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a b s t r a c t

The in vitro effects of 6-MM and falcarindiol on the development of Alternaria dauci were analyzed. The
results showed that A. dauci was significantly more susceptible to falcarindiol than to 6-MM. Experi-
ments dealing with mixed solutions of 6-MM and falcarindiol indicated additive effects of the metab-
olites on growth inhibition. Permeabilization of the fungal plasma membrane was observed after
falcarindiol treatment. In planta quantification of 6-MM/falcarindiol was performed on inoculated leaves
of carrot genotypes. Significantly faster 6-MM production was observed in Bolero (partially resistant to
A. dauci) than in Presto (susceptible). The falcarindiol levels were significantly higher in Bolero than in
Presto.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Alternaria dauci is a necrotrophic fungal pathogen responsible
for Alternaria leaf blight (ALB) in cultivated carrot (Daucus carota
subsp. sativus). Significant ALB damage has been reported in carrot
production areas [1]. Different control measures are used to limit
the disease impact, including prophylactic methods, fungicide
applications and genetic control. Partially resistant genotypes
against A. dauci have already been marketed for many years, but
breeders are still searching for higher levels of resistance to ALB in
order to improve this control method. Among the molecular
mechanisms that could be involved in the resistance to ALB, the
role of carrot defense metabolites has, to our knowledge, never
been deeply explored.

Plant resistance to pathogens can be at least partly due to high
production of different types of defense metabolites, including
phytoanticipins and phytoalexins. In carrot, stress-related sub-
stances belong to several metabolite families, including iso-
coumarins, phenylpropanoids and polyacetylenes [2], and some of
these metabolites have been described in relation to fungal path-
ogen attacks. The role of the major phytoalexin 6-methoxymellein
(6-MM), an isocoumarin, has been widely studied and its accu-
mulation in carrot roots was observed in different abiotic or biotic
stresses, such as plant treatment by ultraviolet radiation, ethylene
or Botrytis cinerea infection [3,4]. The role of 6-MM in carrot
resistance to B. cinerea was hypothesized, as the concentration
accumulating in roots was considered sufficient to limit fungal
growth [4].

Apart from its presence in roots, 6-MM was also detected in
aerial parts of carrots inoculated with Cercospora carotae, another
fungal pathogen responsible for leaf blight [5]. However, as rela-
tively late induction of 6-MM production was observed after plant
inoculation, i.e. when the first disease symptoms appeared, the
authors concluded that 6-MMhas nomajor role in carrot resistance
to C. carotae. Investigations were conducted to estimate 6-MM
levels in carrot after artificial contamination by Alternaria species:

Abbreviations: ALB, Alternaria leaf blight; CG, conidial germination; GT, germ
tube length; MGR, maximum growth rate; 6-MM, 6-methoxymellein.
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De Girolamo et al. [6] did not find any significant increase in 6-MM
in several carrot cultivars in response to infection by Alternaria
alternata or Alternaria radicina. In the study of Fan et al. [3], the
carrot pathogen A. radicina was shown to induce 6-MM accumu-
lation more efficiently than Alternaria brassicicola, a pathogen of
Brassicaceae species. A moderate correlation (r2¼ 0.61) between 6-
MMproduction in carrot cell cultures and the resistance of different
carrot genotypes to A. dauci was found [7], but further work is
needed to specify the phytoalexin activity against this major fungal
pathogen of carrot leaves.

Among stress-related substances described in carrot, poly-
acetylenes have been largely mentioned in the literature. These
metabolites are present in plant species belonging to several
botanical families, including Apiaceae, Araliaceae and Asteraceae
[8]. The characteristics of falcarinol and falcarindiol, two major
polyacetylenes identified in carrot, have been reported in
numerous papers. Falcarinol-type polyacetylenes tend to be
constitutively present, indicating that they could act primarily as
preinfectional compounds or phytoanticipins. The polyacetylene
concentration in carrot is apparently dependent on environmental
conditions, as a decrease in roots was significantly observed after
water-stress [2].

The in vitro effects of polyacetylenes have been studied to
determine the concentrations that could inhibit the development
of fungal pathogens: the antifungal activities of falcarindiol and
falcarinol were respectively described with respect to Mycocen-
trospora acerina [9,10] and B. cinerea [11], two pathogens that cause
root rot in stored carrots prior to their marketing. Cellular effects
caused by falcarindiol on M. acerina were investigated, and struc-
tural or functional damage was observed [10]. Falcarinol and fal-
carindiol derived from root extracts of several carrot genotypes
were quantified to evaluate the potential role of polyacetylenes in
the resistance to M. acerina, Sclerotinia sclerotiorum or Rhizoctonia
carotae [12]. The most significant effect was observed with falcar-
indiol against M. acerina, which seems to be in accordance with
previous findings at the cellular level [10].

Polyacetylenes are not exclusively produced in roots, but are
also constituent of aerial parts in Apiaceae species. Falcarindiol and

falcarinol were quantified in roots, leaves and fruits of the wild
Apiaceae species Cryptotaenia canadensis [8]. In this species, both
falcarindiol and falcarinol were significantly detected in leaves, but
falcarindiol was the major polyacetylene when considering the
overall level in the whole plant. Falcarinol was shown to be present
in leaves and stems of Aegopodium podagria, another wild Apiaceae
species [13]. Recently, falcarindiol was extracted from leaves of sea
fennel, Crithmum maritimum, in order to study its antimicrobial
activity [14]: this polyacetylene strongly inhibited the growth of
two bacteria, Micrococcus luteus and Bacillus cereus. To our knowl-
edge, the production and potential role of polyacetylenes in rela-
tion to carrot infection by aerial fungal pathogens have never been
described to date.

In this paper, we present data obtained when exploring the
putative antifungal role of two plant secondary metabolites, 6-MM
and falcarindiol, in the D. carotaeA. dauci interaction. Wemeasured
the in vitro effects of the plant metabolites against A. dauci strains
with different aggressiveness levels. In these experiments,
a recently-published nephelometric procedure [15] was compared
with standardmicroscopical methods to study fungal development.
The use of a fluorigenic dye enabled us to investigate the effect of 6-
MM and falcarindiol on membrane permeabilization in A. dauci.
Meanwhile, using HPLC and UHPLCeElectrospray ionization (ESI)e
MS respectively, the 6-MM and falcarindiol concentrations were
measured in carrot leaves inoculated by A. dauci in two genotypes
differing in their extent of resistance to ALB.

2. Materials and methods

2.1. Fungal strains, culture conditions and preparation of conidial
suspensions

The fungal strains used in this study and their characteristics are
listed in Table 1. A. dauci strains were grown in Petri dishes on V8
juice agar medium (20% V8 vegetable juice, 3 g l�1 CaCO3, 15 g l�1

agar, pH 6.8), incubated in darkness at 22� 2 �C for 7 days, and then
exposed to 12 h near-u.v. light (Philips, TL-D 36W) per day at
22� 2 �C for 10e15 days. A. dauci strains were identified on the

Table 1
Source of Alternaria spp. strains used in this study and characteristics of Alternaria dauci strains based on intergenic spacer (IGS) sequence polymorphism and aggressiveness.

