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ABSTRACT

For the first time, mass spectrometric (MS) techniques were employed to rapidly detect the pathogen Chalara fraxinea
in-vitro and directly in-vivo in tissues of diseased ash trees caused by C. fraxinea, using a range of characteristic novel
secondary metabolites of C. fraxinea as chemical markers for the presence of the pathogen. We have found an evident
correlation between the presence and amount of these-only for C. fraxinea characteristic and novel-secondary metabo-
lites (named chalarafraxinines) and the degree of disease of respective infected ash seedlings. As demonstrated in this
work, the MS based high-throughput-screening approach constitute an alternative to the time consuming and expensive
micro biological isolation procedures for detection of the pathogen C. fraxinea and furthermore, can be used to rapidly

test ash genotypes for resistance/susceptibility to C. fraxinea infection.
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1. Introduction

Since the discovery of the aggressive ascomycetous fun-
gus Hymenoscyphus pseudoalbidus on common ash (Frax-
inus excelsior L.) in Eastern and Northeastern Europe
[1-3], the disease has widespread throughout 22 countries
in Europe [4]. The outer symptoms include wilting, ne-
crotic bark lesions of variable size, dieback and decline.
Trees at various ages are affected, in forest stands as well
as in landscape and in nurseries [5]. At first, the mito-
sporic ascomycete Chalara fraxinea Kowaslski has been
identified as the causal agent of this disease in ash trees
[6,7]. More recently, based on molecular genetic studies
using inter-simple sequence repeat anchored PCR (ISSR-
PCR) fingerprinting and three sequence loci, the teleo-
morph Hymenoscyphus pseudoalbidus has been linked to
C. fraxinea [8]. This species was separated from the for-
merly assigned discomycete Hymenoscyphus albidus,
which in contrary is known to be a non-pathogenic litter
decomposing organism in Europe since more than 150
years. This new species can be clearly distinguished by
its pathogenicity to common ash. The isolation of the
pathogen from ash tissue is difficult because of the abun-
dance of secondary pathogens [9]. Therefore, the search
for an objective evidence of C. fraxinea as the primary
cause of ash decline is of interest and has been intensi-
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fied lately. The exact and rapid in planta detection of C.
fraxinea has to be carried out by real-time PCR assay
using a dual-labelled probe [10]. From the genus Chalara,
many secondary metabolites of several substance groups
were isolated and identified, for examples the antifungal
and antibacterial isofusidienols from Chalara sp. strain
6661—an endophytic fungus isolated from Artemisia vul-
garis [11]—and the antifungal lipopeptides FR227673
and FR190293 from fermentation broth of the soil fungus
Chalara sp. 22210 [12]. Recently, analyses of the ana-
morphic stage of Hymenoscyphus pseudoalbidus indi-
cated also the presence of the phytotoxin viridiol and the
fungistatic compound viridin as well as viridin-like ster-
oids [13,14].

In this paper, we describe our work on the use of mass
spectrometric techniques for rapid detection of the patho-
gen C. fraxinea via a range of its characteristic novel
secondary metabolites of C. fraxinea (named chalara
fraxinines). These metabolites have molecular weight
mainly in the range from 900 to 1250 Da and can be eas-
ily detected by means of MS techniques directly from
culture media or plant tissue extracts. Therefore, these
metabolites are ideal to be used as chemical markers for
indication of the presence of C. fraxinea [15,16]. A rapid
mass spectrometric screening for the pathogen C. fraxi-
nea in-vitro and in-vivo can be well achieved by using
MALDI-TOF-MS. This technique is particularly suitable
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for detection of compounds with a molecular weight
higher than 400 Da, such as the chalarafraxinines (espe-
cially when a-cyano-4-hydroxycinnamic acid is used as
matrix), but also for peptides and proteins. Convincing
advantages of MALDI-TOF-MS are its simplicity, high
sensitivity, capability to provide data within minutes and
low detection limits (pico to femtomole) [17-19].

The identification of secondary metabolites of C. fraxi-
nea, especially of the chalarafraxinines itself can be con-
ducted using also MALDI-TOF/TOF-MS but also LC-
ESI-TOF-MS/MS or -MS" techniques. LC-MS and espe-
cially LC-MS/MS, such as LC-ESI-MS/MS, LC-Q-TOF-
MS/MS, LC-Ion-TRAP-MS", and high-resolution LC-
Orbitrap™-MS are powerful tools to investigate complex
samples because they provide important information on
the molecular mass and the presence of certain functional
groups of the analyses. Furthermore, the determination of
the amount and in particular the quantification of secon-
dary metabolites such as the chalarafraxinines can be
carried out via LC-MS and LC-MS/MS, too. High sensi-
tivity and selectivity make these techniques well suited
for high-throughput analysis [20-24].

