-time qPCR chemistries can be grouped
into amplicon sequence-nonspecific methods (SYBR Green) and
sequence-specific methods (TaqMan, Molecular Beacons, Scorpion-
PCR, etc.) (Schaad et al., 2003; Schena et al., 2004) that are more
specific but with an increased cost of analysis. SYBR Green interca-
lating dyes may provide a more flexible approach for the analysis
of species assemblages as it is the case of “F. oxysporum sensu lato”.

In this study, we report the improvement of the F. oxysporum-
specific PCR assay developed by Mishra et al. (2003) and its
conversion into a real-time qPCR assay for the identification and
quantification of F. oxysporum DNA in different plant tissues and
soil. We evaluated the robustness and reproducibility of the newly
developed protocol when using different F. oxysporum isolates
and/or different host plants and host tissues. Finally, we show and
discuss the applicability of the qPCR assay developed for F. oxys-
porum population studies using the technique for quantifying the
fungus: (i) in different naturally and artificially infested soils, and
(ii) in roots of different chickpea cultivars grown in soil infested
with different pathogenic and nonpathogenic F. oxysporum popu-
lations under natural field conditions.

2. Materials and methods

2.1. Fungal isolates

Fusarium spp. isolates used in the study are listed in Table 1. Most
isolates (59) were obtained from the Ex-type Fusarium spp. collec-
tion deposited at the Department of Plant Pathology, Kansas State
University Manhattan, KS, USA. This collection includes isolates
representative of major Fusarium sections, i.e., Discolor, Elegans,
Gibbosum, Lateritium, Liseola, Martiella, Roseum, Spicarioides and
Sporotrichiella (Leslie and Summerell, 2006), as well as some Fusar-
ium species that may be misidentified as F. oxysporum. In addition,
we included in the study 14 F. oxysporum isolates of which 10
are phytopathogenic and representatives of formae speciales ciceris,
lycopersici, melonis, niveum and pisi (Table 1). All Fusarium spp. iso-
lates were stored in sterile soil tubes at 4 ◦C and in 35% sterile
glycerol at −80 ◦C for long storage.

For fungal DNA extraction, a small agar piece from actively
growing cultures in potato dextrose agar (PDA) (Difco Laboratories,
Detroit, Michigan, USA) were placed onto a film of sterile cello-
phane layered over a plate of PDA and incubated for 3–4 days at
25 ± 1 ◦C with a 12-h photoperiod of fluorescent and near-UV light
at 36 �E m−2 s−1. Then, mycelium growing onto the cellophane sur-
face was scraped directly with a sterile scalpel, lyophilized, and
stored at −20 ◦C until used.

2.2. Plant tissue samples

For qPCR assays, samples of roots and stems with leaves were
obtained from seedlings of chickpea, melon and pea grown in sterile
sand in pots inside a walk-in growth chamber (Euroclima, Cór-

doba, Spain) adjusted to 25 ± 2 ◦C, 60–90% relative humidity and
a 14-h photoperiod of fluorescent light at 360 �E m−2 s−1. After 40
days, root and stem samples were removed from plants, washed
under running tap water and surface-disinfested in 0.5% NaOCl for
1.5 min, lyophilized, grounded and stored at −20 ◦C until used.
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Table 1
Fusarium species and isolates used in this study, results of the F. oxysporum-specific PCR assay using primers FOF1/FOR1 with original (Mishra et al., 2003) and optimized amplification conditions, accession numbers of ITS
sequences and sequence homology of Fusarium spp. with cross-amplification.

Fusarium spp. Isolate PCR amplificationa Acc. Number Sequence
homology (%)

Fusarium spp. Isolate PCR amplificationa Acc. Number Sequence
homology (%)

Original Improved FOF1 FOR1 Original Improved FOF1 FOR1

F. acuminatum 11442 −/− −/− npb – – F. pseudoanthophilum 10755 ±/+ −/− GU205416 95.0 90.5
F. acutatum 10769 −/− −/− np – – F. pseudocircinatum 10761 +/+ −/− GU205417 95.0 95.2
F. armeniacum 11623 ±/± −/− GU205408 90.0 90.5 F. pseudograminearum 11435 −/− −/− npb – –
F. andiyazi 4647 +/+ −/− GU205409 95.0 95.2 F. pseudonygamai 10762 +/+ −/− GU205418 95.0 95.2
F. anthophilum 11560 −/− −/− np – – F. ramigenum 10760 ±/± −/− GU205419 95.0 95.2
F. avenaceum 11440 −/− −/− np – – F. sacchari 278 ±/± −/− GU205420 90.0 95.2
F. babinda 11478 −/− −/− np – – F. sacchari B-3852 ±/± −/− GU205421 90.0 95.2
F. begoniae 10767 +/+ −/− GU205410 95.0 95.2 F. sacchari B-3853 ±/± −/− GU205422 95.0 90.5
F. brevicatenulatum 10756 +/+ −/− GU205411 95.0 95.2 F. scirpi 11409 −/− −/− np – –
F. bulbicola 10759 +/+ −/− GU205412 95.0 95.2 F. semitectum 11432 −/− −/− np – –
F. chlamydosporum 11397 −/− −/− np – – F. solani 11420 −/− −/− np – –
F. circinatum 10766 ±/+ −/− GU205413 95.0 95.2 F. solanic Fsp4 −/− −/− np – –
F. circinatum H-10847 +/+ −/− GU205414 95.0 95.2 F. sporotrichioides 11552 −/− −/− np – –
F. circinatum H-10850 +/+ −/− GU205415 95.0 95.2 F. subglutinans 11544 +/+ −/− GU205423 95.0 95.2
F. compactum 11624 −/− −/− np – – F. subglutinans E-990 +/+ −/− GU205424 95.0 95.2
F. concentricum 10765 −/− −/− np – – F. subglutinans E-2192 +/+ −/− GU205425 95.0 95.2
F. crookwellense 11451 −/− −/− np – – F. thapsinum F-4093 −/− −/− np – –
F. culmorum 11427 −/− −/− np – – F. thapsinum F-4094 −/− −/− np – –
F. decemcellulare 11411 −/− −/− np – – F. torulosum 11419 −/− −/− np – –
F. denticulatum 10763 +/+ −/− GU205426 95.0 95.2 F. tricinctum 11566 −/− −/− np – –
F. dimerum 11425 −/− −/− np – – F. verticilloides 11556 +/+ −/− GU205430 85.0 95.2
F. equiseti 11439 −/− −/− np – – F. verticilloides A-149 +/+ −/− GU205431 95.0 95.2
F. globosum 11554 −/− −/− np – – F. verticilloides A-999 +/+ −/− GU205432 95.0 95.2
F. guttiforme 10764 ±/+ −/− GU205427 95.0 90.5 F. oxysporumc 90101 +/+ +/+ GU205434 100 100
F. lactis 10757 +/+ −/− GU205428 95.0 95.2 F. oxysporumc 90105 +/+ +/+ GU205435 100 100
F. lateritium 11403 −/− −/− np – – F. oxysporum 11390 +/+ +/+ GU205433 100 100
F. longipes 11428 −/− −/− np – – F. oxysporumc Fsp7 +/+ +/+ GU205436 100 100
F. nelsonii 11564 −/− −/− np – – F. oxysporumc Fsp8 +/+ +/+ GU205437 100 100
F. nisikadoi 10758 ±/± −/− GU205429 100 90.5 F. oxysporumc Fsp9 +/+ +/+ GU205438 100 100
F. nygamai 5111 −/− −/− np – – F. o. cicerisc 7802 +/+ +/+ GU205439 100 100
F. phyllophilum 10768 −/− −/− np – – F. o. cicerisc 8012 +/+ +/+ GU205440 100 100
F. poae 11470 −/− −/− np – – F. o. cicerisc 9605 +/+ +/+ GU205444 100 100
F. polyphialidicum 11414 −/− −/− np – – F. o. lycopersicic 325 +/+ +/+ GU205445 100 100
F. proliferatumc 9009 −/− −/− np – – F. o. melonisc 9016 +/+ +/+ GU205443 100 100
F. proliferatum 11558 −/− −/− np – – F. o. pisi 79 +/+ +/+ GU205441 100 100
F. proliferatum D-4853 −/− −/− np – – F. o. pisi 80 +/+ +/+ GU205442 100 100
F. proliferatum D-4854 −/− −/− np – – F. o. pisi 4A +/+ +/+ GU205446 100 100