Strain accessiona Other collection
codea

Host of origin Geographic origin Year of
isolation

IGS patternb Aggressivenessc

Alternaria dauci
AUS001 10631 Daucus carota (leaf) Australia NAd C3 2
BRA002 Vil1(93.19)3 D. carota (leaf) Brazil 2006 C1 n.a.
FRA001 A2 D. carota (leaf) France (Maine et Loire) 2000 C1 2
FRA012 C5 D. carota (leaf) France (Gers) 2000 C2 4
FRA016 P1S D. carota (leaf) France (Gironde) 2000 C1 3/4
FRA017 P2 D. carota (leaf) France (Gironde) 2000 C1 2/3
FRA018 P3 D. carota (leaf) France (Gironde) 2000 n.a. 1

Alternaria brassicicola
Abra43 n.a. Raphanus sativus France (Lot et Garonne) 1999 n.a. n.a.
Abra18b n.a. R. sativus France (Eure et Loir) 1999 n.a. n.a.
Abra3 n.a. R. sativus France (Aude) 1999 n.a. n.a.
AbraCM n.a. Brassica oleracea France 2005 n.a. n.a.

Alternaria radicina
Arad58 CBS 109.58 D. carota NA 1958 n.a. n.a.

ATCC 14569
Arad67 CBS 245.67 D. carota USA (Washington) 1967 n.a. n.a.

ATCC 6503

a Abbreviations for strain code: CBS, Centraalbureau voor Schimmelcultures; ATCC, American Type Culture Collection.
b IGS patterns correspond to clusters described in Boedo et al. [16]; n.a.: not applicable.
c Aggressiveness as defined in Boedo et al. [16] using a lesion number criterion. The scale used in the table is fromweakly aggressive strain (1) to highly aggressive strain (4);

n.a.: not applicable.
d NA: not available.
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basis of morphological and molecular criteria as previously
described [16]. A. brassicicola strains have been previously
described [17] andwere grown in Petri dishes onmalt agar medium
(20 g l�1 malt extract, 20 g l�1 agar), incubated in darkness at
22� 2 �C for 10e15 days. A. radicina strains purchased from Cen-
traalbureau voor Schimmelcultures, were grown in Petri dishes on
malt agar medium and incubated in the same conditions as A. dauci
strains. Conidial suspensions were prepared according to Boedo
et al. [16] and adjusted to 1�104 conidiaml�1 for A. dauci and to
1�105 conidiaml�1 for A. brassicicola and A. radicina.

2.2. Antimicrobial metabolites

The phytoalexin 6-methoxymellein (6-MM) was extracted from
carrot roots according to Kurosaki and Nishi [18] and Seljåsen et al.
[19] with some modifications. Carrots (2 kg fresh wt roots) were
minced in a blender upon freezing (�78 �C) and the carrot pureewas
extracted with acetone (3� 2 l) after stirring for 30 min at room
temperature. Following filtration, the combined organic layers were
partially concentrated at 40 �C under vacuum (Büchi Rotavapor R-
114). The resulting aqueous phase was extracted with chloroform
(4� 500 ml). The organic solution was dried over MgSO4 and evap-
orated. The residual carrot material was purified by silica gel chro-
matography using dichloromethane as eluting solvent.
Recrystallization (dichloromethane/petroleum ether) generated
235 mg of 6-MM as colorless fine needles. Spectroscopic character-
izations [1H, 13C nuclear magnetic resonance (NMR), heteronuclear
multiple quantum correlation (HMQC) and heteronuclear multiple
bond correlation (HMBC) experiments, MS]were in agreement with
previously reported data on 6-MM [20]. The 6-MM purity (>99%)
used in this study was determined by elemental analysis: C11H12O4
(208.21); calculated %: C 63.45; H 5.81; found %: C 63.31; H 5.87.

The polyacetylenes, falcarinol and falcarindiol, were extracted
from freeze-dried whole parsnips according to the procedure
described by Zidorn et al. [21] with some modifications. The dried
tissuepowder (160 g)wasdispersed in2 l dichloromethaneandkept
in the dark under constant stirring for 20 h at roomtemperature. The
mixture was filtered under vacuum through Whatman number 1
filter paper. The residue was then re-extracted using 1 l dichloro-
methane for 5 h, and the filtrates were pooled and concentrated by
evaporation to near dryness under vacuum at 37 �C on a Büchi
Rotavapor. The concentrate was recovered in 5 ml of dichloro-
methane, and finally evaporated to dryness under nitrogen. About
2 gof the extractwas purified bycolumn chromatography (SiliaFlash
G60, 60e200 mm, SiliCycle). Separation was performed using
a hexane/ethyl acetate mixture as eluting solvent. Fractions con-
taining pure compounds were pooled after verification on TLC using
authentic standard compounds provided by Dr. E.D. Lund (USDA,
Winter Haven, FL). The identity and purity of falcarinol and falcar-
indiol were determined by GCeMS. Fractions were analyzed on an
HP6890 GC coupled to a 5973N quadrupole MS detector (Agilent
Technologies). The compounds were separated using a Zebron ZB-
5ms capillary column (Phenomenex). Mass spectra were generated
in electron impact mode in the 32e350 amu scan range at 70 eV.
Compoundswere identifiedusingpure standardsandbycomparison
with spectra cataloged in the National Institute of Standards Library
(2005) and spectral data of Metzger and Barnes [22]. The structures
of 6-MM, falcarinol and falcarindiol are shown in Fig. 1.

For some experiments, the phytoalexin camalexin was used as
reference. Camalexin was synthesized according to Ayer et al. [23].
Stock solutions were prepared at the desired concentration using
methanol, ethanol and dimethylsulfoxide (DMSO) as solvents for 6-
MM, polyacetylenes and camalexin, respectively. In both controls
and assays on biological material, methanol and DMSO concen-
trations did not exceed 4% (v/v), while ethanol did not exceed 2%.

2.3. Measurement of in vitro conidial germination and germ tube
elongation after 6-MM treatment

The effects of 6-MM on conidia germination and germ tube
elongation of Alternaria isolates were tested as follows. Conidial
suspensions (100 ml) were mixed with 6-MM to obtain a desired
concentration (between 0 and 3544 mM) and sterile water was
added to the final volume of 1.2 ml. The suspensions were then
transferred to glass slides (five slides per concentration) in Petri
dishes sealed with Parafilm ‘M’ (American National Can) to avoid
evaporation. Incubation took place at 24 �C in darkness for 4
(A. dauci) or 5 h (A. brassicicola). The percentage of conidia germi-
nation (CG, 100 spores per treatment) and germ tube length (GT, 50
germinated conidia per treatment) were determined under a light
microscope (Leica DM4500B, Leica Microsystems, Axiovision Soft-
ware). A spore was scored as germinated if the germ tube length
was equal in size to that of the conidium. Doseeresponse curves
allowed determination of concentrations causing a 50% reduction
in conidia germination or germ tube elongation (IC50).