In principle, the here presented approach can be used
as alternative to normally applied standard biological and
biochemical methods. Possible advantages are the sim-
plicity of sample preparation, inherent high detection
sensitivity and high sampling rate [15,16].

2. Material and Methods

2.1. Isolation of C. fraxinea

13 strains C. fraxinea were isolated from necrotic tissues
of diseased ash trees from different forest sites and from
nurseries located in the countries of Brandenburg and
Schleswig-Holstein, Germany (see Table 1). They were
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identified according to Kowalski (2006) [6] via the typi-
cal phialidic conidiogenous cells and conidia formation,
by sequencing of ITS1/2 regions of rDNA (18S rRNA
gene partial, ITS1, 5.8S rRNA gene, ITS2 rRNA gene
complete, 28S rRNA partial), and preserved at the Thue-
nen-Institute of Forest Genetics, Waldsieversdorf, Ger-
many.

2.2. Preparation of C. fraxinea Cultures and
Extracts for MS Experiments

C. fraxinea was cultured on several agar media MEA,
PDA, mPDA, CMA, mSeed at the different temperatures
7°C, 15°C, 18°C, 22°C, and 28°C.

Details on agar media: MEA (malt extract agar): malt
extract (Roth, Karlsruhe, Germany) 1.7%, agar-agar 1.5%;
PDA (potato dextrose agar): potato dextrose (Duchefa,
Haarlem, The Netherlands) 3.9%; mPDA (modified po-
tato dextrose agar): PDA supplemented with yeast extract
(Duchefa) 0.15%; CMA (corn meal agar): corn meal
(Serva, Heidelberg, Germany) 4%; mSeed (modified Seed
agar medium, [25]): Pharmamedia (non-hydrolized globu-
lar protein from cotton seeds, Traders Inc. USA) 2%,
sojapepton (Merck, Darmstadt, Germany) 0.2%, maltose
(Merck) 0.4%, corn meal (Serva) 2.6%, MgSO, x 7 H,O
(Merck) 0.2%, NaCl (Merck) 0.2%, CaCO; (Merck) 0.3%.

After 8 weeks of growing, the cultural characteristics
were determined and extraction of secondary metabolites
from C. fraxinea cultures for further investigations by
means of MS techniques was conducted. The extraction
was carried out from at 22°C overgrown C. fraxinea cul-
ture plates and at room temperature. For that, each plate
was separated in four equal parts and each quarter was
taken and mixed with 10 ml of methanol. The suspen-
sions were subsequently sonicated for 15 minutes at 15°C
and finally filtered. All extracts were stored at 4°C.

Table 1. List of C. fraxinea isolates.

Sample code Site of isolation/age of tree

Isolation time Geographical data latitude/longitude

CF-WAI1 Waldsieversdorf, clonal collection, 10 years
CF-H1 Hangelsberg, natural propagation, 3 years
CF-H5 Hangelsberg, 30 years (approx.)
CF-H6 Hangelsberg, natural propagation, 3 years
CF-H8 Hangelsberg, 50 years (approx.)

CF-Miil Miincheberg, 30 years (approx.)

CF-Mii-Ho Miincheberg, 35 years (approx.)
CF-Prl Prenzlau, 12 years

CF-Eichh2 Eichhorst, nursery, 2 years
CF-Ta Tangstedt, nursery, 2 years
CF-Pl1 Plieskendorf, nursery, 3 years

CF-GN1 Gross-Neuendorf, 40 years (approx.)
CF-Fa Falkenhagen, natural propagation, 4 years

7/2006 52°32'N/14°05'E
11/2007 52°23'N/13°55'E
10/2008 52°23'N/13°55'E
9/2008 52°23'N/13°55'E
8/2008 52°23'N/13°55'E
7/2007 52°29'N/14°11'E
7/2007 52°29'N/14°11'E
7/2009 53°18'N/13°53'E
8/2009 53°35'N/13729'E
10/2007 53°43'N/10°05'E
10/2009 51°43'N/13°58'E
6/2010 52°42'N/14724'E
4/2010 52°26'N/14°19'E

Copyright © 2013 SciRes.
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2.3. Cultivation and Preparation of Plant
Materials for MS Experiments

The in-vivo detection of C. fraxinea in ash tissues via its
secondary metabolites by means of MS techniques was
carried out on young plants artificially and naturally in-
fected, respectively.