a Fusarium oxysporum-specific protocol was performed following the amplification conditions described by Mishra et al. (2003) (original), or the amplification conditions fixed in this study after optimization of the protocol
(Improved). (+) = Positive intense amplification; (±) = Positive weak amplification; (−) = no amplification. Results presented were obtained by two independent operators.

b np: not performed.
c Isolates 90105, 90101, Fsp7, Fsp8 and Fsp9 of F. oxysporum, F. oxysporum f. sp. lycopersici 325, F. oxysporum f. sp. melonis 9016, F. proliferatum 9009, and F. solani Fsp4 were from the fungal culture collection of Departamento

de Protección de Cultivos, Instituto de Agricultura Sostenible (IAS-CSIC), Córdoba, Spain. Isolates of F. oxysporum f. sp. pisi were provided by W. Boge, USDA-ARS Pacific West Area, Prosser, WA. All other Fusarium spp. isolates
were obtained from J.F. Leslie, Department of Plant Pathology, Kansas State University, Manhattan, KS, USA.
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.3. DNA extraction and quantification

Fungal and plant DNAs were extracted from 50 mg of lyophilized
lant tissue or fungal mycelium using the ‘G-SpinTM IIp Plant
enomic DNA extraction kit’ (Intron Biotechnology, Korea) and the
ast Prep System Bio 101 (Qbiogene, Illkirch, France) according to
anda et al. (2007).

DNA quality was assessed by gel electrophoresis and staining
ith ethidium bromide. All DNA samples were accurately quanti-
ed using the Quant-iT DNA Assay Kit Broad Range fluorometric
ssay (Molecular Probes Inc., Leiden, The Netherlands) and a Tecan
afire fluorospectrometer (Tecan Spain, Barcelona, Spain) (Landa
t al., 2007). Special care was taken to get accurate concentrations
f pathogen and host DNAs by quantifying each DNA sample in
riplicate, in two independent microplates. DNA samples of known
oncentration were included in each quantification plate as an
nternal control of DNA quantification. DNA was diluted with ster-
le, ultrapure water (SUW) as appropriate.

.4. DNA sequencing

Twenty-five Fusarium spp. isolates other than F. oxysporum
hat had shown cross-amplification with primer pairs FOF1/FOR1
Mishra et al., 2003) and all F. oxysporum isolates from this study
ere used. In total, the ITS1-5.8S-ITS2 regions of the rDNA of 39

usarium spp. isolates were amplified in PCR assays using universal
rimers ITS4 and ITS5 (White et al., 1990) and conditions described

n Landa et al. (2007) to determine primer’s specificity. Ampli-
ed PCR products were purified using the Geneclean Turbo kit
Qbiogene, Illkirch, France), quantified with a NanoDrop ND-1100
pectrophotometer (NanoDrop, Wilmington, Delaware, USA), and
sed for direct DNA sequencing. PCR amplicons were sequenced
sing ITS5 primer with a terminator cycle sequencing ready reac-
ion kit (BigDye, Perkin-Elmer, Applied Biosystems, Madrid, Spain)
ccording to manufacturer’s instructions. The resulting products
ere purified and run on a DNA multicapilar sequencer (Abiprism

100 genetic analyzer, Applied Biosystems) at the University of Cór-
oba sequencing facilities. All ITS1-5.8S-ITS2 sequences obtained in
he study were deposited in GenBank with Accession numbers in
able 1.

.5. Optimization of a Fusarium oxysporum-specific PCR assay

Initially, the PCR conditions described by Mishra et al. (2003)
or the specific amplification of F. oxysporum isolates were used.
esults indicated that cross-amplification occurred for several
usarium spp., and that at least one of the two primers did not show
00% homology with ITS sequences of these Fusarium spp. isolates.
herefore, different parameters of that PCR protocol were modi-
ed and compared to the original protocol for increasing specificity,

ncluding MgCl2 (1, 1.5 or 2.0 mM), primers (0.2 or 0.35 �M), and
NTPs (100 or 200 �M) concentrations, and annealing temperature.
ll reactions were repeated at least twice and always included posi-

ive (F. oxysporum f. sp. ciceris Foc-9605 DNA) and negative (no DNA)
ontrols. Amplification products were separated by electrophore-
is in 1.5% agarose gels in 1× TAE buffer for 60–120 min at 80 V,
tained with ethidium bromide, and visualized under UV light. The
ene-rulerTM DNA ladder mix (Fermentas, St Leon-Rot, Germany)
as used for electrophoresis.