2.4. Measurement of fungal growth by nephelometry

The protocol described by Joubert et al. [15] was used to study
hyphal growth in liquid media by nephelometry. Conidial suspen-
sions (1�104 sporesml�1 for A. dauci, 1�105 sporesml�1 for
A. brassicicola and A. radicina, final concentration) were inoculated
onto microplate wells containing the test substances (6-MM, fal-
carindiol or both) in malt 2% in a total volume of 300 ml. The final
concentrations used for 6-MM were between 0 and 720 mM, those
used for falcarindiol were between 1 and 200 mM.Microplates were
placed in a laser-based microplate nephelometer (NEPHELOstar,
BMG Labtech) and growthwasmonitored automatically over a 30 h
period at 25 �C. At least three replicates per treatment were per-
formed. Data were exported from Nephelostar Galaxy software in
ASCII format and further processed in Microsoft Excel. Data were
expressed as relative nephelometric units. The area under the
growth curve (AUC) and the maximum growth rate (MGR) were
calculated as previously reported [15,24]. The doseeresponse
curves allowed determination of concentrations causing a 50%
reduction in fungal growth (IC50).

2.5. SYTOX green uptake assays

For membrane permeabilization assays, antimicrobial
compounds (400 mM or 700 mM 6-MM; 100 mM falcarindiol) were
added to 17 h-old germinating conidia of the A. dauci FRA017 strain
grown in liquid medium containing 2% malt. Incubation in the

Fig. 1. Chemical structures of 6-methoxymellein (A), falcarinol (B) and falcarindiol (C).
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presence of the funguswas then carried out for 4 and 24 h. Negative
controls were performed by adding the relevant solvent (methanol
or ethanol as solvents for 6-MMor falcarindiol, respectively, 0.2e1%
v/v final concentration) instead of the tested compound. The
positive control was performed using the A. brassicicola Abra43
strain exposed to 125 mM camalexin in the conditions described
by Sellam et al. [25]. After treatment, 1 ml of incubation mixtures
were mixed with an SYTOX green solution (invitrogen, 1 mM final
concentration) and immediately observed under a Leica DM4500B
fluorescence microscope (using 480 nm excitation and 527 nm
emission). The SYTOX green can only penetrate cells that have
compromised plasma membranes, and it fluoresces upon binding
to DNA.

2.6. HPLC determination of 6-MM levels in carrot leaves

Carrots of cv. Presto and cv. Bolero (Vilmorin, France), respec-
tively susceptible and partially resistant to A. dauci, were grown in
boxes as previously described [26]. A Petri dish inoculation
chamber was set up around the third true leaf (f3) without
detaching it from the plant, as described in Boedo et al. [26]. Spray
inoculation was performed as already described [16] on 6 week old
plants with the inoculum concentration set at 1�103 conidiaml�1

using the A. dauci strain FRA017. For each cultivar, five f3 leaves in
a box (26 boxes per carrot genotype) were inoculated manually by
spraying 400 ml of the conidial suspension per leaf. Before inocu-
lation, Tween 20 was added to the conidial suspension at a final
concentration of 0.05%. Control plants were sprayed with 0.05%
Tween 20 solution in sterile distilled water (400 ml per leaf). The
greenhouse temperature was set at 24� 2 �C. For 6-MM quantifi-
cation, samples consisted of three f3 laminas collected per day from
0 to 13 days post-inoculation on inoculated plants or at 13 days on
uninoculated plants. For each sampling date and each cultivar/
strain combination, the experiment was repeated three times. Leaf
samples were frozen in liquid nitrogen and stored at �80 �C until
extraction of 6-MM.

The 6-MM was extracted from leaf samples according to Seljå-
sen et al. [19] with the following modifications. Frozen tissues
(0.75e1.2 g per sample) were extracted with 10 ml of boiling
bidistilled water. The extract was boiled for 10 min and filtered
through a Black Ribbon Ashless filter (number 300,009,
Schleicher & Schuell GmbH). Solid phase extraction was
performed by pressing the filtrate through a C18 silica gel column
(Sep-Pack� cartridge, part number 51910, Waters) previously
conditioned with methanol (4 ml) then water (10 ml). A glass
syringe was used to inject 1.9 ml of methanol through the column
for 6-MM elution. The eluate was filtered through a 0.45 mm filter,
then evaporated under vacuum at low pressure and low tempera-
ture. The dry product was dissolved in 500 ml methanol and
injected in HPLC. The 6-MM extracted from carrot root as described
above, was used as external standard, using concentrations ranging
from 0.1 to 100 mgml�1. Juglone (5-hydroxy-1,4-naphthoquinone,
Sigma) was used as internal standard. Nineteen microliters of
a juglone solution (500 mgml�1) were added to each sample before
storage at �20 �C.

6-MM detection and quantification were performed using
a Shimadzu HPLC chain equipped with a solvent deliverer module
(LC-10AT vp), an autosampler (SIL-10AD vp), an u.v./visible photo-
diode array detector (SPD-M10 Avp) and a system controller (Scl-10
Avp). A guard column and a silica gel column C18 (Uptisphere C18-
ODB 250� 4.6 mm, Interchim) were used. The analysis was per-
formed with class vp software. 6-MM was detected at 267 nm
according to Howard et al. [27]. The chromatographic conditions
were as previously described by Seljåsen et al. [19] with some
modifications: samples were analyzed using flow 1 mlmin�1 with

the following gradient: 40%methanol inwater for 2 min, 40e60% in
10 min, 60e80% in 12 min, 80e60% in 5 min, 60e40% in 3 min, and
40% for 3 min. To validate the protocol, some experiments were
performed using purified 6-MM, which was added in the
biological sample before or after 6-MM extraction.

2.7. UHPLCeESIeMS determination of falcarinol and falcarindiol
levels in carrot leaves

Standard inoculation of plants (cv. Presto and cv. Bolero) was
performed as previously described [26]. Samples consisted of the
second (f2) and third (f3) true leaves from five inoculated plants
(with A. dauci strain FRA017) collected at 0, 4, 10, 15, 21 and 25 days
post-inoculation or from five control plants collected at 0 and 25
days after water spraying. Lyophilized powdered carrot leaves (80e
750 mg) were extracted by Pressurized Liquid Extraction (PLE) with
a SpeedExtractor E-914 (Büchi). The plant material was extracted in
40 ml PLE cells with dichloromethane. Crude extracts were
concentrated at 30 �C under reduced pressure and protected from
light. Dried extracts were extemporaneously dissolved in ethyl
acetate/ethanol (50:50, v/v) at the working concentration of
10 mgml�1 and filtered through a 0.2 mm nylon membrane prior to
immediate analysis by UHPLCeESIeMS.