33 two-year-old ash seedlings (selected propagation
material, origin area 81,103, Germany) were used in arti-
ficial infection experiments. 26 thereof were inoculated
with a predetermined level of the C. fraxinea strain WAL,
potted into 3L-containers in autumn, and kept completely
randomized during the experimental period in a cold
greenhouse. Plant infection was performed via wound-
inoculation in next spring by brushing 0.1 ml of myce-
lium/conidia suspension on a vertical section 1 cm along
shoot bark. Temperature and light conditions followed as
close as possible natural fluctuations. During winter month,
the greenhouse was kept at above zero degrees. To pre-
vent heat accumulation by direct sunlight opening of
windows and shading installation worked automatically.
The plants were watered periodically. The rest of ash
seedlings (7 seedlings) were grown under same condi-
tions and used as negative control and therefore not in-
oculated with the pathogen C. fraxinea.

16 months later, the 33 aforementioned ash seedlings
were regularly evaluated according to outer disease symp-
toms and classified by their degree of disease in five ap-
propriate disease classes 1 to 5 (see Table 2, 1: without
symptoms, healthy plant; 2: wilted leaves at the top; 3:
necrosis in the upper shoot, wilted leaves; 4: extended
necrosis and wilting downwards; 5: shoot complete dry,
dead plant). Two of the inoculated plants were not af-
fected by the pathogen and accordingly were assigned to
disease class 1.

Additionally, 13 containerized plants of the same pro-
venience grown in the nursery in the same time and six
3- to 5-year-old seedlings obtained from natural regen-
eration of a common ash stand near the site of Falkenha-
gen (Germany) were chosen for this study. All these
plants showed also clear symptoms of C. fraxinea infec-
tion by natural ways with different degrees of disease
(see Table 2).

In total, 52 plants of five disease classes (see Table 2)
were used for further investigations on the secondary

metabolites by means of MS techniques.

To prepare the samples for the direct detection of C.
fraxinea in plant tissue, each selected ash seedling was
divided in three sections: shoot apex, central section and
shoot basis with collar. The upper section of the shoot
apex comprised predominantly young tissues from the
last vegetation period, the segments subjacent consisted
of wood from the last two and three years, respectively.
The section samples were cut to small pieces of 3 to 8
mm and extracted with methanol (2 ml methanol per 5
cm ash sample). The obtained suspensions were soni-
cated for 15 minutes at 15°C and subsequently filtered.
All extracts were stored at 4°C.

2.4. MS Experiments

For rapid detection of C. fraxinea secondary metabolites,
a Voyager MALDI-TOF-MS spectrometer (PerSeptive
Biosystems) was used. For structure elucidation of sec-
ondary metabolites and for verification of rapid detection
of the pathogen C. fraxinea, a MALDI-TOF/TOF-MS
spectrometer AB SCIEX 5800 TOF/TOF System (Ap-
plied Biosystems) and the 4700 Proteomics Analyzer
(Applied Biosystems) as well as the LC-MS equipment
such as LC-ESI-TOF-MS/MS Q-Tof micro and Q-Tof
Ultima API (Micromass/Waters) as well as LTQ Orbitrap
XL (Thermo Fisher) were used. The obtained MS data
were compared with international databases, SciFinder of
CAS and dnp.chemnetbase.

2.4.1. Conditions of MALDI-MS Experiments
MALDI-TOF-MS spectrometer: Voyager-DE STR Bio-
Spectrometry workstation (Perseptive Biosystems, Fra-
mingham, MA, USA), N2 laser, 337 nm; MALDI-TOF/
TOF-MS spectrometers: AB SCIEX TOF/TOF 5800 (Ap-
plied Biosystems, Framingham, MA, USA) Neodymium-
doped yttrium lithium fluoride laser (Nd: YLF) mit 349
nm laser repetition rate of 400 Hz in MS and 1000 Hz in
MS/MS mode; 4700 Proteomics analyzer (Applied Bio-
systems, Framingham, MA, USA), Nd: YAG laser (355
nm), operating at a frequency of 200 Hz; Matrix: a-cy-
ano-4-hydroxycinnamic acid (CHCA): 5 mg of matrix
dissolved in 1 mL of 0.3% TFA in acetonitrile/water (3:7,
vIv).