.6. DNA standard curves for qPCR
DNA standard curves were obtained from 10-fold dilutions of
. oxysporum f. sp. ciceris isolate Foc-9605, F. oxysporum f. sp. pisi
solate Fop-4A and F. oxysporum f. sp. melonis isolate Fom-9016
Table 1). For this purpose, fungal DNA (10 ng/�l) from those F.
oil Ecology 46 (2010) 372–382 375

oxysporum isolates was serially diluted [1:1, 1:10, 1:102, 1:103,
1:104, and 1:105] in SUW (W series; W/Foc-9605, W/Fom-9016
and W/Fop-4A) as well as in a fixed background of host plant DNA
(10 ng/�l) extracted from chickpea stems (CS/Foc-9605) and roots
(CR/Foc-9605), melon roots (MR/Fom-9016) and pea roots (PR/Fop-
4A), or in a fixed background of DNA (10 ng/�l) extracted from a
natural soil (Soil-A/Foc-9605) (See below Section 2.8.2). Each stan-
dard curve always included plant or soil DNA alone and/or no DNA
as negative controls. Two independent DNA standard curves were
obtained using independent plant, soil and pathogen DNA sources.

2.7. Optimization, reproducibility and sensitivity of the newly
developed real-time qPCR protocol

All real time qPCR amplifications were performed using the
iQ SYBR Green Supermix (Bio-Rad, Madrid, Spain) and the iCy-
cler IQ apparatus (Bio-Rad). Reaction conditions such as volume of
reaction, annealing temperature, primer concentration and tem-
perature to measure the fluorescence signal of the amplicon were
adjusted experimentally to optimize the real-time qPCR protocol.
After the final amplification cycle, a melting curve temperature pro-
file was obtained by heating to 95 ◦C, cooling to 72 ◦C, and slowly
heating to 95 ◦C at 0.5 ◦C every 10 s with continuous measurement
of fluorescence at 520 nm. All reactions were analyzed by gel elec-
trophoresis to confirm that only one PCR product was amplified
from the samples containing genomic DNA of F. oxysporum isolates
and no amplification product was obtained in the negative controls.

The potential influence of host DNA and/or the source of DNA
[plant tissue: root vs. stems); plant species (chickpea, melon or
pea); and F. oxysporum isolates (Foc-9605, Fom-9016 and Fop-4A)]
on the efficiency of qPCR amplifications were also evaluated in dif-
ferent experiments. For those experiments, DNA backgrounds to be
compared were performed in a same 96-well PCR plate. A similar
experiment was performed to determine the influence of soil DNA
background on amplifications. Quantitative PCR amplifications of
each series of DNA standard curves included two replications per
treatment and plate. All experiments were repeated twice indepen-
dently (different PCR plates, operators, and DNA standard curves)
and always included a common DNA standard curve to compare
variability between and within experiments.

Finally, the sensitivity of the real-time qPCR protocol was deter-
mined using two series of three DNA standard curves (W/Foc-9605,
CR/Foc-9605 and S/Foc-9605) and compared with the simple PCR
protocol using FOF1/FOR1 primers, as well as with a nested-PCR
protocol using primers ITS1F (Gardes and Bruns, 1993)/ITS4 in the
first round of amplification and FOF1/FOR1 in the second one, fol-
lowing an approach similar to that described in Montes-Borrego et
al. (2009).

2.8. Application of the qPCR protocol to soil microbial ecology
studies

Three different experiments were performed to validate the use
of the newly developed qPCR technique for microbial ecology stud-
ies by quantifying the amount of F. oxysporum in naturally infected
plant tissues, as well as in naturally and artificially infested soil.

2.8.1. Plant tissue samples naturally infected with F. oxysporum
Total DNA was extracted from roots of six different chickpea

cultivars [CV-1, P-2245, PV-60, PV-61, JG-62, and 12071/10054 (PV-

1)] that grew in natural soil of a field plot located at ‘Campus de
Rabanales’ Experimental Research Station, University of Córdoba,
Córdoba, Spain. This field plot is infested with a mixture of diverse
populations of F. oxysporum, including different races of F. oxyspo-
rum f. sp. ciceris and several F. oxysporum ribotypes (Landa et al.,
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009; S. Garcés-Romay, R.M. Jiménez-Díaz and B.B. Landa, unpub-
ished). There were three blocks with two rows per block (40 m long
nd spaced 25 cm apart) for each cultivar. Seeds were hand-sown
t about 5 cm depth on 21 of March of 2005. Weeds were removed
y hand, and insecticides and fertilizers were applied according
o farmer’s practices. At flowering stage, three plants arbitrarily
hosen were uprooted from each row and the roots were care-
ully shaken to remove excess soil. Roots (the entire root system
btained from the upper 10–15 cm layer of soil) from the six plants
ampled from each replicated block were pooled, placed in a plastic
ag, transferred to the laboratory, and stored at 4 ◦C until processing
he next day.

.8.2. Collection and preparation of soil samples naturally or
rtificially infested with F. oxysporum

For artificial inoculation, F. oxysporum inoculum was grown
n 100 ml of potato-dextrose broth (Difco Laboratories) in flasks
s described previously (Landa et al., 2004). The liquid cultures
ere filtered through eight layers of sterile cheesecloth, and coni-
ia were harvested by centrifugation (10,000 × g for 10 min) and
ashed twice with sterile distilled water to remove traces of
utrients. Inoculum concentration (mainly microconidia) in the
uspension was estimated using a haemocytometer and adjusted
o 1 × 106 colony forming units (cfu)/ml. Thereafter a serial dilution
1/2×) was established from 1 × 106 to 7.81 × 103 cfu/ml in SUW.
hree natural soils labeled: Soil A (sandy, pH 8.3, 0.1% organic mat-
er (OM)), Soil B (clay, pH 7.8, 1% OM) and Soil C (clay, pH 8.1, 1% OM)
hat had been previously assayed for the absence of F. oxysporum
ere pasteurized at 74 ◦C for 30 min, air dried at room temperature

24–28 ◦C) for 1 week, and sieved through 1-cm × 1-cm mesh. In a
rst experiment, Soil A was used to compare the number of conidia
hat could be estimated (detection limit) by dilution plating and by
sing the qPCR assay. For that purpose, 40 ml from each dilution of
he conidia suspension (from 1 × 106 to 7.81 × 103 cfu/ml in SUW)
ere thoroughly mixed in a plastic bag with 100 g of the pasteur-

zed Soil A (to get approximately 4 × 105 cfu/g of soil). In a different
xperiment, 10 or 40 ml of the 1.56 × 104 cfu/ml microconidia sus-
ension was mixed with 100 g of Soil B and Soil C, respectively, air
ried as before and kept at 5 ◦C for 5 months before use. Addition-
lly, a naturally infested soil from the field plot located at ‘Campus
e Rabanales’ was used. Soil was air dried and sieved as described
bove before DNA extraction.