Ultra high-performance liquid chromatography (UHPLC) was
performed using an Accela High Speed LC System (ThermoFisher
Scientific) comprising a quaternary pumpwith an on-line degasser,
an autosampler, a photodiode array (PDA) detector and a TSQ
Quantum Access MAX triple stage quadrupole mass spectrometer
with an ESI interface. The chromatographic separation of poly-
acetylenes was achieved on a Phenomenex C18 reversed-phase
analytical column (2.1�100 mm� 1.7 mm, Kinetex C18 100A). A
gradient elution of water (Milli-Q quality)/0.1% formic acid and
acetonitrile (LCeMS grade)/0.1% formic acid was used. Two
microliters of each extract were injected using the partial loop
injection mode (10 ml loop size). The autosampler tray temperature
was set at 4 �C. The PDA detector was set in the wavelength range
200e350 nmwith three selected channels at 205, 254 and 280 nm.
Data were acquired and processed by Xcalibur 2.0 software (Ther-
moFisher Scientific).

Single Reaction Monitoring transitions used for polyacetylenes
and internal standard MS quantifications were as follows: for fal-
carinol, precursor ion (m/z): 268 [MþHeH2OþMeCN]þ, product
ion (m/z) (Collision Energy): 182 [MþHeH2OþMeCN]þ� C6H14
(25 V); for falcarindiol, precursor ion (m/z): 284 [MþHe
H2OþMeCN]þ, product ion (m/z) (Collision Energy): 157 [MþHe
H2O]þ� C6H14 (25 V); for [6]-gingerol (internal standard),
precursor ion (m/z): 277 [MþHeH2O]þ, product ion (m/z) (Colli-
sion Energy): 177 [MþHeH2O]þ� C6H11O (12 V). Two calibration
curves were established using serial dilutions of falcarinol and
falcarindiol in ethyl acetate/ethanol (50:50, v/v). Standard solutions
were freshly prepared to obtain six concentrations in the range of
0.125e8 mgml�1 for falcarinol and 1.25e80 mgml�1 for falcarindiol.
Ten microliters of a [6]-gingerol stock solution (1 mgml�1) stored
at �80 �C were systematically added in an LC vial to 790 ml of
extract (prepared as described above) or calibration sample. The
polyacetylene concentration was determined from the following
equation:

Cp ¼ ���
Ap=AIS

�� b
��

k
�� CIS ðextÞ with k ¼ a� CIS ðcalÞ

Cp: polyacetylene concentration in mgml�1

Ap: peak area of the polyacetylene (falcarindiol or falcarinol)
AIS: peak area of the internal standard
CIS (ext): internal standard concentration in mgml�1 of the extract
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CIS (cal): internal standard concentration in mgml�1 of the cali-
bration curve
k: polyacetylene response coefficient
b: y intercept of the calibration curve
a: slope of the calibration curve

2.8. Statistical analysis

Statistical analyses were done with the R software package
version 2.12.0 [28]. CG, GT, AUC andMGR showed homoscedasticity
in all experiments performed here (BreuschePagan test, a¼ 1%).
When only one chemical species was tested, linear regression was
used to calculate IC50 for CG, GT, AUC and MGR. Fungal strain
effects were compared either by analysis of variance (ANOVA) and
multiple comparisons using aWallereDuncan k-ratio test [29] with
k set at 100, or on the basis of the 95% confidence interval of IC50.
When several chemical species were used, additive effects and
interaction significances were evaluated by ANOVA. Effects of
cultivar and time on carrot leaf 6-MM levels were studied using
ANOVA and linear models. 6-MM, falcarinol and falcarindiol
concentrations in mM ([6-MM], [Falcarinol] and [Falcarindiol]
respectively) did not show homoscedasticity, whereas log([6-
MM]), log([Falcarinol]) and log([Falcarindiol]) did. Statistical anal-
yses were therefore performed from log([6-MM]), log([Falcarinol])
and log([Falcarindiol]). Residuals were found to be normally
distributed (normal QeQ plot) in all ANOVA and linear models
presented here.

3. Results

3.1. In vitro susceptibility of Alternaria spp. strains to 6-MM
assessed by microscopical methods and nephelometry

Five A. dauci strains differing in their geographical origins
(AUS001, BRA002, FRA001, FRA017, FRA018) and two A. brassicicola
strains (Abra43 and Abra18b, see Table 1) were used to study the
effects of the phytoalexin 6-MM on conidial germination (CG) and
on germ tube (GT) elongation. The IC50 obtained for the two
measured criteria were roughly within the 1e2.5 mM range (Fig. 2).
A continuous variation in CG IC50 values was globally observed for
A. dauci isolates. However, some values significantly differed from
others, e.g. FRA001 and FRA018 strains were significantly less
susceptible than AUS001. Because of the smaller confidence inter-
vals, the GT IC50 values allowed distinction of four 6-MM sensi-
tivity levels among A. dauci strains. For the two criteria, both
A. brassicicola strains were classified among the most susceptible
strains of the test.

In a next step, the effect of 6-MM on fungal growth was studied
using nephelometry. Five A. dauci strains differing in their aggres-
siveness or intergenic spacer (IGS) patterns were used (AUS001,
FRA001, FRA016, FRA017, FRA018, see Table 1). Four A. brassicicola
strains and two A. radicina strains (Table 1) were also included in
the study as reference species, i.e. non-pathogenic or pathogenic on
carrot. The IC50 values were calculated from the area under the
growth curve (AUC) and the maximum growth rate (MGR) (Fig. 3).
The four A. brassicicola strains were the most susceptible in the test,
with IC50 values ranging from 100 to 300 mM of 6-MM for both
growth parameters. By comparison, A. dauci and A. radicina strains
exhibited AUC and MGR IC50 values ranging from 300 to 550 mM
(except for the A. dauci FRA018 strain). A continuous variation in
AUC and MGR IC50 values was generally observed when consid-
ering all studied strains. There was no evident correlation between
the aggressiveness of A. dauci strains and their susceptibility to the
phytoalexin.

Fig. 2. Concentrations of 6-methoxymellein causing 50% reduction in conidial
germination (CG IC50 on x-axis) and in germ tube elongation (GT IC50 on y-axis)
calculated from microscopical measurements in different Alternaria dauci and Alter-
naria brassicicola strains. CG IC50 and GT IC50 were determined using 100 and 50
spores, respectively, per treatment. Bars correspond to the 95% confidence interval of
IC50. Linear regression lines and correlation coefficients are indicated.