Table 2. List of selected ash seedling samples for MS experiments.

Disease classes

Locality of samples

1 2 3 4 5
Greenhouse 9 samples 0 sample 2 samples 12 samples 10 samples
Nursery 2 samples 1 sample 1 sample 5 samples 4 samples
Forest site 0 sample 2 samples 1 sample 2 samples 1 sample

1: without symptoms, healthy plant; 2: wilted leaves at the top; 3: necrosis in the upper shoot, wilted leaves; 4:

extended necrosis and wilting downwards; 5: shoot complete dry, dead plant.

Copyright © 2013 SciRes.
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2.4.2. Conditions of LC-MS Experiments
LC-ESI-TOF-MS/MS Q-Tof micro (HPLC Waters Alli-
ance 2695, detectors Waters 2996 PDA and Waters-Mi-
cromass Q-TOF micro mass spectrometer): MS spectra
with m/z ranging from 200 to 2000 Da; 5000 nominal
resolution; using the lock spray for accurate mass meas-
urements; 5 - 8 ppm mass error; cone gas flow: 75 L/h;
desolvation gas flow: 450 L/h; interface temperature:
250°C; source temperature: 120°C; cone voltage: main-
tained at 28 V for all transitions of positive and negative
modes; column: Gemini NX C18 (150 x 2 mm, 3 pm),
precolumn: Gemini NX C18 (10 x 3 mm); gradient: sol-
vent B from 45% to 80% in 47 min (solvent A: 0.1%
formic acid in water/acetonitrile: 95/5; solvent B: 0.1%
formic acid in acetonitrile).

LTQ-Orbitrap XL with Nano LC (Eksigent Nano 2D
Ultra): MS spectra with m/z 750 to 2000 Da; 100,000
nominal resolution; using the lock mass for accurate
mass measurements; 5 ppm mass error; column: C18
PepMap (3 pm, 75 pm X 250 mm, Dionex); precolumn:
C18 PepMap (5 pm, 0.3 x 5 mm, Dionex); flow: 300
nl/min; gradient: solvent B from 50% to 80% in 40 min,
then from 80% to 85% in 5 min, and kept by 85% in 60
min (solvent A: 0.1% formic acid in water; solvent B:
0.1% formic acid in acetonitrile); Samples were diluted
1/25 (1 pl orginal sample added to 24 ul 50% acetonitrile
0.1% formic acid).

LC-ESI-TOF-MS/MS Q-Tof Ultima API (Eksigent
Nano 2D Ultra): MS spectra with m/z 200 to 2000 Da;
20,000 nominal resolution.

3. Results and Discussion
3.1. Characteristics of C. fraxinea Cultures

All 13 strains of C. fraxinea were slowly growing and

showed similar growth patterns of mycelia depending on
media. The best radial growth was observed on CMA,
mPDA and mSeed agar at temperatures between 18°C
and 22°C. All strains grew rather restricted below 15°C
and over 22°C and no growth was observed at 28°C. The
mycelium on MEA was restricted flat, velvety, whitish,
and developed later dark grey-black stromatic dots be-
tween 18°C and 22°C. Under the same temperature con-
ditions, the mycelium on CMA was formed velvety, at
first whitish-grey, later orange-brown up to dark grey
with cottony white pulvinations, whereas on mPDA a
velvety, yellowish-orange coloured mycelium with whit-
ish areas was typically. On mSeed agar, at first a whit-
ish-grey mycelium was formed, which changed soon to
dark brown or black and pseudostromatic areas with a
hard surface were developed.

3.2. Investigation of Pure Cultures of C. fraxinea
Using Mass Spectrometric Techniques

The investigation of the methanol extracts of cells of all
13 C. fraxinea pure isolates, grown on several agar media,
by means of MALDI-TOF-MS or LC-ESI-TOF-MS in
positive and negative modes yielded a range of novel non-
polar secondary metabolites further referred as the cha-
larafraxinines A, B, C, and D (CF-A, -B, -C, and -D)
with molecular weight from 800 to 1250 Da as shown in
Table 3. The production of secondary metabolites types
from the fungus depended on culture media. The struc-
ture elucidation of the chalarafraxinines would be beyond
the scope of this presented work and will be reported in a
future work.