.8.3. Estimation of in planta and in soil F. oxysporum inoculum
y dilution plating

To estimate endophytic root colonization by Fusarium spp.,
oots were gently washed under running tap water, dried between
heets of sterile filter paper and surface-disinfested in 2% NaOCl
or 1.5 min. Then, for each plant-cultivar combination the entire
oot system was sectioned into 5-cm-long pieces, the segments
ere mixed, and 1-g samples were grinded in an Osterizer® 890-

8H (Sunbeam-Oster Products, Hattiesburg, MS, USA) for 1.5 min
n 100 ml of sterile distilled water-agar 0.1% for 1 min. The remain-
ng disinfested root samples were lyophilized for DNA extraction.
imilarly, the number of Fusarium spp. or F. oxysporum propagules
n naturally or artificially infested soil samples was determined
t the same time than the DNA extraction by dilution plating
sing six replicates of 1 g each per soil as previously described
Landa et al., 2004). Serial dilutions of the root and soil suspensions
ere plated onto V-8 juice-oxgall-PCNB agar (VOPA), a Fusarium-

emiselective medium (Bouhot and Rouxel, 1971), and incubated at

5 ± 1 ◦C and a 12-h photoperiod of fluorescent and near-UV light
t 36 �E m−2 s−1 for 5 days. There were two replicated dishes per
ilution and soil sample.

After 5 days of incubation, the total number of Fusarium spp. or
. oxysporum cfu was counted. Then, three Fusarium spp. colonies
oil Ecology 46 (2010) 372–382

resembling F. oxysporum by microscopic observation were arbitrar-
ily selected from those dilution plates (derived either from plant or
naturally infested soil samples) that were chosen as most appropri-
ate to estimate Fusarium spp. populations (about 20–100 colonies
per plate) and transferred to PDA. DNA from putative F. oxysporum
isolates was obtained as described above and analyzed using the F.
oxysporum-specific PCR assay. A total number of 27 and 30 Fusarium
spp. isolates were analyzed for each chickpea cultivar and infested
soil, respectively.

2.8.4. Quantification of F. oxysporum in naturally infected plant
tissues and in naturally or artificially infested soil

Total DNA was extracted from 50 mg of lyophilized chickpea
roots (three replications) as described above, or from 250 mg (six
replications) of infested soil, using the MoBio UltracleanTM soil DNA
isolation kit (MoBio laboratories, Inc.; Carlsbad, CA, USA) and the
Fast-Prep FP-120 system (MP biomedicals, Illkirch, France) run-
ning at 5.0 m/s for 40 s according to manufacturer instructions.
Prior to qPCR assays, total DNA was quantified in duplicate using
the Quant-iT DNA Assay Kit Broad Range fluorometric assay as
described above and diluted to 10 ng/�l. Then, the amount of F.
oxysporum DNA in each root sample was estimated using the opti-
mized qPCR conditions and the CR/Foc-9605 standard curve (serial
dilutions of Foc-9605 DNA in a fixed background of chickpea root
DNA of 10 ng). For soil DNA samples, two DNA standard curves
were used: the W/Foc-9605 and the serial dilutions of Foc-9605,
in a fixed DNA background of DNA (10 ng) extracted from Soil A to
assess the potential interference of PCR inhibitors in soil. This soil
was previously shown to be free of F. oxysporum.

2.9. Data analyses

The cycle threshold (CT) values for each reaction was calculated
first by determining the PCR cycle number at which the fluores-
cence signal exceeded background using the default estimation
criteria in the iCycler IQ software version 3.0a (Bio-Rad). Then,
to compare and establish relationships among the different DNA
standard curves generated from different treatments, the threshold
position was manually defined and fixed at the same position for all
treatments and experiments (Vaerman et al., 2004). The amplifica-
tion efficiency (AE) was calculated from the slopes of the standard
curves using the equation AE = 10(1/slope) − 1 (Adams, 2006; Higuchi
et al., 1993).

Linear regressions of the natural logarithm of known concentra-
tions of the target DNA vs. the CT values were performed for each
DNA standard curve by using the GLM procedure of SAS (Statistical
Analysis System, version 9.1; SAS Institute, Cary, NC, USA). Standard
regression lines from each plate chosen as reference curves were
used for transforming the experimental CT values into amounts of
pathogen DNA (nanograms). All standard regression lines obtained
for the different F. oxysporum genomic DNAs and for the different
plant DNA backgrounds were statistically compared for homogene-
ity (P ≥ 0.05) of variance (Bartlett’s test) and for equality of slopes
and intercepts using a F test at P < 0.05. All Fusarium spp. population
data were converted to log cfu/g of fresh weight of root to satisfy
assumptions of the parametric statistical test used. Differences in
Fusarium spp. population densities and F. oxysporum concentration
among cultivars were determined by standard analysis of variance,
and treatment means were compared according to Fisher’s pro-
tected least significant difference test at P < 0.05 using the GLM

procedure of SAS. Finally, regression analyses were performed to
determine the relationship between the inoculum concentration
of F. oxysporum in artificially infested soil and the cfu counts or
DNA concentration using the GLM and NLIN procedures of SAS for
linear and nonlinear models, respectively.
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Table 2
Sensitivity of Fusarium oxysporum-specific primers used in optimized simple-, nested-, and quantitative-PCR (qPCR) assays using purified DNA of F. oxysporum singly or mixed
with plant DNA.