Fig. 3. Concentrations of 6-methoxymellein causing 50% reduction (IC50) in fungal
growth calculated from nephelometric measurements in different Alternaria dauci,
Alternaria brassicicola and Alternaria radicina strains. IC50 values were calculated from
the maximum growth rate (MGR IC50 on x-axis) and the area under the growth curve
(AUC IC50 on y-axis). Data are means and standard errors of IC50 calculated from at
least three replicates. Homogeneity groups are indicated by capital letters for AUC IC50
values and by lower case letters for MGR IC50 values. Figures labeled with the same
letter are not significantly different. Linear regression lines and correlation coefficients
are indicated.
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The correlation coefficients between growth parameters used in
Fig. 2 (microscopical measurements) and in Fig. 3 (nephelometric
measurements) were calculated and indicated that the CG and GT
IC50 values were well correlated, but not as strongly as could be
expected (r2¼ 0.675). A moderate correlation (r2¼ 0.433) was ob-
tained between MGR and AUC IC50 values. AUC and microscopical
parameters were moderately to strongly correlated (r2¼ 0.378 and
0.788, when considering GT and CG, respectively). By comparison,
low correlation coefficients were obtained between MGR and
microscopical parameters (r2¼ 0.08 and 0.156, for GT and CG,
respectively). The above results allowed us to validate the AUC
parameter in the nephelometric procedure as a valuable criterion
for studying 6-MM effects on fungal growth by comparison with
microscopical measurements.

3.2. In planta quantification of 6-MM in two A. dauci-inoculated
carrot genotypes

For HPLC quantification of 6-MM, the phytoalexin was extracted
from carrot leaves inoculated with the reference A. dauci strain
FRA017. The 6-MM levels in two carrot genotypes, one susceptible
(Presto) and one partially resistant (Bolero) to A. dauci, were
compared at different times after inoculation, between 0 and 13 days
post-inoculation. In afirst step, days post-inoculation and the cultivar
combinationwere treatedasa factor. Inuninoculated samples, log([6-
MM]) was not significantly different amongst cultivars. In inoculated
samples, log([6-MM]) was higher in Bolero than in Presto, and
seemed to show a linear correlation with days post-inoculation in
bothcultivars (seeTable1 inSupplementarydata).Accordingly, adays
post-inoculationþ cultivarþ interaction linear model was fit for
log([6-MM]),with days post-inoculation considered as a quantitative
variable. Effects of days post-inoculation and the interaction were
found to be significant (p¼ 2.87 $10�11 and p¼ 0.0033, respectively),
while the additive cultivar effect was not (p¼ 15%). Therefore, a days
post-inoculationþ interaction model was fit, as shown in Fig. 4,
together with the CI95% envelopes and means obtained. This model
also suggests that Bolero and Presto genotypes do not have signifi-
cantly different levels of 6-MM prior to inoculation, but that 6-MM
accumulation in the partially resistant cultivar is faster, leading to
an up to 6-fold difference at 13 days post-inoculation.

3.3. In vitro susceptibility of A. dauci and A. brassicicola strains to
falcarinol and falcarindiol and in planta quantification of
polyacetylenes

Preliminary experiments were performed to compare the effects
of two polyacetylenes, falcarinol and falcarindiol, on the growth of
A. dauci (strain FRA017) and A. brassicicola (strain Abra43) using
nephelometry. Only the AUC IC50 values were considered for these
analyses, as the AUC was better correlated with CG and GT growth
parameters by comparison with MGR in experiments dealing with
6-MM. The AUC IC50 values corresponding to falcarinol obtained
with FRA017 and Abra43 were equivalent (272 and 284 mM,
respectively). By comparison with falcarinol, both strains were
more susceptible to falcarindiol, with AUC IC50 reaching 102 mM
and 37 mM for FRA017 and Abra43, respectively. Further experi-
ments were conducted with falcarindiol alone since it was about
2.5-fold more active than falcarinol in reducing the growth of
reference strain FRA017.

Six A. dauci strains differing in their IGS patterns or aggres-
siveness (Table 1) and two A. brassicicola strains were used. Three
A. dauci strains (FRA001, FRA012, FRA018) and the A. brassicicola
strains had AUC IC50 values that differed significantly from the
value of reference strain FRA017, which was 2- to 3-fold less
susceptible to falcarindiol (Fig. 5). Intermediate AUC IC50 values

were obtained for A. dauci strains AUS001 and FRA016. No corre-
lation was found between the resistance to falcarindiol and the
strain aggressiveness. For all strains, the results showed a higher
inhibitory activity of falcarindiol by comparison with 6-MM: AUC
IC50 values relevant to 6-MM (Fig. 3) were 5- to 15-fold higher than
AUC IC50 values corresponding to falcarindiol (Fig. 5). Classifica-
tions of Alternaria strains on the basis of their susceptibility to 6-
MM or falcarindiol differed. The correlation coefficient between
AUC IC50 values determined after 6-MM or falcarindiol treatment
was relatively poor (r2¼ 0.203).

The levels of falcarinol and falcarindiol in leaves of cv. Presto
(susceptible to A. dauci) and cv. Bolero (partially resistant), were
compared at different times after inoculation (between 0 and 25
days post-inoculation) with A. dauci strain FRA017. The falcarinol
concentrations were comprised between 10 and 35 mM in Presto,
while the levels were in the same range in Bolero (8e58 mM, no
significant difference with cv. Presto). No correlation between
the variations of falcarinol concentrations and the inoculation of
leaves with A. dauci was evident. By comparison with falcarinol,
the concentrations of falcarindiol were higher in both carrot
genotypes, in the 100e450 mM (Presto) and 230e560 mM (Bolero)
ranges. Falcarindiol concentrations were significantly higher in
Bolero than in Presto. They alsowere significantly higher in infected
leaves than in uninfected ones (see Table 2 in Supplementary data).

Fig. 4. In planta quantification of 6-methoxymellein (6-MM), expressed as log([6-
MM]), in leaves of two carrot genotypes (Presto and Bolero, respectively susceptible
and partially resistant) collected 0e13 days post-inoculation (d.p.i) with Alternaria
dauci reference strain FRA017. A days post-inoculationþ interaction model with 95%
confidence interval (CI95%) envelopes is presented together with observed means.
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3.4. Membrane permeabilization assays using 6-MM or falcarindiol
and assessment of a potential interaction effect between the two
metabolites

An assay based on penetration of the fluorigenic dye SYTOX
green was used to visualize the effect of 6-MM or falcarindiol on
membrane integrity in A. dauci reference strain FRA017. Sellam
et al. [25] previously showed that the phytoalexin camalexin
induces fungal membrane permeabilization in A. brassicicola. A
positive control was thus performed using germinated conidia of
A. brassicicola strain Abra43 treated with 125 mM camalexin (a dose
corresponding to the IC50) for 4 and 24 h. Green fluorescence was
clearly observed in A. brassicicola hyphae in these conditions
(Fig. 6A). The fluorescence signal was also observed in A. dauci after
treatment of germinated conidia for 4 or 24 h with 100 mM falcar-
indiol (i.e. around the IC50), while no fluorescence was detected in
the control (Fig. 6B). The fluorescence intensity obtained with
A. dauci hyphae treated with falcarindiol was equivalent to that
observed in the Abra43/camalexin positive control, at least for 4 h
treatment with the antimicrobial molecule. No or very little green
fluorescence was detected in A. dauci hyphae treated with 400 mM
6-MM (nearly the IC50) or relevant control samples after 4 or 24 h
(Fig. 6C). The same results were obtained using 700 mM 6-MM
(results not shown).

