
SUMMARY

A rapid and sensitive molecular diagnostic assay for
Fusarium oxysporum f. sp. chrysanthemi, an economical-
ly important pathogen of ornamentals, has been devel-
oped and tested on three hosts (Gerbera jamesonii, Os-
teospermum sp., and Argyranthemum frutescens). A spe-
cific primer set (B6003/SNR3) was designed on the ba-
sis of a single nucleotide polymorphism (SNP) in the
FOW1 gene of F. oxysporum f. sp. chrysanthemi. This
primer set was highly specific and able to distinguish
this fungus from other formae speciales of F. oxysporum.
A 304 bp sequence was amplified from DNA of three
isolates of F. oxysporum f. sp. chrysanthemi, whilst no
amplification was obtained from DNA of 16 other
Fusarium species and formae speciales of F. oxysporum.
In conventional PCR with primer pair B6003/SNR3, the
detection limit of F. oxysporum f. sp. chrysanthemi was
100 pg of genomic, whilst in a semi-nested PCR, using
primer pair B6003/B6004 in the first round, and
B6003/SNR3 in the second round, the detection limit
was as low as 10 fg of genomic DNA. Semi-nested PCR
successfully detected F. oxysporum f. sp. chrysanthemi in
three artificially infected symptomless host plants sam-
pled three days after pathogen inoculation.

Key words: Fusarium wilt, FOW1 gene, single nu-
cleotide polymorphism (SNP), semi-nested PCR, diag-
nosis.

Gerbera jamesonii, Osteospermum sp., and Argyran-
themum frutescens are economically important orna-
mental crops in many floricultural areas. G. jamesonii is
one of the top ten cut flower crops in Europe (Hein-
richs, 2005), Osteospermum sp. is considered an emerg-
ing species for the production of potted plants, particu-
larly in Liguria (northern Italy) (Minuto et al., 2007),
and A. frutescens is grown as both cut flowers and pot-
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ted plants in Liguria, which currently represents the
most important area of production of this species. Se-
vere symptoms of Fusarium wilt have been observed on
these three crops in recent years in Northern Italy (Min-
uto et al., 2007). Typical symptoms include leaf yellow-
ing and wilting starting from the basal leaves and pro-
gressing acropetally. Severely affected plants collapse
and the stems exhibit dark-blue necrosis with the vascu-
lar system showing an intense brown discoloration
(Garibaldi et al., 2004a, 2004b). The causal agent has
been identified as F. oxysporum f. sp. chrysanthemi (Foc)

Foc is a polyphagous, soil-borne facultative parasite
that penetrates roots and colonizes the vascular tissue
on chrysanthemums and the afore mentioned ornamen-
tal crops causing severe economic losses (Minuto et al.,
2007). Therefore, an early, rapid and accurate detection
and identification of this fungus in symptomless plants
is essential for reducing its spread and the use of infect-
ed propagating materials for planting.

Identification of Fusarium species is traditionally
based on morphology, which is time-consuming and re-
quires taxonomical expertise. In recent years, single nu-
cleotide polymorphisms (SNPs) have been used in mo-
lecular diagnostics for designing species-specific
primers for the detection and identification of plant
pathogens (Lievens et al., 2006; Kristensen et al., 2007).
SNPs are DNA variants at a single base position that
have been widely used as genetic markers in medical
analysis and in human and evolutionary genetics (Evans
and Relling, 1999; Jobling and Tyler-Smith, 2000; Ishig-
uro et al., 2005). SNPs can be identified whether or not
PCR products are obtained with each specific primer
(Furuta et al., 2007; Nakamura et al., 2007). In addition,
nested or semi-nested PCR can be combined in the di-
agnostic protocols to further enhance the specificity and
sensitivity of pathogen detection assays through subse-
quent re-amplification of ‘first-round’ products (Li and
Hartman, 2003; Langrell, 2005; Havis et al., 2006).
Coupled with tissue-appropriate DNA extraction meth-
ods, nested PCR proved to be most effective for the
specific detection of low-level, cryptic or pre-sympto-
matic fungal pathogen infections from plant tissues and
other complex substrates (Glen et al., 2007; Langrell et
al., 2008).
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The aim of the present study was to explore the pos-
sibility of developing a new and highly specific molecu-
lar tool for detecting Foc in three hosts, using single nu-
cleotide polymorphism (SNP) and semi-nested PCR
amplification of FOW1, a gene encoding a mitochondri-
al carrier protein, specifically required for the coloniza-
tion of root tissue by F. oxysporum (Inoue et al., 2002). 