PCR Protocola DNA SC b Background
DNA (ng/�l)b

DNA of Fusarium oxysporum Foc-9605 (ng/�l)b Negative

10 1 0.1 0.01 0.001 0.0001 Control

Simple W/Foc-9605 0 +/+ +/+ +/+ −/± −/− −/− −/−
CR/Foc-9605 10 +/+ +/+ +/+ ±/± −/− −/− −/−
S/Foc-9605 10 +/+ +/+ +/+ ±/− −/− −/− −/−

Quantitative W/Foc-9605 0 +/+ 12.7 ± 0.1 +/+ 16.2 ± 0.1 +/+ 20.7 ± 0.3 +/+ 24.4 ± 0.1 +/+ 28.2 ± 0.3 −/− na −/− na
CR/Foc-9605 10 +/+ 12.9 ± 0.1 +/+ 16.4 ± 0.2 +/+ 20.5 ± 0.1 +/+ 24.6 ± 0.3 +/+ 27.8 ± 0.3 −/− na −/− na
S/Foc-9605 10 +/+ 12.8 ± 0.3 +/+ 15.7 ± 0.7 +/+ 21.5 ± 0.4 +/+ 24.4 ± 0.1 +/+ 28.0 ± 0.6 −/− na −/− na

Nested W/Foc-9605 0 +/+ +/+ +/+ +/+ +/+ +/+ −/−
CR/Foc-9605 10 +/+ +/+ +/+ +/+ +/+ +/+ −/−
S/Foc-9605 10 np np np np np np np

a Primers FOF1/FOR1 were used in simple- and nested-PCR assays (using primers ITS1-F/ITS4 in the 1st round of PCR) or in a quantitative PCR assay with conditions
optimized in this study.

b Two independent DNA standard curves (SC) were obtained by serially diluting F. oxysporum f. ciceris Foc-9605 DNA (10 ng/�l) to obtain from 10 ng to 0.1 pg of DNA
per PCR reaction in sterile distilled water (W/Foc-9605; 0 ng background DNA) or in DNA extracted from chickpea roots (CR/Foc-9605; 10 ng background DNA), or from a
natural soil (Soil-A/Foc-9605; 10 ng background DNA) to investigate any possible influence of host or soil DNA on sensitivity of PCR reactions. Results shown were obtained
f ; ± = p
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respectively. The presence of plant or soil DNA did not influence
the sensitivity of FOF1/FOR1 primers in simple or qPCR assays
or two series and by two independent operators. + = positive intense amplification
nder a threshold fluorescence value of 400); np = not performed due to presence of
umbers shown in the quantitative PCR assays correspond to eight CT values ± stan
nd two replications within each plate.

. Results

.1. Optimization of F. oxysporum-specific PCR assay

Use of the original conditions described by Mishra et al. (2003)
esulted in cross-amplifications for 25 non-F. oxysporum isolates
rom a total of 74 Fusarium spp. isolates in the study (Table 1). Fusar-
um spp. that cross-amplified included up to 17 different Fusarium
pp.: F. andiyazi, F. armeniacum, F. begoniae, F. brevicatenulatum,
. bulbicola, F. circinatum, F. denticulatum, F. guttiforme, F. lactis, F.
isikadoi, F. pseudoanthophilum, F. pseudocircinatum, F. pseudonyga-
ai, F. ramigenum, F. sacchari, F. subglutinans and F. verticilloides

Table 1).
Thirty-nine ITS sequences were obtained from those 25

usarium spp. isolates that cross-amplified with the F. oxysporum-
pecific PCR as well as all 14 F. oxysporum isolates used in this study
Table 1). Comparison of Fusarium spp. ITS sequences with those of
rimers FOF1 and FOR1 indicated a homology ranging from 85.0%
o 95.0% and from 90.5% to 95.2%, respectively. Primer FOF1 showed
00% homology with the ITS sequence of F. nisikadoi. Both FOF1 and
OR1 primers showed 100% homology with ITS sequences of all F.
xysporum used in this study, which also showed 98.8–99.8% sim-
larity in their entire ITS sequence indicating a degree of genetic
iversity among them.

After verifying that at least one sequence of primers FOF1 and
OR1 did not show 100% homology with ITS sequences of Fusar-
um spp. isolates cross-amplifying with the F. oxysporum-specific
rimers from this study, several parameters of the PCR proto-
ol were evaluated to increase specificity. A compromise was
stablished to increase specificity without loosing amplification
fficiency. Optimized reaction mix (final volume 20 �l) was 2.0 �l
f 10× reaction buffer [160 mM (NH4)2SO4, 670 mM Tris–HCl (pH
.8 at 25 ◦C), 0.1% stabilizer (Bioline, London, UK)], 0.35 �M of each
rimer, 200 �M of each dNTP, 1 unit of BioTaq DNA Polymerase
Bioline), 1.5 mM MgCl2 (original concentration was of 2.0 mM),
nd 1 �l of template DNA (5–20 ng of DNA). Amplifications were
erformed in a C1000 (Bio-Rad) thermocycler. The cycling program

ncluded an initial denaturation step of 1 min at 94 ◦C, followed by
5 cycles of 1 min denaturation at 94 ◦C, 30 s annealing at 65 ◦C
an increase of 7 ◦C compared to the original protocol) and 1 min
xtension at 72 ◦C. The final cycle consisted of 5 min at 72 ◦C fol-

owed by a 4 ◦C soak. After optimization of PCR conditions, no
ross-amplification occurred for any of the Fusarium spp. that had
ccurred before (Table 1, data not shown).
ositive weak amplification; − = no signal; na = no amplification (i.e., CT values were
nous fungal DNA in natural soil that amplified with universal ITS1-F/ITS-4 primers.
eviation from two independent SC, each performed by two independent operators

3.2. Development of the quantitative PCR assay

A step-by-step, fine-tuning process was done involving the
following PCR parameters: primer concentration, annealing tem-
perature, and final volume of PCR reactions. This was performed
using DNA standard curves (W/Foc-9605, CR/Foc-9605 and CS/Foc-
9605). Reducing the standard reaction volume from 50 to 20 �l had
no effect on the accuracy of the assay (data not shown). Conse-
quently, a final volume of 20 �l was chosen to minimize the cost
per real-time qPCR assay.

The optimized PCR reaction mixture consisted of (final volume
of 20 �l): 1 �l of DNA sample, 1× iQ SYBR Green Supermix (Bio-
Rad), and 0.3 �M of each primer. The thermal cycling conditions
consisted of an initial denaturation at 95 ◦C for 2 min followed by
35 cycles of 1 min at 95 ◦C, 30 s at 65 ◦C, 30 s at 72 ◦C, and 10 s at
79 ◦C. Occasionally, we observed that weak peaks occurred between
72 and 75 ◦C in the melting curve. This was due to primer dim-
mers since these unspecific amplifications were not detected by
electrophoresis in a 1.2% (wt/vol) agarose gel (data not shown).
To avoid measuring fluorescence signal emitted by this unspecific
amplifications, fluorescence of the target amplicon [melting tem-
perature (Tm) = 88 ◦C] was detected at 79 ◦C (Weng et al., 2005). No
fluorescence of the target amplicon occurred for negative controls
using any of DNAs extracted from tissues of chickpea, melon, and
pea plants. A threshold position of 350 Relative Fluorescence Units
(RFU) was fixed for all experiments to determine CT values.