In a next step, the combined effect of 6-MM and falcarindiol on
A. dauci growth was studied by nephelometry to determine if there
was any interaction between the two metabolites and to determine
the nature of this interaction (synergy or antagonism), if any. Fungal
growth (AUC) of the FRA017 strain was measured with different 6-
MM and falcarindiol concentrations, with the two compounds
being either combined or alone. Linear models built from this
dataset (Table 2) showed that, as expected, fungal growth was
linearly inhibitedby these twometabolites.Moreover, no significant
interaction effects were found. These results suggest that (i) the

inhibitioneffectsof falcarindiol and6-MMareadditive, and (ii) these
two compounds have no or few agonistic or antagonistic effects.

4. Discussion

This paper presents results obtained when assessing the
involvement of carrot secondarymetabolites, a phytoalexin (6-MM)
and a phytoanticipin (falcarindiol), in the interplay of plant partial
resistance andA. dauci aggressiveness. Themain results showed that
(1) falcarindiol was more active than 6-MM in reducing the in vitro
development of A. dauci, (2) the inhibition effects of 6-MM and fal-
carindiol were additive, (3) falcarindiol, but not 6-MM, was able to
induce permeabilization of A. dauci plasma membrane, (4) signifi-
cantly faster production of 6-MM was observed in the partially
resistant carrot genotype (Bolero) by comparison with the suscep-
tible one (Presto) afterA. dauci inoculation, (5) the falcarindiol levels
were significantly higher in Bolero than in Presto and increased in
the two genotypes in response to A. dauci inoculation.

The in vitro effects of 6-MM and falcarindiol were studied by
microscopical and/or nephelometric approaches in order to
determine the inhibition levels of these potential antifungal
metabolites on A. dauci development. To our knowledge, this is
the first report of antifungal activities of a polyacetylene against
a leaf carrot pathogen, as previous studies were more focused on
the effects of falcarinol or falcarindiol on the development of root
fungal pathogens such as B. cinerea or M. acerina [9e11]. In our
assays, A. brassicicola strains were generally more susceptible to
6-MM by comparison with A. dauci or A. radicina strains (Figs. 2
and 3), suggesting higher activity of this secondary metabolite
against a non-carrot fungal pathogen. These results are in
agreement with the concept of an adaptation/co-evolution of
carrot fungal pathogens to/with their host plant. Fan et al. [3]
found higher induction of 6-MM synthesis in carrot inoculated
with A. radicina than after inoculation with A. brassicicola. Vari-
ations in in vitro IC50 results among Alternaria species should be
compared to in planta concentrations of antifungal metabolites in
order to evaluate the metabolite activity against pathogen
development in the plant.

In the present study, we compared levels of 6-MM production
in A. dauci-inoculated leaves in two carrot genotypes differing in
their degrees of resistance to the fungal pathogen. Although the 6-
MM amounts were similar in both uninoculated genotypes, the
significantly faster production of 6-MM in cv. Bolero after inocu-
lation with A. dauci suggests that the phytoalexin could participate
in resistance reactions limiting fungal development in this geno-
type. In a previous paper [26], after drop inoculation with A. dauci
(isolate FRA017), the extent of disease was visually assessed in cv.
Bolero and cv. Presto using a symptom number per conidia ratio.
The inoculation conditions were similar to those used here. In that
study, the most relevant results indicated a significantly lower
disease index in cv. Bolero by comparisonwith cv. Presto at 13 days
post-inoculation (on 6 week old plants after inoculation with
200 conidiaml�1). These conditions could correspond to higher
phytoalexin accumulation in the partially resistant genotype, in
agreement with the results presented in Fig. 4. The IC50 nephe-
lometric value of 6-MM corresponding to strain FRA017 was
around 450 mM, i.e. about twentyfold more than the concentration
of 6-MM determined in planta (whole leaf) of cv. Bolero at 13 days
post-inoculation. This in planta concentration is compatible with
an inhibitory action of 6-MM against A. dauci, as the phytoalexin
produced in the plant should be concentrated at or near infection
sites. Boedo et al. [26] also monitored the onset of leaf blight
symptoms caused by A. dauci reference strain FRA017 in cv. Bolero
and cv. Presto after conidial spray inoculation. At 15 days post-
inoculation, the development of A. dauci, visually assessed or

Fig. 5. Falcarindiol concentrations causing 50% reduction (IC50) in fungal growth
calculated from nephelometric measurements in different Alternaria dauci and Alter-
naria brassicicola strains. IC50 values were calculated from the area under the growth
curve (AUC). Data are means and standard errors of IC50 calculated from at least three
replicates. Numbers followed by the same letter are not significantly different.
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Fig. 6. Determination of membrane damage in Alternaria brassicicola strain Abra43 treated with 125 mM camalexin (A) or in A. dauci strain FRA017 treated with 100 mM falcarindiol
(B) or 400 mM 6-methoxymellein (C). Membrane integrity was checked using a fluorigenic dye assay in 17-h germinated conidia treated for 4 and 24 h with the antimicrobial
molecule. Controls were incubated for 24 h with dimethylsulfoxide (0.1%, v/v, panel A), 24 h with ethanol (0.2%, v/v, panel B) or 24 h with methanol (1% v/v, panel C). For each panel,
the upper part corresponds to fluorescence microscopy and the lower part to bright-field microscopy. Scale bar¼ 20 mm.
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quantified by quantitative PCR, was significantly lower in the
partially resistant genotype by comparison with the susceptible
one. As already described above, 6-MM could have a possible role
in slowing down pathogen spread in the partially resistant geno-
type, but with a relatively limited effect, as equivalent disease
indexes and fungal biomass were assessed on the two genotypes at
25 days post-inoculation. Transient inhibition of A. dauci devel-
opment observed in Bolero by comparison with the susceptible
genotype at 15 days post-inoculation suggests that A. dauci could
tolerate the higher levels of 6-MM in the partially resistant
genotype.