Three Foc single-spore isolates coded DB32 (isolated
from Paris daisy), DB23 (isolated from gerbera), DB43
(isolated from African daisy), 11 isolates representing
other formae speciales of F. oxysporum and 5 isolates of
different Fusarium species were used in this study (Table
1). DNA from all isolates was extracted using the Nucle-
oMag 96 Plant Kit (Macherey Nagel, Germany) and the
Kingfisher magnetic particle processor (Thermo Labsys-
tems, USA) following the manufacturers’ protocol.
Mycelium (about 100 mg) was ground in liquid nitrogen
with mortar and pestle and the resulting fine powder
used for DNA extraction. A ten-fold serial dilution series
of DNA template was prepared for PCR reactions. 

The FOW1 gene of DB32, DB23, DB43 and other F.
oxysporum isolates was initially amplified with the
primer pair B6003/B6004 (B6003: 5’- TCTACGA-
CACTCCCAAAGTC -3’; B6004: 5’- CAAACCA-
GATTCCTAAACGC -3’) (Inoue et al., 2002). PCR re-
actions were performed using a TGradient thermal cy-
cler (Biometra, Germany). Each 20 µl PCR reaction
contained 1 µl of DNA template, 2.5 mM each de-
oxynucleoside triphosphate, 2 µl of 10x buffer (Taq
DNA Polymerase, Qiagen, Germany), 5 µM of each
primer, and 1.0 U Taq DNA polymerase (Qiagen, Ger-
many). The PCR program was: 95°C for 3 min, 35 cy-
cles of 94°C for 30 sec, 52°C for 45 sec, 72°C for 55 sec,
then 72°C for 7 min and a 4°C hold. A 7 µl aliquot of
PCR product from each reaction was electrophoresed in
1.5% agarose gels and stained with SYBR SAFE (Invit-
rogen, USA). PCR amplification products were cloned
into the PCR4 TOPO vector (Invitrogen, USA) using
the TOPO TA cloning kit following the manufacturers’
protocol, and custom sequenced by Genome Express
(Padua, Italy). 

Primer pair B6003/B6004 amplified a single product
1114 bp in size from the three Foc isolates (DB32, DB23,
DB43) and from all other F. oxysporum isolates assayed.
No amplicons were obtained from the other Fusarium
species tested nor from DNA extracts from healthy
plants. The detection limit for Foc was as low as 10 pg of
genomic DNA. The FOW1 amplicons were cloned and
sequenced, and were aligned by the cluster method using
the DNAMAN program (Lynnon BioSoft, USA). Primer
design followed the general primer design concepts out-
lined by Dieffenbach et al. (1993), based on the exploita-
tion of inter-specific nucleotide-divergent regions be-
tween Foc and other F. oxysporum isolates. On the basis
of the B6003/B6004 primers and the divergence of the
FOW1 genes of all F. oxysporum isolates, one SNP site

“C” (the second position upstream the 3’-end) was found
within the sequence of F. oxysporum FOW1 gene (not
shown ) and a mismatched base was introduced at the
third position upstream the 3’-end of the SNP specific
primer (not shown). 

Fig. 2. Sensitivity test of semi-nested PCR using the primer
pair B6003/B6004 (in the first round) and SNP-specific
primer pair B6003/SNR3 (in the second round). M: Bench-
Top Marker. Lanes 1-8: genomic DNA from Foc DB23: 100
pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg, no DNA, plant DNA of
G. jamesonii. Lanes 9-16: genomic DNA from Foc DB43: 100
pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg, no DNA, plant DNA of
Osteospermum sp. Lanes 17-24: genomic DNA from Foc
DB32: 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg, no DNA, plant
DNA of A. frutescens.