After optimizing real-time qPCR assays, standard regression
lines were generated for each of DNA standard curves using a range
of DNA from 10 ng to 0.1 pg. A high reproducibility of amplifications
with a high efficiency was achieved over five orders of magnitude
of DNA concentration, which exhibited a linear dynamic range of
amplification. Fusarium oxysporum DNA was not accurately quan-
tified at a concentration of 0.1 pg either if DNA was diluted in
water or in DNA extracted from chickpea stem or root tissues; i.e.,
CT value of 33.5 ± 2 or no amplification (Table 2). Consequently,
the detection limit of the qPCR assay was fixed at F. oxysporum
DNA concentration of 0.1 pg. On the other hand, the detection lim-
its of simple- and nested-PCR assays using primers FOF1/FOR1
were 10 pg and 0.1 pg (the lowest of the assayed concentrations),
(Table 2).
Use of the real-time qPCR detection protocol with indepen-

dently built DNA standard curves or by different operators did



378 D. Jiménez-Fernández et al. / Applied Soil Ecology 46 (2010) 372–382

Table 3
Standard regression equations from five-point 10-fold serial dilution of Fusarium oxysporum f. sp. ciceris (Foc-9605), F. o. melonis (Fom-9016), and F. o. pisi (Fop-4A) DNA
(10 ng/�l) diluted in sterile, ultrapure water (Water series) or in plant DNA (10 ng) extracted from roots of chickpea, melon, or pea, respectively (Root series), and statistical
analysis to test equality of slopes and intercepts.

F. oxysporum DNA/Plant DNA Background DNA P valuea

Water series Root series

Intercept Slope AE (%) R2 Intercept Slope AE (%) R2 Intercept Slope

Foc-9605/Chickpea 16.51 −3.930 79.66 0.998 16.63 −3.806 83.13 0.997 0.9020 0.2224
Fom-9016/Melon 16.63 −3.765 84.33 0.997 16.63 −3.655 87.76 0.994 0.5564 0.3948
Fop-4A/Pea 16.02 −3.702 86.26 0.995 16.48 −3.604 89.45 0.996 0.0583 0.4522
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P value 0.0001 0.1081

a Standard regression lines obtained for the different F. oxysporum genomic DNAs a
P ≥ 0.05) of variance (Bartlett’s test) and for equality of slopes and intercepts using

ot influence reproducibility and consistency of results (data not
hown). Consequently, only results from representative experi-
ents are described. Standard regression lines obtained for all

ombinations showed highly reproducible amplifications, high effi-
iency (AE = 79.66–89.45%) and high coefficient of determination
R2 = 0.994–0.998), which are values within ideal range for real-
ime qPCR assays. One-way ANOVA analysis of CT values derived
rom W/Foc-9605, CR/Foc-9605, and CS/Foc-9605 DNA standard
urves indicated homogeneity of variances (P ≥ 0.05). The origin
f the background chickpea DNA (water vs. roots or stems) did not
nfluence results of real-time qPCR assays (data not shown). Sta-
istical comparisons of the standard regression lines of the three
tandard curves indicated lack of significant differences among
ntercepts (P = 0.9975) or slopes (P = 0.1038). Similar results were
ound in a different experiment which showed that the presence
f chickpea, melon or pea DNA backgrounds did not influence
P > 0.2224) qPCR amplifications (standard curves: W/Foc-9605
s. CR/Foc-9605; W/Fom-9016 vs. MR/Fom-9016; W/Fop-4A vs.
R/Fop-4A DNA) (Fig. 1, Table 3). Furthermore, neither the ori-
in of F. oxysporum DNA (Foc-9605, Fom-9016 and Fop-4A) nor
he source of plant DNA background (chickpea, melon or pea)
nfluenced results of qPCR assays (Fig. 1, Table 3). Thus, compar-
sons of standard regression lines indicated that their slope did
ot differed significantly (P > 0.1081) among F. oxysporum isolates
W/Foc-9605 vs. W/Fom-9016 vs. W/Fop-4A) and/or host plant
NA backgrounds (CR/Foc-9605 vs. MR/Fom-9016 vs. PR/Fop-4A).
nly for the water series, the intercept of W/Fop-4A regression

ine was significantly smaller (P < 0.05) than those of W/Foc-
605 and W/Fom-9016 regression lines. Similarly, the presence of
ackground DNA extracted from a natural soil did not influence
P > 0.5777) qPCR amplifications (standard curves: W/Foc-9605 vs.
/Foc-9605) (data not shown).

Since use of DNA backgrounds from different host plant species
id not influence reproducibility and efficiency of amplification
ssays, we selected the CR/Foc-9605 DNA standard curve to esti-
ate F. oxysporum in naturally infected plant tissues, and the

/Foc-9605 DNA standard curve to estimate F. oxysporum in nat-
rally or artificially infested soil samples.

.3. Application of the qPCR protocol to studies on soil microbial
cology

.3.1. Quantification of F. oxysporum in naturally infected plant
issues

The total Fusarium spp. population densities in roots of chick-

ea cultivars ranged from 6.05 × 104 to 2.67 × 105 cfu/g of root
Fig. 2A), whereas that of F. oxysporum ranged from 4.91 × 104 to
.26 × 105 cfu/g of root (Fig. 2B). These populations differed sig-
ificantly among chickpea cultivars for Fusarium spp. (P = 0.0286)
s well as for F. oxysporum (P = 0.0341) (Fig. 2A and B). Chickpea
0.1615 0.3194

the different plant DNA backgrounds were statistically compared for homogeneicity
st at P < 0.05.

cvs. CV-1, JG-62 and PV-61 harbored significantly (P < 0.05) lower
populations of F. oxysporum compared with chickpea cvs. PV-1 and
P-2245 (Fig. 2B).

Use of the real-time qPCR protocol allowed detection of F. oxys-
porum DNA in 100% of the root samples from the six chickpea
cultivars (Fig. 2C). The relative amount of F. oxysporum DNA in DNA
samples from roots differed significantly (P = 0.0175) among the six
chickpea cultivars ranging from 2.72‰ in cv. PV-61 to 26.08‰ in
cv. CV-1 (Fig. 2C).

