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Background: It is estimated that 20e30% of ginseng crops in Canada are lost to root rot each harvest. This
disease is commonly caused by fungal infection with Ilyonectria, previously known as Cylindrocarpon.
Previous reports have linked the virulence of fungal disease to the production of siderophores, a class of
small-molecule iron chelators. However, these siderophores have not been identified in Ilyonectria.
Methods: High-resolution LCeMS/MS was used to screen Ilyonectria and Cylindrocarpon strain extracts
for secondary metabolite production. These strains were also tested for their ability to cause root rot in
American ginseng and categorized as virulent or avirulent. The differences in detected metabolites be-
tween the virulent and avirulent strains were compared with a focus on siderophores.
Results: For the first time, a siderophore N,N0,N00-triacetylfusarinine C (TAFC) has been identified in
Ilyonectria, and it appears to be linked to disease virulence. Siderophore production was suppressed as
the concentration of iron increased, which is in agreement with previous reports.
Conclusion: The identification of the siderophore produced by Ilyonectria gives us further insight into the
root rot disease that heavily affects ginseng crop yields. This research identifies a molecular pathway
previously unknown for ginseng root rot and could lead to new disease treatment options.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ginseng has been used as a traditional medicine for hundreds of
years [1]. The ginseng species Panax quinquefolius (American
ginseng) is a valuable cash crop in Canada and the United States [2].
Canada is one of the largest exporters of ginseng in the world,
generating approximately 100 million dollars (USD) in revenue
annually [3]. Despite its high value and popularity, the cultivation of
this crop is challenging. Ginseng seeds take more than a year to
germinate before they can be planted and 3e4 years to reach
maturity before harvesting. The crop is at high risk of replant dis-
ease, where new ginseng cannot grow in fields where a ginseng
crop has already been grown, an effect that may last for decades [4].
Several factors are believed to contribute to replant disease
including an accumulation of phytotoxic compounds, changes in
soil microbiomes, and persistent soilborne fungal diseases [4].
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There are two general categories of fungal diseases affecting
ginseng crops, foliar diseases and soilborne diseases. Foliar
diseases take the form of blight or anthracnose, typically caused
by fungal infections of species of Alternaria or Botrytis [5]. Foliar
diseases are often managed by application of fungicides and are
a seasonal issue. Soilborne fungal diseases are more difficult to
manage and include root rot and rusty root, both of which may
persist in fields for years. The fungal species Cylindrocarpon
destructans was traditionally thought to be the main cause of
ginseng root rot, but a recent taxonomic review reclassified it
into several phylogenetically distinct Ilyonectria species [6].
Specifically, species most often responsible for root rot disease
were identified as Ilyonectria mors-panacis [6,7]. Ilyonectria
species infect roots of ginseng plants and either kill the plant, in
the case of root rot, or lower its quality, in the case of rusty root
[8]. Current methods of managing root rot are ineffective, and it
gri-Food Canada, London, ON, N5V 4T3, Canada.
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is estimated that between 20e30% of crop yield is lost to this
disease annually [2].

Ilyonectria species may infect a wide range of hosts. In addition,
both virulent and avirulent strains have been observed. Rahman
and Punja [9,10] examined factors affecting ginseng root rot and
related high iron concentration in soil to high disease virulence.
They also proposed that increased virulence is associated with
production of siderophores [10]. Siderophores are secondary me-
tabolites produced by microorganisms to chelate iron found in the
environment and effectively transport it into the cell [11,12].
Although siderophore production and its associationwith virulence
was reported, the identity of the siderophore was not determined.

In this study, we used a semitargeted LCeMS approach to detect
and identify the siderophore produced by I. mors-panacis and
examined differences in siderophore production between virulent
and avirulent strains. We also monitored the effects of Fe3þ and
ethylenediaminetetraacetic acid (EDTA) concentration in liquid
media on siderophore production.
2. Materials and Methods

2.1. Fungal species and growth conditions

Fungal strains were obtained from the Canadian Collection of
Fungal Cultures (DAOMC) and Dr Keith A. Seifert (Table 1). Strains
that had previously been used in pathogenicity assays on
P. quinquefolius were chosen. Strains that did not have direct assay
data were chosen owing to their close relationship to the afore-
mentioned strains, confirmed by their beta-tubulin sequences [7].