In this paper, relatively strong inhibition of A. dauci develop-
ment was observed in the presence of the polyacetylene falcar-
indiol, with IC50 nephelometric values ranging from 34 to 102 mM
(Fig. 5). By comparison, inM. acerina, the falcarindiol concentration
causing 50% inhibition of chlamydospore germination was 122 mM
[9,10]. This value is nearly equivalent to the IC50 obtained with the
least susceptible A. dauci strain in our study, while keeping in mind
that the IC50 values were determined by different methods in both
studies. To our knowledge, except the present work, no informa-
tion is available concerning the amount of falcarindiol in carrot
leaves. In the study of Eckenbach et al. [8], the falcarindiol
concentrations measured in leaves of the wild Apiaceae species C.
canadensis was around 150 mg g�1 fresh wt (equivalent to around
560 mM), a concentration estimated as being 5- to 15-fold higher
than IC50 nephelometric values determined for A. dauci in the
present work. Here, similar falcarindiol levels (around 560 mM)
were measured using infected carrot leaves of cv. Bolero collected
at 25 days post-inoculation. As falcarindiol levels are different in
leaves, roots and fruits of C. canadensis [8], the amounts of this
polyacetylene may also vary in different carrot organs. The accu-
mulation of falcarindiol in leaves of cv. Bolero (this study) is indeed
stronger than in roots (whole organ) of the same cultivar, where
falcarindiol amounts of 70e150 mM were measured [30]. The
previous studies described above highly suggest that in planta
falcarindiol concentrations should be sufficient to inhibit A. dauci
development in carrot leaves, especially in the partially resistant
cv. Bolero.

Few papers have previously considered the quantification of
several secondary carrot metabolites in planta during a same
experiment. Coaccumulation of stress-related compounds,
including 6-MM, falcarinol and para-hydroxy-benzoic acid, was

observed in carrot root slices inoculated by B. cinerea, with no
evidence of a synergistic effect between these metabolites [31].
Here, no interaction in terms of fungal growth inhibitionwas noted
between falcarindiol and 6-MM in nephelometric experiments
dealing with both molecules, and additive effects were observed.
Otherwise, in planta concentrations of 6-MM, falcarinol and fal-
carindiol were determined in roots of five carrot genotypes in
response to u.v.-treatment, and no correlation was obtained
between phytoalexin production and polyacetylene levels among
cultivars [32]. Recently, accumulation of 6-MM was measured in
carrot roots infected by M. acerina, while levels of polyacetylenes
(including falcarinol and falcarindiol) did not change in the same
plant material [33]. In the present paper, the SYTOX assay results
showed that falcarindiol, by contrast to 6-MM, was able to induce
plasma membrane permeabilization. These observations at the
cellular level and the additive effects of both molecules described
above indicate that 6-MM and falcarindiol likely have different
modes and/or sites of action. In our nephelometric experiments
(Figs. 3 and 5), the classification of the Alternaria strains differed on
the basis of their susceptibility to 6-MM or falcarindiol, also sug-
gesting an independent mode of action of the two antifungal
compounds. At the cellular level, falcarindiol-induced alteration
effects have been previously described in M. acerina [10], including
hyphal apex bursting or plasmalemma alteration.

In conclusion, the polyacetylene falcarindiol exhibited anti-
fungal in vitro activity against A. dauci, which was stronger than the
phytoalexin 6-MM. In planta metabolite quantification results
suggest a relativelyminor role of 6-MM in the resistance to A. dauci,
at least in the partially resistant genotype studied here, thus sup-
porting the findings of Bruemmer and White [7]. Higher accumu-
lation of falcarindiol in cv. Bolero than in cv. Presto suggests that
this polyacetylene may contribute to plant resistance against the
leaf blight pathogen. The potential role of falcarindiol in the resis-
tance to A. dauci should be further studied. Recently, a spectro-
scopic study allowing to visualize the distribution of polyacetylenes
across sections of wild carrot root has been published [34]. In future
investigations, it would be of high interest to determine the local-
ization of falcarindiol in carrot leaf sections after inoculation with
A. dauci in order to observe the possibility of local increase of this
polyacetylene near infection sites. Undesirable effects should be
also considered as it was demonstrated that: (i) falcarindiol, by
contrast to 6-MM, significantly contributes to the bitter taste of
carrot [20], (ii) falcarindiol could stimulate oviposition of the carrot
fly [35].
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Table 2
Inhibitory effects of falcarindiol and 6-methoxymellein (6-MM), combined, on
Alternaria dauci growth. Growth of the FRA017 strain was measured by nephelom-
etry (area under the growth curve) in culture media containing various amounts of
6-MM (0e960 mM) and falcarindiol (0e200 mM), i.e. 0 to 2� IC50 for both
compounds, alone or combined. The statistics shown here correspond to two
different linear models, one with (a) and the other without (b) an interaction vari-
able. When taken into account, the interaction variable did not show a significant
effect.

Intercept, model Coefficienta SEb t Stat Pc

a e Two factors with interaction
Intercept 377.41 14.243 26.50 <2 $ 10�16

Falcarindiol (mM) �1.9345 0.1490 �12.98 <2 $ 10�16

6-MM (mM) �0.4480 0.0368 �12.17 <2 $ 10�16

Interaction 0.0006 0.0021 0.31 0.758

b e Two factors without interaction
Intercept 376.99 14.056 26.82 <2 $ 10�16

Falcarindiol (mM) �1.9119 0.1289 �14.84 <2 $ 10�16

6-MM (mM) �0.4441 0.0343 �12.96 <2 $ 10�16

a Coefficient of the factor effect on the variable. All factors presented here are
quantitative.

b Standard error of the coefficient.
c Probability of overcoming the t value associated with the factor by chance.

M. Lecomte et al. / Physiological and Molecular Plant Pathology 80 (2012) 58e6766



Author's personal copy

References

[1] Ben-Noon E, Shtienberg D, Shlevin E, Vintal H, Dinoor A. Optimization of
chemical suppression of Alternaria dauci, the causal agent of Alternaria leaf
blight in carrots. Plant Dis 2001;85:1149e56.

[2] Lund ED, White JM. Polyacetylenes in normal and water-stressed ‘Orlando
Gold’ carrots (Daucus carota). J Sci Food Agr 1990;51:507e16.

[3] Fan X, Mattheis JP, Roberts RG. Biosynthesis of phytoalexin in carrot root
requires ethylene action. Physiol Plantarum 2000;110:450e4.

[4] Mercier J, Roussel D, Charles MT, Arul J. Systemic and local responses asso-
ciated with UV and pathogen induced resistance to Botrytis cinerea in stored
carrot. Phytopathology 2000;90:981e6.

[5] Mercier J, Kuc J. Elicitation of 6-methoxymellein in carrot leaves by Cercospora
carotae. J Sci Food Agr 1997;73:60e2.

[6] De Girolamo A, SolfrizzoM, Vitti C, Visconti A. Occurrence of 6-methoxymellein
in fresh andprocessed carrots and relevant effect of storageandprocessing. J Agr
Food Chem 2004;52:6478e84.