3.3.2. Quantification of F. oxysporum in naturally or artificially
infested soil

Plating Soil A artificially infested with F. oxysporum onto
VOPA medium yielded average population densities ranging from
4.06 × 105 to 3.87 × 103 cfu/g of dry soil in the soil samples infested
with the highest (1 × 106 cfu/ml, non-diluted) and the lowest
(7.81 × 103 cfu/ml) conidia concentration in the conidial suspen-
sion, respectively (Fig. 3). Fusarium oxysporum population densities
in the artificially infested Soil B and Soil C averaged 4.64 × 103 and
2.98 × 103 cfu/g of soil, respectively. Indigenous Fusarium spp. and
F. oxysporum population densities in the F. oxysporum naturally
infested soil from ‘Campus de Rabanales’ averaged 8.92 × 102 and
5.21 × 102 cfu/g of soil, respectively (Fig. 4). These populations were
lower and showed higher variability among replicates as compared
to those in artificially infested soils.

As expected, both F. oxysporum DNA concentrations and cfu
counts in Soil A artificially infested with F. oxysporum decreased
asymptotically and linearly with decreasing inoculum concentra-
tion, respectively (Fig. 3). The changes in these two measures were
positively and significantly correlated (r = 0.9548, P = 0.0115). How-
ever, the relationship between the fungal concentrations indicated
by cfu counts and the theoretical soil inoculum concentration was
much stronger compared with that of fungal DNA, since F. oxyspo-
rum DNA could not be accurately quantified at inoculum densities
lower than 6250 cfu/g of soil (Fig. 3). At this latter inoculum den-
sity, the CT values were similar to that obtained for F. oxysporum
DNA concentrations at the detection limit of the qPCR (0.1 pg;
CT = 33.5 ± 2) or there was no amplification.

Use of the real-time qPCR protocol allowed detection of F. oxys-
porum DNA in 100% of samples (six independent DNA extraction
replicates) in the artificially infested Soil B and Soil C, with F. oxys-
porum DNA ranging from 6485.4 ± 2292.2 to 79.23 ± 29.95 pg/g of
dry soil for those soils, respectively (Fig. 4). Estimations of amount
of F. oxysporum in the two soils by means of the qPCR assay and
cfu counts were positively and significantly correlated (r = 0.8510,

P = 0.0230). On the contrary, F. oxysporum DNA could be quantified
only in 50% of six independent DNA extraction replicates in the F.
oxysporum naturally infested soil ‘Campus de Rabanales’. Amount
of F. oxysporum DNA in soil DNA samples were variable, ranging
from 23.81 up to 46.21 pg/g of soil (Fig. 4).
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Fig. 1. Standard regression lines of a five-point 10-fold serial dilution of Fusarium
oxysporum f. sp. ciceris (Foc-9605) (A), F. o. melonis (Fom-9016) (B), and F. o. pisi
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Fig. 2. Population densities of Fusarium spp. (A) and Fusarium oxysporum (B) amount
Fop-4A) (C) DNA (10 ng/�l) diluted in sterile, ultrapure water (Water series) or in
NA (10 ng) extracted from roots of chickpea, melon or pea, respectively. Threshold
ycles (CT) were plotted against the log of genomic DNA standard curves of known
oncentrations. Regression equations and associated statistics are shown in Table 2.

. Discussion

While designing specific-PCR assays, several physical and chem-

cal variables must carefully be taken into account to achieve
omplete optimization and hence high quality/reliable results. Fur-
hermore, there are distinct levels of quality control that should
e considered when setting up a specific-PCR protocol for diagno-
is involving primer design, optimization of amplification for the
of F. oxysporum DNA (C) in roots of six chickpea cultivars determined by the dilution
plating technique using a Fusarium-semiselective medium (A and B) or a quantitative
F. oxysporum-specific PCR assay (C).

specific designed primers (dNTPs, polymerase, primers and Mg2+

concentration; pH; cycling temperature parameters; etc.) and assay
quality control per se (van Pelt-Verkuil et al., 2008). Adequate con-
trols are particularly important, with known positive (high and
low titre DNA standards) and negative controls being necessarily

included in each batch of PCR reactions. Both a plain water and
DNA of closely related species or sequences with high homology to
those of the target amplicon should be included as negative con-
trols to rule out false positive reactions caused by contamination
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r cross-amplification, respectively. Additionally, in silico test of
rimer specificity should be conducted by running the sequences
f the designed specific primers against the non-redundant Gen-
ank dataset for the identification of short, nearly exact matches
hat may invalidate the specificity of primers.

The species-specific PCR protocol developed by Mishra et al.
2003) satisfied many of the desirable quality control referred
bove but failed to include an appropriate range of Fusarium spp.
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75), F. culmorum (3), F. equiseti (8), and F. sambucinum (5) used
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he ITS sequences of isolates belonging to those Fusarium spp.
hat were included in our study (Ex-type isolates) showed high

omology with the sequences of primers FOF1/FOR1 and did not
ross-amplified in PCR assays using the original amplification con-
itions.

Most of the Ex-type Fusarium isolates that cross-amplified using
OF1/FOR1 primers (14 out of 17 species) (Table 1) are members
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of the Gibberella fujikuroi species complex (e.g., F. circinatum, F.
sacchari, F. subglutinans, and F. verticilloides) which can be mor-
phologically distinguished from F. oxysporum based on production
of microconidia in both, monophialidic and polyphialidic coni-
diogenous cells and absence of chlamydospores. However, the
remaining three Fusarium species (F. andiyazi, F. armeniacum and
F. nisikadoi), would need expertise in Fusarium taxonomy to be dif-
ferentiated from F. oxysporum. Interestingly, other Fusarium spp.
that may be misidentified with F. oxysporum such as F. redolens
(O’Donnell et al., 1998a) do not show cross-amplification using
primers FOF1/FOR1 (D. Jiménez-Fernández, J.A. Navas-Cortés, M.
Montes-Borrrego, R.M. Jiménez-Díaz, and, B.B. Landa unpublished
results).

Moreover, the increased stringency of amplification reaction
in our study implemented either by chemical (decreasing the
Mg2+ concentration from 2 mM to 1.5 mM) or physical means (by
increasing the annealing temperature by 7 ◦C) solved the prob-
lem of cross-amplification and made the protocol specific for F.
oxysporum. Additionally, the protocol sensitivity was not impaired
by the increase in stringency of conditions, as we were able
to detect up to 0.01 ng of F. oxysporum DNA by conventional
PCR.