Fig. 1. Specificity and sensitivity test for SNP-specific primer
pair B6003/SNR3. M: Low Mass Ladder. Lanes 1-6: no
DNA, genomic DNA from F. moniliforme, F. redolens, F.
proliferatum, F. solani, F. culmorum. Lanes 7-8: genomic
DNA from F. oxysporum f. sp. tracheiphylum (DB9), F. oxys-
porum f. sp. tracheiphylum (DB18). Lanes 9-12: genomic
DNA from F. oxysporum f. sp. chrysanthemi (DB23) 1 ng,
100 pg, 10 pg, 1 pg DNA. Lanes 13-16: genomic DNA from
F. oxysporum f. sp. chrysanthemi (DB43) 1 ng, 100 pg, 10 pg,
1 pg DNA. Lanes 17-20: genomic DNA from F. oxysporum f.
sp. chrysanthemi (DB32) 1 ng, 100 pg, 10 pg, 1 pg DNA.
Lanes 21-29: genomic DNA from different formae speciales
of F. oxysporum: pisi, radicis-lycopersici, eustomae, basilici, cy-
claminis, dianthi, lilii, lycopersici, melonis.

Fig. 3. Semi-nested PCR detection of F. oxysporum f. sp.
chrysanthemi (DB23, DB43, DB32) on the three host plants
15 days after pathogen inoculation. M: Low Mass Ladder.
Lanes 1-3: DNA from G. jamesonii inoculated with DB23:
root, crown, uninoculated plant. Lanes 4-8: DNA from Os-
teospermum sp. inoculated with DB43: root, crown, low
stem, middle stem, uninoculated plant. Lanes 9-14: DNA
from A. frutescens inoculated with DB32: root, crown, low
stem, middle stem, uninoculated plant, no DNA.
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Three reverse primers were designed using Primer
5.0 (Applied Biosystems, USA) for Foc and named
SNR1: 5’-TGTGGCATGTGAGTCACGA-3’, SNR2:
5’-TGTGGCATG TGAGTCAAGA-3’, and SNR3: 5’-
TGTGGCATGTGAGTCATGA-3’. The reverse
primers were combined with the forward primer B6003
for the evaluation of both specificity and sensitivity. 

The specificity and sensitivity of the primer pairs
B6003/B6004, B6003/SNR1, B6003/SNR2 and
B6003/SNR3 for DB32, DB23 and DB43, including the
semi-nested PCR combinations, were assessed by PCR
against DNA preparations obtained from five additional
Fusarium species and 11 different formae speciales of F.
oxysporum, as well as against the DNA of three host
plants in conventional and semi-nested PCR, over a
range of annealing temperatures (52-58°C). Ten-fold se-
rial dilutions were prepared of genomic DNA of Foc
isolates DB32, DB23, DB43 over the range 1 ng to 1 fg
DNA. The specificity and sensitivity of semi-nested
PCR was tested by using primer pair B6003/B6004 in
the first round. One µl of the first round PCR product
was then used as DNA template in the second round,
where B6003/SNR1, B6003/SNR2 and B6003/SNR3
were the specific primers, respectively. Evaluation of the
efficiency of primer pair amplification was based on the
intensity of the amplicon as revealed by standard gel
electrophoresis. 

A single PCR band (product size 304 bp) was ampli-
fied by the primers B6003/SNR1, 2, 3 only for the three
Foc isolates. No amplicons were obtained from the five
different Fusarium species and the 11 formae speciales of
F. oxysporum. Moreover, in conventional PCR, primer
pair B6003/SNR3 showed the greatest sensitivity with a

Table 1. Source of isolates and specificity of the primers used in this study.

PCR amplification
Fusarium species Host

Origin B6003/B6004 B6003/SNR3 Nested PCR

F. oxysporum f. sp. chrysanthemi (DB32) Paris daisy Liguria, Italy + + +
F. oxysporum f. sp.chrysanthemi (DB23) gerbera Liguria, Italy + + +