Cultures were grown on potato dextrose agar media [potato
dextrose broth, 2.4% (w/v); Sigma-Aldrich, ON, CA, and agar, 2% (w/v);
Fisher Scientific, NJ, USA] at 23�C until the culture diameter reached
approximately 3 cm. The colony was excised from the agar plate
and macerated using a Polytron blender (Brinkmann Instruments,
Rexdale, Ontario, CA) in autoclaved distilled water. A 5% (v/v) aliquot
of the macerated material was used to inoculate 25 Roux bottles,
each containing 200 mL of potato dextrose broth [potato dextrose
broth, 2.4% (w/v); Sigma-Aldrich] dissolved in distilled water. Cul-
tures were incubated stationary for 20 days at 21�C.
2.2. Assessment of virulence against ginseng

A virulence assay was performed on two-year-old American
ginseng roots, obtained from Ontario Ministry of Agriculture, Food
and Rural Affairs, research plots located in Southwestern Ontario,
Canada. Loose soil on the roots was rinsed off with distilled water,
and roots were exposed to biocidal UV light for 10 minutes per side.
Each strain was tested in quadruplicate. A 0.5-cm cross-incision
(Fig. 1) was made into the root, and a 0.5-cm agar plug taken from
the aforementioned growth plate was pinned in place over the
incision. Inoculated roots were placed in sealed containers using
Table 1
Species and strain information of fungal isolates studied and the host organism.

Name DAOMC Host organism (common name)

I. mors-panacis 251601 Panax quinquefolius (American ginseng)
I. mors-panacis 251604 Panax quinquefolius (American ginseng)
I. mors-panacis 251605 Panax quinquefolius (American ginseng)
I. rufa 251608 Pseudotsuga menziesii (Douglas fir)
I. rufa 251609 Picea glauca (white spruce)
C. obtusisporum d Picea mariana (black spruce)

C. obtusisporum (KAS 8150) is held in the laboratory collection of K.A.S. and is as of
writing not recorded with the DAOMC. DAOMC, Canadian Collection of Fungal
Cultures.
wet paper towels and stored at 21�C. After 21 days, the ginseng was
assessed for disease, and the lesion diameter was measured to
determine disease virulence. Controls consisted of ginseng roots
with an incision only.

2.3. Extraction of metabolites

The mycelia of the cultures were separated from liquid media
using Whatman #4 filter paper. The filtrate was subsequently
extracted twice with equal volumes of ethyl acetate (Sigma-
Aldrich). The organic extract was dried with sodium sulfate, filtered
through aWhatman #1 filter paper, and brought to dryness using a
rotary vacuum evaporator. Samples were reconstituted in 1 mL of
1:1 acetonitrile:water (Fisher Scientific) and filtered through a
0.45-mM polytetrafluoroethylene (PTFE) filter (Chromatographic
Specialties Inc., ON, CA) into a 2-mL amber glass HPLC vial for LCe
MS analysis.

2.4. LCeMS detection of iron-containing siderophores

All samples were analyzed by high-resolution LCeMS per-
formed on a Q-Exactive Orbitrap mass spectrometer (Thermo Sci-
entific, MA, USA) coupled to an Agilent 1290 HPLC system (CA,
USA). Analytes were separated using an Eclipse Plus C18 RRHD
column (2.1 � 100 mm, 1.8 mm; Agilent Technologies, CA, USA)
maintained at 35�C. The mobile phase consisted of Optima grade
(Fisher Scientific) water þ 0.1% formic acid (v/v) (A) and
acetonitrile þ 0.1% formic acid (v/v) (B). The elution gradient was
held at 0% B for 0.5 min, increased to 100% B over 3.5 min, held at
100% B for 2.5 min, and then returned to 0% B over 0.5 min. The
sample injection volume and flow rate were 5 mL and 0.3 mL/min,
respectively.