After optimizing PCR conditions to achieve maximum speci-
ficity, we implemented the protocol to be quantitative. According
to our knowledge, none of the two protocols developed for the
detection of “F. oxysporum sensu lato” (Edel et al., 1995; Mishra
et al., 2003) were quantitative in nature, and no published study
up to date has developed such a qPCR protocol. After adapting
the amplification conditions for quantifying F. oxysporum DNA,
we demonstrated the utility of the protocol by quantifying three
different F. oxysporum isolates in different sets of samples. Fur-
thermore, we showed that the sensitivity of the qPCR protocol
was not affected by the nature of the sample since we were able
to detect and quantify the fungus in complex naturally infested
or infected matrices from diverse origin, including different plant
tissues (roots and stems), host plants (chickpea, melon, and pea),
and soils. In those complex samples, we were able to detect up to
1 pg of F. oxysporum DNA both in soil and in plant tissues with-
out loosing accuracy. Similar detection limits have been found
for other Fusarium spp. or formae speciales of Fusarium oxyspo-
rum when applied to plant and soil samples (Filion et al., 2003;
Pasquali et al., 2004, 2006; Zambounis et al., 2007). Furthermore,
the amplification efficiency, sensibility and reproducibility of the
newly developed qPCR assay were not influenced by presence of
non-target DNA from different sources (either plant or soil DNA).
In other studies, the potential interference of background DNA from
host plant tissues or soil in qPCR assays either was not consid-
ered (Filion et al., 2003; Pasquali et al., 2004, 2006), or if analyzed
either showed a reduction (Schena et al., 2006; Li et al., 2008)
or no effect (Valsesia et al., 2005; Lievens et al., 2006; Atallah
et al., 2007) on the efficiency, accuracy and detection limit of
amplifications.

In this present study, we have demonstrated that F. oxysporum
DNA can be accurately quantified over a large range of concentra-
tion using real-time PCR in complex biological matrices, including
artificially and naturally infested samples from diverse origins in
which many different organisms coexist with the target species. In
the case of naturally infested soil and root samples similar to those
used in the study, it is not possible to accurately distinguish the
target fungi, “F. oxysporum sensu lato”, from other Fusarium spp.
by means of poor discriminative techniques like plating on cul-

ture media. Such procedure is tedious and delays the identification
of F. oxysporum colonies until detailed microscopic observations
of diagnostic morphological traits are made. Consequently, the
availability of this newly developed qPCR protocol for quantify-
ing “F. oxysporum sensu lato” may be a useful tool for studies of
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De Haan, L.A.M., Numansen, A., Roebroeck, E.J.A., van Doorn, J., 2000. PCR detection
of Fusarium oxysporum f.sp. gladioli race 1, causal agent of Gladiolus yellows
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he ecology of natural F. oxysporum populations in soil and plant
hizosphere.

In our study, the protocol was efficient in accurately quantify-
ng the F. oxysporum DNA concentration on pasteurized, artificially
nfested soil samples (Soil A). Thus, a high degree of correlation

as found between the established inoculum density of the fungus
nd the calculated concentration of template DNA, demonstrating
he potential of the technique to accurately quantify F. oxysporum
ccurring in soil. Similarly, a high correlation was found between
olony counts and the quantified amount of F. oxysporum DNA in
amples of naturally infested soil and two artificially infested soils
i.e., Soil B and Soil C) that were kept at 5 ◦C for 5 months before
NA extraction. However, the detection sensitivity was higher in

hose later soil samples due probably to the presence of chlamy-
ospores in them, since the yield of target DNA from them after
oil extraction may be higher compared with that from microconi-
ia used to infest Soil A. Even with this limitation, we were able to
uantify up to 104 microconidia/g of soil in the artificially infested
oil A. Similar detection sensitivity was found for F. oxysporum f. sp.
asinfectum in soil samples artificially infested with microconidia
f the fungus (Zambounis et al., 2007). On the contrary, we were
ble to quantify approximately between 900 and 4500 F. oxysporum
ropagules in the naturally infested soil ‘Campus de Rabanales’ and
he artificially infested Soil-B and Soil-C. Since DNA was extracted
rom small aliquots of soil samples (250 mg) this could account for
he failures and higher variability found in some quantifications
f replicates from the naturally infested soil. Some modifications
ould be made in the procedure to increase sensitivity when using
naturally infested soil, such as increasing the soil sample size

nd/or the number of replicates from each sample. Currently, we
re implementing the qPCR protocol with the use of the UltraClean®

ega Soil DNA Isolation Kit (MoBio laboratories, Inc.) that allow
solating DNA from up to 10 g of soil.

Besides a common soil inhabitant, F. oxysporum is also con-
idered a common member of fungal communities inhabiting
he plant rhizosphere (Gordon and Martyn, 1997). Since both
athogenic and nonpathogenic strains of F. oxysporum are able
o colonize externally and internally the rhizosphere of many
ost and nonhost plant species, the availability of the hereby
eported qPCR protocol for quantifying “F. oxysporum sensu lato”,
ogether with specific-qPCR protocols that either may be avail-
ble or developed for specific formae speciales, may help to gain
ew insights about interactions between pathogenic and non-
athogenic F. oxysporum populations in soil and the rhizosphere
s well as how this interaction may be modulated by the environ-
ental conditions, other soil microflora and/or the crop species or

ultivar.
In this present study, the six chickpea cultivars that grew

n a soil naturally infested with F. oxysporum (soil ‘Campus de
abanales’) showed significantly different colonization levels of
he root system by this fungal species complex (Fig. 2A and,B).
ince this soil is infested with a mixture of different populations
f F. oxysporum, including races 0, 5, and 6 of F. oxysporum f. sp.
iceris, these differences may be due to differential reactions that
hose cultivars show to these races (Landa et al., 2009; S. Garcés-
omay, R.M. Jiménez-Díaz and B. B. Landa, unpublished). Also, it

s interesting to note that at the time of sampling none of the
hickpea cultivars showed disease symptoms, and even though
hey harbored high F. oxysporum populations on their root system.

oreover, a genetic diversity study based on PCR-RFLP analy-
is of IGS region (Edel et al., 1995, 1997, 2001) conducted with
ver 100 isolates obtained from the root system of those same
hickpea cultivars have indicated that those cultivars not only sup-

orted different F. oxysporum populations but up to 32 different
aplotypes (S. Garcés-Romay, R.M. Jiménez-Díaz and B.B. Landa,
npublished).
oil Ecology 46 (2010) 372–382 381

5. Conclusion

Results from the present study indicate that the optimization
of the F. oxysporum-specific protocol and its conversion into a
real-time qPCR assay for quantification of this fusgus in complex
matrices, including plant tissues and soils, will be of great value
for studies aimed to gain better understanding of the ecology of “F.
oxysporum sensu lato” and its interactions with the soil microflora,
the environment, and/or specific crops or cultivars.
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