F. oxysporum f. sp. chrysanthemi (DB43) African daisy Liguria, Italy + + +

F. oxysporum f. sp. tracheiphylum (DB9) Vigna unguiculata ATCC 16608 + - -

F. oxysporum f. sp. tracheiphylum (DB18) Glicine max ATCC 62913 + - -

F. oxysporum f. sp. basilici basil Liguria, Italy + - -
F. oxysporum f. sp. cyclaminis cyclamen Piedmont, Italy + - -
F. oxysporum f. sp. melonis melon Piedmont, Italy + - -
F. oxysporum f. sp. radicis- lycopersici tomato Liguria, Italy + - -
F. oxysporum f. sp. lilii lilium Liguria, Italy + - -
F. oxysporum f. sp. dianthi carnation Liguria, Italy + - -
F. oxysporum f. sp. pisi pea Piedmont, Italy + - -
F. oxysporum f. sp. lycopersici tulip Liguria, Italy + - -
F. oxysporum f. sp. eustomae lisianthus Liguria, Italy + - -
F. redolens tomato Piedmont, Italy - - -
F. proliferatum tomato Piedmont, Italy - - -
F. moniliforme maize Piedmont, Italy - - -
F. solani apple Piedmont, Italy - - -
F. culmorum maize Piedmont, Italy - - -

+: positive  -: negative

Fig. 4. Disease severity of Fusarium wilt on the three host
plants. Bars indicate standard errors of the mean values, dif-
ferent letters indicate significant differences at the 5% level
between disease severity after pathogen inoculation on differ-
ent days.
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detection limit for Foc of 100 pg genomic DNA (Fig. 1).
The semi-nested PCR assay (with B6003/B6004 primer
set in the first round and B6003/SNR3 primer set in the

second round) showed that the detection limit for Foc
was as low as 10 fg genomic DNA (Fig. 2). This detec-
tion sensitivity was 104 times higher with semi-nested

Table 2. Pathogen detection in artificially inoculated Gerbera jamesonii, Osteospermum sp. and Argyran-
themum frutescens.

Pathogen detection

Host plants
Days after
inoculation Plant tissues Nested PCR

Pathogen
reisolation

Symptom
observation

Root + +/-
3

Crown - -
-

Root + +
7

Crown + +
-

Root + +
11

Crown + +
-

Root + +

Gerbera jamesonii
inoculated with DB23

15,19,23,27
Crown + +

+

Root + +/-

Crown - -

Low stem - -
3

Middle stem - -

-

Root + +

Crown + +

Low stem - -
7

Middle stem - -

-

Root + +

Crown + +

Low stem + +
11

Middle stem - -

-

Root + +

Crown + +

Low stem + +

Osteospermum sp.
inoculated with DB43

15,19,23,27

Middle stem + +

+

Root + +/-

Crown - -

Low stem - -
3

Middle stem - -

-

Root + +

Crown + +

Low stem - -
7

Middle stem - -

-

Root + +

Crown + +

Low stem + +
11

Middle stem - -

-

Root + +

Crown + +

Low stem + +

Argyranthemum
frutescens inoculated
with DB32

15,19,23,27

Middle stem + +

+

+ = positive;  - = negative; +/- = uncertain
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PCR compared to conventional PCR.
The semi-nested PCR assay was further evaluated for

its detection limit on tissues of artificially inoculated
host plants. Plants of G. jamesonii (cv. Dune), Os-
teospermum sp. (cv. Wild side) and A. frutescens (cv.
Stella 2000) were grown in a greenhouse at 20-25°C.
When the plants were 30-60-day-old, were transplanted
into plastic pots (one plant per pot, 1 litre capacity) for
pathogen inoculation. Pots were filled with a steam-ster-
ilized substrate containing a 60:25:15 (v:v:v) peat,
broadleaf bark and clay mixture. Isolates DB32, DB23,
DB43 were grown on PDA for 1 week at 25°C, after
which small pieces of culture were cut with a sterilized
knife and placed in shaken cultures for 10 days in casein
hydrolysate (0.2%) at 25°C with a 12 h photoperiod.
The culture suspension was then filtered through one
layer of cheesecloth, the concentration of spores and
mycelium fragments was determined with a hemacy-
tometer and adjusted with deionized water to 1x106