Analytes were ionized by heated electrospray ionization oper-
ating in the positive ionization mode with the following settings:
capillary voltage, 3.9 kV; capillary temperature, 400 �C; sheath gas,
19 units; auxiliary gas, 8 units; probe heater temperature, 450�C;
and S-Lens RF level, 45.00. Data were acquired using an untargeted
data-dependent acquisition method. This consisted of a full MS
scan at 140,000 resolution, with anm/z scan range of 106.7e1600, a
automatic gain control target of 3 � 106, and a maximum injection
time of 512 ms. The top two ions by intensity from each full scan
were selected for MS/MS analysis using anm/z isolation window of
1.0. MS/MS parameters were as follows: resolution, 17,500; auto-
matic gain control target, 1 �106; maximum injection time, 65 ms;
normalized collision energy, 35; intensity threshold, 1.5 � 105; and
dynamic exclusion, 5 s.

For the detection of potential iron-containing compounds, a
similar strategy to that used by Andersen et al [13] for detection of
chlorine-, bromine-, and sulfur-containing metabolites was used.
The raw LCeMS data files were imported intoMZmine 2, and a peak
list was generated using the chromatogram builder function with a
minimum LC peak width of 0.2 min, anm/z tolerance of 5 ppm, and
a minimum peak intensity of 1.0 � 105 [14]. Peak pairs within the
peak list that had matching retention times (�0.02 min) and anm/z
difference of 1.9953 Da (�3 ppm) were identified using the adduct
search function in MZmine 2. These peak pairs represent putative
iron-containing compounds as 54Fe (natural abundance, 5.85%)
occurs 1.9953 Da below the monoisotopic peak containing 56Fe
(natural abundance, 91.75%).

2.5. Isolation of the siderophore

The strain DAOMC 251601 was grown in bulk (5 L) and extracted
as mentioned previously. The siderophore was isolated in a two-
step fractionation process: a normal-phase separation followed



Fig. 1. Ginseng roots infected with virulent and avirulent pathogenic fungi. Comparison of root rot disease onset in American ginseng by Ilyonectria and Cylindrocarpon using (A)
a virulent strain 251601, (B) an avirulent strain KAS 8150, and (C) control roots that were cut but not inoculated. Red arrows highlight the 5-mm cross-incision where the plugs were
placed over and the disease lesion in the case of 251601 (A). Plugs were removed, and the exterior of the roots was washed before taking a photo. Nontargeted LCeMS detection of
iron-containing compounds in extracts of Ilyonectria mors-panacis.

Table 2
Lesion diameters virulence assays of Ilyonectria and Cylindrocarpon on 2-year-old
American Ginseng.

Strain (DOAMC) Lesion diameter (mm) Virulent/avirulent

251601 10.5 � 1.29 Virulent
251604 12.5 � 1.29 Virulent
251605 11.0 � 1.15 Virulent
251608 0 � 0 Avirulent
KAS8150 1.0 � 0.82 Avirulent
251609 1.5 � 1.29 Avirulent
Control 0 � 0 ——