As shown in Figure 1, the growth of C. fraxinea de-
pends on the medium and on the applied temperature.
Accordingly, the metabolite production of C. fraxinea is

Table 3. Found chalarafraxinines in methanol extracts of C. fraxinea grown on different agar culture media.

Name Agar media Amount [M-H] [M+H]" [M+NH]" [M+Na] M +K]
CF-Al MEA, PDA main 1193.7 1195.7 1212.7 1217.7 1233.7
CF-A2 MEA, PDA main 1151.7 1153.7 1170.7 1175.7 1191.7
CF-A3 MEA, PDA, CMA main 1144.7 1146.7 1163.7 1168.7 1184.7
CF-A4 MEA, PDA main 1109.7 1111.7 1128.7 1133.7 1149.7
CF-A5S MEA, PDA main 1107.7 1109.7 1126.7 1131.7 1147.7
CF-Bl1 CMA main 1061.6 1063.6 1080.6 1085.6 1101.7
CF-B2 CMA main 1051.6 1053.6 1070.6 1075.6 1091.7
CF-B3 MEA, PDA medium 1007.6 1009.6 1026.6 1031.6 1047.6
CF-Cl MEA, PDA, CMA medium 965.5 967.5 984.5 989.5 1005.6
CF-C2 MEA, PDA, CMA medium 948.5 950.5 967.5 972.5 988.5
CF-C3 MEA, PDA medium 947.5 949.5 966.5 971.5 987.5
CF-C4 MEA, PDA medium 923.5 925.5 942.5 947.5 963.5
CF-C5 MEA, PDA low 921.5 923.5 940.5 945.5 961.5
CF-C6 MEA low 905.5 907.5 924.5 929.5 945.5
CF-D1 mPDA, PDA low 828.4 830.4 847.4 852.4 868.4
CF-D2 mPDA, PDA low 826.4 828.4 845.4 850.4 866.4

Copyright © 2013 SciRes.
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Figure 1. Growth of Chalara fraxinea on different media and at different temperatures.

therefore also depending on the substrate, too.

In cell extracts of C. fraxinea grown on MEA and
PDA agar media, the chalarafraxinines CF-A (including
CF-Al to CF-A5 with molecular weight from 1100 to
1200 Da) and the chalarafraxinenes CF-C (including
CF-Cl1 to CF-C6 with molecular weight from 900 to
1000 Da) were mainly detected (see Table 3, Figures 2
and 3). The investigation on these cell extracts by means
of LC-MS revealed a range of more than three isomers of
CF-Al with [M + Na]™ at m/z 1217.7, four isomers of
CF-A2 with [M + Na]™ at m/z 1175.7, and three isomers
of CF-A4 with [M + Na]" at m/z 1133.7 (for example: see
LC-MS chromatograms in Figure 7, several peaks with
different retention time, but of the same mass).

In cell extract of C. fraxinea grown on CMA, the cha-
larafraxinines CF-B (CF-B1 to CF-B3 with molecular
weight from 1000 to 1100 Da) were mainly found (see
Table 3 and Figure 4).

In cell extract of C. fraxinea grown on mPDA (modi-
fied potato dextrose agar with 0.15% yeast extract), the
chalarafraxinines CF-A, -B and -C were not found. Only
chalarafraxinines CF-D with molecular weight from 800
to 900 Da were detected (see Table 3 and Figure 5).

In cell extract of C. fraxinea grown on mSeed (with
2% non-hydrolized globular protein from cotton seeds
and 0.2% sojapepton), no characteristic chalarafraxinines
(CF-A, -B, -C, and -D) were found.

Obviously, the chalarafraxinines CF-A, -B and -C are
produced only on culture media with carbohydrates. The
media containing amino acids and proteins clearly inhibit
the production of chalarafraxinines with higher molecu-
lar weight, especially CF-A.

It should be noted that in MALDI-MS, the prior found
compounds, e.g. viridol or viridian [13,14], cannot be
observed since there molecular masses are smaller than
400 Da and thus, lie in the range of matrix region. Thus,
in our work we mainly focused on the mass range above
500 Da.

Copyright © 2013 SciRes.