[7] Bruemmer JH, White JM. Use of phytoalexin production in carrot cell
cultures to evaluate leaf blight susceptibility. Proc Fla State Hort Soc 1986;
99:156e7.

[8] Eckenbach U, Lampman RL, Seigler DS, Ebinger J, Novak RJ. Mosquitocidal
activity of acetylenic compounds from Cryptotaenia canadensis. J Chem Ecol
1999;25:1885e93.

[9] Garrod B, Lewis BG, Coxon DT. Cis-heptadeca-1,9-diene-4,6-diyne-3,8-diol, an
antifungal polyacetylene from carrot root tissue. Physiol Plant Pathol 1978;13:
241e6.

[10] Garrod B, Lea EJA, Lewis BG. Studies on the mechanism of action of the
antifungal compound falcarindiol. New Phytol 1979;83:463e71.

[11] Harding VK, Heale JB. Isolation and identification of the antifungal compounds
accumulating in the induced resistance response of carrot root slices to
Botrytis cinerea. Physiol Plant Pathol 1980;17:277e89.

[12] Olsson K, Svensson R. The influence of polyacetylenes on the susceptibility of
carrots to storage diseases. J Phytopathol 1996;144:441e7.

[13] Orav A, Viitak A, Vaher M. Identification of bioactive compounds in the leaves
and stems of Aegopodium podagraria by various analytical techniques. Pro-
cedia Chem 2010;2:152e60.

[14] Meot-Duros L, Cérantola S, Talarmin H, Le Meur C, Le Floch G, Magné C. New
antibacterial and cytotoxic activities of falcarindiol isolated in Crithmum
maritimum L. leaf extract. Food Chem Toxicol 2010;48:553e7.

[15] Joubert A, Calmes B, Berruyer R, Pihet M, Bouchara JP, Simoneau P, et al. Laser
nephelometry applied in an automated microplate system to study filamen-
tous fungus growth. Biotechniques 2010;48:399e404.

[16] Boedo C, Benichou S, Berruyer R, Bersihand S, Dongo A, Simoneau P, et al.
Evaluating aggressiveness and host range of Alternaria dauci in a controlled
environment. Plant Pathol 2012;61:63e75.

[17] Iacomi-Vasilescu B, Avenot H, Bataillé-Simoneau N, Laurent E, Guénard M,
Simoneau P. In vitro fungicide sensitivity of Alternaria species pathogenic to
crucifers and identification of Alternaria brassicicola field isolates highly
resistant to both carboximides and phenylpyrroles. Crop Prot 2004;23:
481e8.

[18] Kurosaki F, Nishi A. Isolation and antimicrobial activity of the phytoalexin
6-methoxymellein from cultured carrot cells. Phytochemistry 1983;22:
669e72.

[19] Seljåsen R, BengtssonGB, SkredeG, Vogt G. Rapid analysis of 6-methoxymellein
in carrots by boiling water extraction, solid phase extraction and HPLC. Food
Chem 2000;70:397e401.

[20] Czepa A, Hofmann T. Structural and sensory characterization of compounds
contributing to the bitter off-taste of carrots (Daucus carota L.) and carrot
puree. J Agr Food Chem 2003;51:3865e73.

[21] Zidorn C, Jöhrer K, Ganzera M, Schubert B, Sigmund EM, Mader J, et al. Pol-
yacetylenes from the Apiaceae vegetables carrot, celery, fennel, parsley, and
parsnip and their cytotoxic activities. J Agr Food Chem 2005;53:2518e23.

[22] Metzger BT, Barnes DM. Polyacetylene diversity and bioactivity in orange
market and locally grown colored carrots (Daucus carota L.). J Agr Food Chem
2009;57:11134e9.

[23] Ayer WA, Craw PA, Ma YT, Miao SC. Synthesis of camalexin and related
phytoalexins. Tetrahedron 1992;48:2919e24.

[24] Meletiadis J, te Dorsthorst DTA, Verweij PE. Use of turbidimetric growth
curves for early determination of antifungal drug resistance of filamentous
fungi. J Clin Microbiol 2003;41:4718e25.

[25] Sellam A, Dongo A, Guillemette T, Hudhomme P, Simoneau P. Transcriptional
responses to exposure to the brassicaceous defence metabolites camalexin
and allyl-isothiocyanate in the necrotrophic fungus Alternaria brassicicola. Mol
Plant Pathol 2007;8:195e208.

[26] Boedo C, Berruyer R, Lecomte M, Bersihand S, Briard M, Le Clerc V, et al.
Evaluation of different methods for the characterization of carrot resistance to
the Alternaria leaf blight pathogen (Alternaria dauci) revealed two qualita-
tively different resistances. Plant Pathol 2010;59:368e75.

[27] Howard LR, Griffin LE, Lee Y. Steam treatment of minimally processed carrot
sticks to control surface discoloration. J Food Sci 1994;59:356e8.

[28] R Development Core Team. R: a language and environment for statistical
computing [Internet]. Vienna, Austria: R Foundation for Statistical Computing
[cited 2012 Jun 11]. Available from:, http://www.r-project.org; 2010.

[29] de Mendiburu F. Agricolae: statistical procedures for agricultural research. R
package version 1.1-1 [Internet]. Vienna, Austria: R Foundation for Statistical
Computing [cited 2012 Jun 11]. Available from:, http://cran.r-project.org/web/
packages/agricolae/index.html; 2012.

[30] Kidmose U, Hansen SL, Christensen LP, Edelenbos M, Larsen E, Norbaek R.
Effects of genotype, root size, storage, and processing on bioactive compounds
in organically grown carrots (Daucus carota L.). J Food Sci 2004;69:S388e94.

[31] Harding VK, Heale JB. The accumulation of inhibitory compounds in the
induced resistance response of carrot root slices to Botrytis cinerea. Physiol
Plant Pathol 1981;18:7e15.

[32] Mercier J, Ponnampalam R, Bérard LS, Arul J. Polyacetylene content and UV-
induced 6-methoxymellein accumulation in carrot cultivars. J Sci Food Agr
1993;63:313e7.

[33] Louarn S, Nawrocki A, Edelenbos M, Jensen DF, Jensen ON, Collinge DB, et al.
The influence of the fungal pathogen Mycocentrospora acerina on the pro-
teome and polyacetylenes and 6-methoxymellein in organic and conven-
tionally cultivated carrots (Daucus carota), during post harvest storage.
J Proteomics 2012;75:962e77.

[34] Roman M, Dobrowolski JC, Baranska M, Baranski R. Spectroscopic studies on
bioactive polyacetylenes and other plant components in wild carrot root. J Nat
Prod 2011;74:1757e63.

[35] Städler E, Buser HR. Defense chemicals in leaf surface wax synergistically
stimulate oviposition by a phytophagous insect. Experientia 1984;40:1157e9.

M. Lecomte et al. / Physiological and Molecular Plant Pathology 80 (2012) 58e67 67