Lesions exceeding the incision diameter were considered virulent. DAOMC, Cana-
dian Collection of Fungal Cultures.
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by a reverse-phase isolation. For the normal-phase procedure, the
dried extract was reconstituted in 5 mL of methanol (Sigma-
Aldrich) and mixed with 15 mL of chloroform (Sigma-Aldrich). The
resuspended extract was separated using a Buchi Sepacore� flash
system (Flawil, Switzerland) with normal-phase conditions. A 24-g
RediSep� Rf (Lincoln, NE, USA) normal-phase silica column was
used as a stationary phase, and the mobile phase consisted of
chloroform (A) andmethanol (B) (Sigma). A 20-min separationwith
a flow rate of 25 mL/min was used for the following method: the
columnwas equilibrated to 100% A, the extract was injected, and A
was held at 100% for 4 min. Solvent B was increased to 20% over 12
min and held there for 4 more min. A total of 12 fractions were
collected throughout the entire method, collecting by volume.
Fractions containing the putative siderophore by LCeMS screening
were pooled together and dried. The pooled fractions were recon-
stituted in 1 mL of 50% methanol and purified by reverse-phase
HPLC, performed on an Agilent 1200 system (CA, USA). An Eclipse
XDB-C18 column (9.4 � 250 mm, 5 mm; Agilent Technologies)
maintained at 35�C was used, with a mobile phase of HPLC-grade
water þ 0.1% trifluoroacetic acid (TFA) (v/v) (A) and
acetonitrile þ 0.1% TFA (v/v) (B) (HPLC-grade; Sigma-Aldrich). The
injection volume and flow rate were 100 mL and 4 mL/min,
respectively. The gradient was held at 15% B for 2 min, increased to
70% B over 13 min, increased to 100% B over 0.5 min, held at 100% B
for 2 min, and then returned to 15% B over 0.5 min. The analytes
were monitored and collected based on absorbance signals at 254
nm.

2.6. Siderophore production assays

Six strains (Table 1) were grown in quadruplicate in unaltered
Potato Dextrose Broth (PDB) media. The natural iron concentration
of the control mediumwas determined to be 1.01 � 0.02 mM by ICP
(Inductively Coupled Plasma)eMS analysis (Biotron facility, West-
ern University, ON, CA). The strains were grown in 30 mL of PDB in
125-mL Erlenmeyer flasks capped with foam plugs and inoculated
with 1 mL of the macerated fungal material, as previously
described. The effect of iron concentration on siderophore pro-
duction was also investigated by supplementing media with iron
(FeCl3 � 6 H2O). Strains 251601 and 251609 were supplemented
with 5 mM of Fe3þ or 50 mM of Fe3þ and grown in unaltered PDB. To
monitor the effect of competing chelators in the environment,
cultures of media were prepared by supplementing with EDTA � 2
H2O (Sigma-Aldrich) at concentrations of 5 mM and 50 mM. All
samples were grown in quadruplicate. For all cultures, 100-mL ali-
quots of growth media were removed from the cultures every 4
days for 20 days and were then diluted in the ratio of 1:1 with
methanol and stored at �20 �C. Immediately, before LCeMS anal-
ysis, the aliquots were supplemented with 100 mL of a 0.132-mM
FeCl3 � 6 H2O iron solution to shift siderophores to the chelated
state.

3. Results

3.1. Disease virulence assessment

After three weeks of incubation at 21�C, the lesion diameter on
the ginseng was measured. In agreement with previous work,
DAOMC 251601, 251604, and 251605 were confirmed to be virulent,
whereas 251608, 251609, and KAS8150 were confirmed to be
avirulent (data shown in Table 2) [7]. Fig. 1 shows a comparison
between 251601, KAS 8150, and healthy roots, highlighting the
disease area.

The major peak detected with the iron isotope pattern had anm/
z of 906.3304 and an isotopic profile that matches a formula
C39H58FeN6O15 (Fig. 2). Screening of all fungal isolates revealed this
to be the only iron-containing compound that was detected using
this semitargeted strategy. The iron-chelated metabolite was only
detected in strains that were identified as virulent (Table 2). In every
extract where C39H58FeN6O15 was detected, anm/z of 853.4123 was
also observed. Them/z difference between these ions is 52.9181 Da,
indicating the bound and unbound form of the siderophore.

The chemical formula C39H58FeN6O15 was consistent with the
known siderophore N,N0,N00-triacetylfusarinine C (TAFC) (Fig. 3)
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[15]. Examination of the MS/MS fragmentation pattern of the
nonchelated precursor ion at m/z 853.4123 (Fig. 4) revealed two
neutral losses of 284.135 Da, leaving a product ion with an m/z of
285.1421. This product ion and neutral losses each correspond to
the three N-acetylfusarinine (C13H20N2O5)erepeating units of TAFC
[16]. The isolated compound was confirmed by 1H NMR
(supplementary figure S1) by comparison to previously acquired
spectra of TAFC [17]. Purified TAFC þ Fe was quantified by absor-
bance (ε440 ¼ 2960 M�1 cm �1) [16] and was used to prepare a
standard curve for further quantification in subsequent assays.