3.3. Detection of Secondary Metabolites of the
Pathogen C. fraxinea in Plant Tissue

A total of 52 seedlings were investigated using MS tech-
niques, from which 33 plants were cultivated under green-
house conditions, 13 plants had been grown in the nurs-
ery, and 6 plants were selected from a natural forest site.
41 plants of all three samples (79%) showed visible
symptoms of C. fraxinea infection. 38 plants (73%) out
of these 41 had severe infections ranged into disease
classes 3 to 5 (Table 4).

The chalarafraxinines, especially CF-A (CF-A1l to CF-
AS5), which had been already demonstrated as a charac-
teristic secondary metabolite complex of cell extracts of
C. fraxinea grown on MEA and PDA (Figures 2 and 3),
were also found in the methanol extracts of wooden part
of the most diseased ash plants (Figure 6).

In fact, the CF-A were only detected in seedlings with
severe symptoms of disease classes 3 to 5 with a fre-
quency of 89%. For all plants of the group 5, the CF-A
were found (100%). In contrast, in all healthy seedlings
without symptoms of C. fraxinea infection, no CF-A
were found, as well as in the small group of plants show-
ing only weak symptoms (disease class 2) (see Table 4).
Therefore, it could be concluded that the occurrence of
CF-A is correlated with the degree of disease of infected
trees. This can be understood in such a way that a high
CF-content is also equal to a high presence of C. fraxi-
nea.

The distribution of chalarafraxinines CF-A between the
different shoot sections was not uniformly. The com-
pounds were largely found in the wooden part of middle
shoot segments (76%) and even more in the section of
shoot basis and root collar (88%) (see Table 4). The
highest concentration could be predominantly detected in
lower parts of the shoots, whereas the shoot apex of in-
fected plants was free of CF. Only in 23.5% of analysed
shoot tops, the metabolites were evident, but only in
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Figure 2. MALDI-TOF-MS spectrum of C. fraxinea cell grown on MEA medium.
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Figure 3. MALDI-TOF-MS spectrum of C. fraxinea cells grown on PDA medium.
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Figure 4. MALDI-TOF-MS spectrum of C. fraxinea cells grown on CMA medium.
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Table 4. Detection of chalarafraxinines and in particular the CF-A in shoots from common ash seedlings: Distribution of the
occurrence of chalarafraxinines CF-A as a function disease classes and shoot sections, respectively.

Disease classes No. of investigated plants

No. of detected plants with CF

Number of shoot sections with CF detection

shoot apex middle segment shoot basis/root collar
1 11 0 0 0
2 3 0 0 0
3 4 2 2 1
4 19 16 4 11 14
5 15 15 2 13 15
total 52 34 8 26 30
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Figure 6. MALDI-TOF-MS spectrum of the methanol extract of wood from shoot basis and root collar of an infected common

ash seedling ranged into disease class 5.

small concentration.

Figure 7 shows the partition of samples (7 samples
from the shoot apex to root of ash seedling) for the LC-
MS investigation and the LC-ESI-Q-TOF-MS chroma-
tograms of tissue extracts of ash samples affected by C.
fraxinea and of cell extract of C. fraxinea grown on
MEA culture medium. The chromatogram of cell extract
of C. fraxinea shows clearly the peaks of chalarafraxini-
nes CF-A1 (with [M + Na]" at m/z 1217.7), CF-A2 (with
[M + Na]" at m/z 1175.7), and CF-A4 (with [M + Na]" at
m/z 1133.7) (see first chromatogram, left above). The
chromatograms of samples No. 1, 2, and 3 of ash tissues
above the inoculation spot shows no peaks of chalara-
fraxinines CF-A. The selected chromatograms at m/z
1217.7 for CF-Al of the samples No. 1, 2, and 3 reveals
only noise signals, no CF-A compounds (see selected
chromatograms of the samples No. 1-3 in Figure 7). The
chromatograms of samples No. 4, 5, 6, and 7 (samples at
and under the inoculation spot) showed again the peaks
of chalarafraxinines CF-A1l, CF-A2, and CF-A3. The
highest concentration of CF-A can be seen in sample No.
5 (shoot basis, direct under the inoculation spot) and was
equal to the concentration of CF-A in cell extract of C.
fraxinea grown on MEA culture medium (see Figure 7,
blue row: peak intensity). In sample No. 4 (inoculation
spot) and No. 6 (root collar), the concentration of CF-A
was lower than in the sample No. 5.

Copyright © 2013 SciRes.