CFU ml-1.
Inoculation of plants with spore suspensions was per-

formed immediately before transplanting. Roots of 30-
day-old plants were washed, trimmed to a length of 5
cm, and dipped for 10 min in the spore suspension pre-
pared as described above. Control plants were soaked
in deionized water. A total of 300 plants for each of the
three host species in five replicates were inoculated and
20 plants of each host were used as uninoculated con-
trol. The inoculated and non inoculated plants were
placed in a growth chamber at 25°C (80-90% relative
humidity; 50 to 60 klx m-2 light intensity with a pho-
toperiod of 12 h). Plants were checked for disease de-
velopment every four days, starting from the 3rd day af-
ter inoculation. At each sampling day, 10 plants were
chosen randomly to score the disease development. The
presence of wilt symptoms was visually assessed using a
disease index from 0 to 100 (Gilardi et al., 2007). Statis-
tical analysis for disease severity was carried out using
the SPSS version 12.0. Assumptions for ANOVA
(Tukey test, p=0.05) were tested. After disease evalua-
tion, roots, crowns, lower stems and middle stems of
five plants were washed with sterilized water and half of
them were used for pathogen reisolation while half were
stored at -20°C for DNA extraction.

DNA was extracted from tissues of plants artificially
inoculated with isolates DB32, DB23, DB43 using the
same kit as described above. Semi-nested PCR with
primers B6003/B6004 (in the first round) and
B6003/SNR1, 2, 3 (in the second round) were per-
formed separately on DNA extracted from different
plant tissues. In the second PCR round, the primer
pairs B6003/SNR1, B6003/SNR2, B6003/SNR3 were
used as specific primers and 1µl product of the first
round PCR was used as DNA template. PCR system
and programs used were as detailed above. Pathogen
reisolation from artificially inoculated plant tissues was

carried out on selective medium (Komada, 1975). Plant
tissues were cut into 2-cm fragments, surface-sterilized
with 1% sodium hypochlorite for 1 min and transferred
to selective medium plates. Fungal growth was evaluat-
ed after 4-5 days of incubation at 25°C. 

Foc DB23 was detected by semi-nested PCR in roots
and crowns of G. jamesonii collected 3 and 7 days after
inoculation; Foc DB43 was detected in roots, crowns,
lower stems and middle stems of Osteospermum sp. col-
lected 3, 7, 11 and 15 days after inoculation and Foc
DB32 was detected in roots, crowns, lower stems and
middle stems of A. frutescens collected 3, 7, 11 and 15
days after inoculation (Table 2; Fig 3). 

The disease progress in artificially inoculated plants
evaluated by the disease index is shown in Fig. 4. On all
hosts, symptoms appeared 14 to 15 days after inocula-
tion. At all time intervals after inoculation, the disease
index was significantly higher in G. jamesonii than in
Osteospermum sp. and A. frutescens. The disease index
in Osteospermum sp. and A. frutescens did not differ
significantly 15 days after inoculation. However, starting
from 19 days after inoculation the disease index was sig-
nificantly higher in A. frutescens compared to Osteosper-
mum sp.

In this study, the PCR primers designed proved to be
highly specific and sensitive in the molecular detection
of Foc and an efficient and inexpensive semi-nested
PCR diagnostic assay was developed. The results ob-
tained indicate that SNPs significantly improve primer
specificity and can be used as an alternative approach to
distinguish between very closely related fungal species.
As to sensitivity, the detection limit was as low as 10 fg
of genomic DNA using semi-nested PCR and sensitivity
was greatly improved (104 times) compared to conven-
tional PCR. Furthermore, the semi-nested PCR assay
successfully detected Foc in artificially infected symp-
tomless roots and crowns of the three host plants as ear-
ly as 3 to 7 days after inoculation, while first symptoms
appeared 15 days after inoculation. Compared to classic
pathogen isolation on selective medium, semi-nested
PCR proved faster and easier to perform and showed
greater sensitivity. 

The diagnostic technique we have developed can be
used for epidemiological studies and quarantine pur-
poses and can be effectively used for the early detection
of Foc in several economically important ornamentals
such as G. jamesonii, Osteospermum and A. frutescens.
Interestingly, G. jamesonii, proved to be extremely sus-
ceptible to this formae specialis of F. oxysporum. Thus,
the application of this quick and inexpensive molecular
diagnostic assay could reduce the use of infected but
symptomless propagating for planting and decrease the
economic losses caused by Foc on such popular orna-
mentals.
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