3.2. TAFC production in virulent and avirulent strains

Samples were monitored over a period of 20 days as described
in the Materials and methods section. The maximum production of
TAFC occurred on Day 8 for all strains that produced TAFC
Fig. 3. Molecular structure of N,N0 ,N00-triacetylfusarinine C. Structures of N,N0 ,N00-triacet
oxygen functional groups that are directly involved in chelating Fe3þ.
(supplementary Figure S2). Fe3þ was supplemented in samples
before analysis, such that the concentration of Fe3þ was five-fold
higher than that of the unbound TAFC, to ensure TAFC was pre-
sent in the chelated form for quantitation.

The virulent strains DAOMC 251601 and 251604 produced 7.53
and 8.73 mg/L of TAFC, respectively, whereas the avirulent strains
DAOMC 251608, DAOMC 251609, and KAS8150 produced no
detectable TAFC under these conditions (Fig. 5). Among the virulent
strains, we found that DAOMC 251605, also a virulent isolate of
I. mors-panacis, produced very little TAFC (0.09 mg/L) in compari-
son with other virulent strains.

3.3. Effect of iron concentration on production of TAFC

To determine the effect of Fe3þ concentration on TAFC, DAOMC
251601 (virulent) and DAOMC 251609 (avirulent) were grown
ylfusarinine C in (left) unbound and (right) bound forms. Highlighted in red are the



Fig. 4. MS/MS of unbound N,N0,N00-triacetylfusarinine C. Stepped 25/55 NCE MS/MS spectra of unbound N,N0 ,N00-triacetylfusarinine C. Diagnostic product ions of an m/z of
285.1421 and 569.2775. NCE, normalized collision energy.
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under five different conditions: two supplemented concentrations
of Fe3þ, two supplemented concentrations of EDTA, and control
media. Comparing all conditions, only DAOMC 251601 produced
detectable levels of TAFC, only when the growth media was not
supplemented with Fe3þ (Fig. 6). The addition of 5 mM of EDTA
resulted in a decrease in the detection of iron-bound TAFC, while 50
mM of EDTA did not further decrease the amount detected.

4. Discussion

Siderophores are important metabolites in the development of
fungi during iron-depleted conditions [10,18]. Siderophore pro-
duction in I. mors-panacis has been observed, and it has been pro-
posed to be related to virulence of root rot disease in American
ginseng [9,10]. However, the siderophore was not chemically
characterized. This is the first report of an identified siderophore in
an Ilyonectria sp. Applying nontargeted LCeMS screening to the
strains revealed no additional iron-containing compounds. This
suggests that TAFC is the only or the most abundant siderophore
synthesized by I. mors-panacis. Interestingly, no iron-containing
compounds were found in the avirulent strains of Ilyonectria and
Cylindrocarpon species, suggesting the avirulent strains favored
other methods of iron encapsulation, perhaps membrane-bound
ion channels [11,19].

Strains were compared for production of TAFC by monitoring
the concentration of iron(III)-bound TAFC in extracellular media.
Strains that were determined to be virulent by the lesion assay
produced TAFC, whereas none was detected in extracts of avirulent
strains. DAOMC 251605 produced less TAFC than the other virulent
strains, although it was still present in all replicates. The reduced
production of TAFCmay be due to increased sensitivity of this strain
to the presence of available iron, or the strain may naturally pro-
duce less TAFC. It is important to note that DAOMC 201601 turned
off TAFC production at 5 mMof FeCl3 and the background amount of
iron in the unaltered PDB media is 1 mM, so decreased TAFC pro-
duction in response to iron is observed in other virulent strains.
This suggests that TAFC is a factor in disease virulence but not its
sole contributor.