The disease of the pathogen has a typical development:
The natural infection is induced by free spores of the
teleomorph H. pseudoalbidus starting from top or from
upper leaves and proceeded with wilting and increasing
formation of shoot necroses to stem basis of the seedlings.
In case of artificially infection, the disease distributed
from the inoculation point with similar symptoms down-
wards. The incidence of high concentration of CF-A in
the wood of the stem basis and collar, higher than in the
upper parts of infected shoots, confirmed that the fungus
was expanded from top to bottom. This observation is
only made for plants with severe damage (see Table 4,
disease classes 4 and 5). This can be rationalized in three
different ways:

1) It is possible that CF-A is transported along with
other assimilation products downwards into the root sys-
tem. However, experiments with fluid broth fermenta-
tions of C. fraxinea showed that no chalarafraxinines
CF-A were found in fluid culture filtrates, only in cell
suspensions of C. fraxinea, meaning that CF-A are pro-
duced only in cells of C. fraxinea and not released from
the cell. Thus, it could be concluded that the CF-A can-
not be transported with other assimilation products down-
wards into the root system.

2) Also possible is that the pathogen C. fraxinea may
spread out from the inoculation spot to the stem basis and
root system. The concentration of CF-A is in this case
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Figure 7. Right: Sample partition and LC-ESI-Q-TOF-MS chr
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ent sections. Details can be found in the text.

proportional to the amount C. fraxinea cell material. This
cannot be proven.

3) Finally, the fungus could be spread over the com-
plete ash seedling. However, it could be that the substrate
conditions at different parts of the plant may promote the
production of CF-A differently. As shown in section 3.1
and 3.2, the production of CF-A is strongly dependent
from the substrate, i.e. medium. For example, although
on mSeed and mPDA best cell growth of C. fraxinea was
observed (see Figure 1), CF-A was in fact not produced.
In contrast, highest CF-A concentrations were found for
MEA and PDA culture media (see Figures 2 and 3),
where only weak cell growth of C. fraxinea was observ-
ed (see Figure 1).

Copyright © 2013 SciRes.

: chalarafraxine peaks

omatograms of tissue extracts of ash samples affected by C.
e medium. Left: Division of investigated seedlings in 7 differ-

In ash seedlings with slight disease symptoms, the
CF-A detection was negative. There are also other possi-
ble reasons for absence of CF like the mode of sampling,
the extraction method from wood, or in general another
biotic or abiotic cause than C. fraxinea that had damaged
the seedlings. For MS based screening for C. fraxinea,
samples should be taken from stem basis or root section,
where the CF-A concentration is maximal.

Possible extensions of the collected data, that may help
to clarify the origin of the disease, may include experi-
ments with higher quantities of seedlings damaged by the
pathogen C. fraxinea in a different degree and different
duration in which the plant was subjected to the patho-
genic influence of the fungus. Furthermore, the investi-
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gation of other species of the genus Hymenoscyphus re-
garding production of secondary metabolites, especially
strains of the related H. albidus as a saprophytic litter
decomposer of ash are from interest.

4. Conclusions

This is the first report on the indirect detection of C.
fraxinea in damaged ash seedlings via its pathogen spe-
cific secondary metabolites by means of MS techniques.
Although several other fungi beside C. fraxinea can
cause necrotic ash lesions, the chalarafraxinines, in par-
ticular the CF-A, indicated exclusively the presence of C.
fraxinea and are therefore ideal to be used as chemical
markers in MS experiments.

Using these markers, it could be shown that the occur-
rence of the chalarafraxinines is correlated with the de-
gree of disease of the tested seedlings. Moreover, by
analyzing different parts of infected seedlings separately,
the distribution of the metabolite compounds could be
monitored, which in turn may allow conclusion on the
propagation of C. fraxinea infections.

The here described MS based high-throughput-screen-
ing approach is shown to be suitable to detect in-vitro
and in-vivo the pathogen C. fraxinea and may be ex-
tended to be used to rapidly test ash genotypes for resis-
tance/susceptibility to C. fraxinea infections. In com-
parison with standard microbial and biochemical detec-
tion methods, the use of MS techniques, especially MALDI-
MS, exhibits several advantages, such as simplicity of sam-
ple preparation, inherent high sensitivity and high sam-
pling rate, capability to provide data in minutes. There-
fore, our presented approach may be used as an alterna-
tive to the standard detection methods.
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