In addition, TAFC was the only iron chelator detected in our
semitargeted screening for iron-containing compounds among all
strains. Combined with previous research connecting siderophore
production to virulent strains of fungi, the direct monitoring of
siderophore concentration supports the suggestion that side-
rophores contribute to viability of I. mors-panacis in causing
ginseng root rot disease. However, it is currently unknown if this
metabolite directly contributes to the plantepathogen interaction
or if it is only used for growth of I. mors-panacis.

An important observation in the full MS spectra is the m/z dif-
ference of 18.0102 Da from the precursor ion for unbound TAFC.
This m/z difference indicates a loss of H2O. This is probably the
consequence of the loss of a hydroxamate functional group,
confirmed by peak shifts in the HNMR spectra. Moreover, this loss
can be observed in up to three distinct steps, corresponding to the
loss of all three hydroxamates. We observed that if hydroxamate
functional groups are lost, TAFC is no longer capable of chelating
iron. This agrees with similar reports that the loss of these
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functional groups results in impaired TAFC function and could
result in a significant decrease in fungal growth [19,20].

The concentration of iron in the environment is an important
factor in root rot disease virulence. The previous literature has
shown Ilyonectria spp. in American ginseng are more virulent when
a greater concentration of iron is introduced into the environment
[9,10]. Rahman and Punja [10] suggested this is a consequence of
siderophore production, which was observed using a chrome
azurol S medium growth assay. This is in contrast to the generally
accepted theory that as the concentration of free iron increases in a
medium, siderophore production is suppressed and the cell instead
favors membrane-bound channels for iron uptake [12]. We created
an assay with five different environmental conditions for iron
availability. All samples that had iron supplemented showed no
TAFC production, consistent with previous research [21]. When
EDTAwas added, it decreased the overall concentration of chelated
TAFC. It is unclear whether this is because EDTA competes with
TAFC for iron, or whether EDTA represses the production of the
metabolite. Notably, it was found that regardless of concentration
or availability of iron in the media, the nonvirulent strain DAOMC
251609 did not produce TAFC in detectable amounts. This further
suggests that siderophores play an important role in root rot
disease.

Previous reports from other fungal genera such as Aspergillus
have demonstrated that siderophores are crucial to the growth of
some fungi in low-iron conditions [11,19,20]. TAFC is a common
siderophore for Aspergillus fumigatus and Aspergillus nidulans, and
its production is related to the virulence of these fungi
toward humans. Complete knockout of the biosynthetic pathway
responsible for TAFC production resulted in no fungal growth in
low-iron conditions [19]. As a result, it was suggested that side-
rophore production could be targeted to mediate disease in a very
large range of systems, such as crop disease such as root rot and
even in human fungal disease [20,22]. The development of a small-
molecule inhibitor or other methods of control for TAFC production
could be applied to limit the growth of I. mors-panacis, making it a
candidate for root rot disease management that will be the focus of
future studies.
5. Conclusion

Root rot affects 20e30% of ginseng crop yield in Canada annu-
ally. The cause of this disease is the soilborne fungus I. mors-
panacis. The previous literature on this disease suggests several
factors for increased virulence, most notably to this study are soil
iron concentration and siderophore production. In this report, we
identified the siderophore as TAFC, which was detected for the first
time in an Ilyonectria sp. In addition, this was the only siderophore
identified in the culture extracts, suggesting it is a key metabolite
for fungal species that are virulent to ginseng. We compared the
production of this metabolite across several strains of Ilyonectria
and one strain of Cylindrocarpon, finding that virulent strains pro-
duced the siderophore whereas avirulent strains did not. We
monitored the production of TAFC in different concentrations of
supplemented iron and competing chelators. We found that TAFC is
not produced when there is an excess of free iron in media, and
EDTA decreases the amount of iron-bound TAFC in the media. Root
rot remains an issue for ginseng farmers and causes a substantial
loss of quality and yield for the industry. Siderophores are a known
factor of root rot virulence, and until now, the specific siderophore
was unidentified. The identification of this metabolite gives us
further insights into and a greater understanding of the disease.
Developing a method for the management of TAFC production by
Ilyonectria mors-panacis could be an effective method for root rot
management to be used by ginseng farmers, increasing crop yields
and crop stability.
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