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Abstract 

Background: Brown rot of stone and pome fruit is a serious fungal disease that is mainly caused by four species in 
the genus Monilinia. Of these four species, Monilinia fructicola is the most devastating pathogen and of particular 
concern because it undergoes sexual recombination and has recently been introduced to Europe. So far, Monilinia 
diagnosis required a multiplex PCR analysis and gel electrophoresis. In contrast, intact‑protein biotyping by mass 
spectrometry is considerably faster and cheaper. However, it usually requires an in vitro cultivation step prior to the 
MALDI analysis. It was thus attempted to establish a method for the identification of Monilinia species by MALDI bio‑
typing with fungal material derived directly from infected fruits; without an in vitro cultivation step.

Results: To simplify and render MALDI biotyping of fungi more reliable, an improved protocol for the preparation of 
crude protein extracts and for collecting MALDI‑TOF MS data for biotyping was developed. We generated reference 
spectra for all four Monilinia brown rot fungi and were able to reliably identify Monilinia species based on fungal mate‑
rial that was collected directly from infected fruits. This method allowed the correct, fast and economic identification 
of M. fructicola and M. laxa, while M. fructigena and M. polystroma could not be distinguished reliably.

Conclusions: MALDI biotyping may be used as an economical tool for the routine diagnosis of Monilinia brown rot 
fungi on infected fruits.

Keywords: Biotyping, Intact‑protein profiling, MALDI‑TOF/TOF MS, Monilinia

© 2016 Freimoser et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Brown rot of stone and pome fruit is a fungal disease 
that causes economic losses and limits fruit production 
worldwide [1]. The causative agents of this disease are 
mainly four species in the genus Monilinia. Although 
the four Monilinia brown rot fungi exhibit host prefer-
ence, all are able to infect and cause severe damage in 
various members of the Rosaceae family. The most com-
mon of these pathogens worldwide is Monilinia laxa 
(Aderh. & Ruhland) Honey 1945 (Ascomycetes, Heloti-
ales) [2], which also causes twig and branch blight and 

is one of the most important postharvest pathogens of 
stone fruits [3]. Monilinia fructigena Honey ex Whet-
zel 1945 (Ascomycetes, Helotiales) occurs worldwide 
and causes damage in pome fruit [3, 4]. Monilinia pol-
ystroma van Leeuwen [5] (Ascomycetes, Helotiales), 
distinguished by molecular and morphological means 
from M. fructigena [5, 6], is mainly found in Asia and 
Europe [5, 7]. Brown rot caused by M. fructicola (G. 
Winter) Honey 1928 (Ascomycetes, Helotiales) is one of 
the most devastating stone fruit diseases in Asia, Aus-
tralasia, North and South America [3, 8]. This species 
regularly undergoes sexual recombination, which may 
promote the development and establishment of fungi-
cide-resistant strains [9–11]. In Europe, this disease was 
described for the first time in 2001, in southern France, 
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and since then the pathogen has spread [12–15]. The 
European Plant Protection Organization recommends 
M. fructicola for regulation as a quarantine pest [16], 
even though it is widespread now. Local survey and 
management schemes are thus advised, because phy-
tosanitary measures and chemical control can prevent 
the establishment of this pathogen [14]. To expedite 
the identification of M. fructicola, we strove for a fast 
and reliable matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF MS) 
method that does not require prior in vitro cultivation 
of the pathogen.

Monilinia brown rot fungi exhibit slight morphologi-
cal variation, but their identification and delineation usu-
ally includes a polymerase chain reaction (PCR)-based 
analysis [17]. Although this analysis can be performed 
with fungal material obtained directly from infected 
fruits (i.e. does not require a cultivation step), it involves 
DNA extraction, a lengthy PCR protocol and performing 
gel electrophoresis. Monilinia polystroma differs only by 
five base transitions in the ITS region from M. fructigena 
[6] and thus requires multiplex PCR and the resolution 
of fragment size differences of 23  bp [7]. In contrast to 
the DNA-based identification, microbial biotyping builds 
upon the observation that MALDI-TOF MS of entire 
microbial cells or of crude extracts reveals species-spe-
cific profiles of molecular masses [18]. Most of the mass 
peaks detected by this method, also called MALDI bio-
typing, are attributed to basic, abundant and conserved 
proteins, particularly ribosomal proteins [19, 20] and 
to a certain degree to cell wall-associated proteins [21]. 
Sample preparation for MALDI biotyping is considerably 
faster and cheaper than for the DNA-based methods and 
the measurement itself is performed within a few min-
utes. However, MALDI biotyping requires pre-existing 
reference spectra for the species to be identified. For clin-
ically relevant microorganisms, comprehensive databases 
of reference spectra exist, but organisms from agricul-
tural ecosystems are often not included in commercially 
available databases. Furthermore, the method performs 
reliably for many bacteria, while the MALDI-TOF MS-
based identification of fungi is often more difficult and 
requires optimization of extraction and data acquisition 
protocols. Finally, a major limitation for the rapid iden-
tification of bacteria and fungi is the in vitro cultivation 
step, which is usually required prior to the MALDI-TOF 
analysis.

Recently, the potential of different electrophoresis 
methods and of MS for the identification of Monilinia 
species based on proteins was assessed [22]. The authors 
successfully used MALDI-TOF MS to identify the four 
closely related Monilinia brown rot species when they 
were grown in  vitro. However, identification of fungal 

material obtained directly from infected fruits was not 
possible, because the host affected the result of the 
MALDI-TOF MS analysis and prevented a reliable iden-
tification at the species level. To circumvent this unreli-
ability, a combination of MALDI-TOF MS analysis and 
capillary isoelectric focusing (CIEF) or capillary zone 
electrophoresis (CZE) was suggested [22]. It was the goal 
of the project presented here to build upon this work and 
to establish the identification of Monilinia species by 
MALDI biotyping with fungal material derived directly 
from infected fruits; without an in vitro cultivation step. 
We prepared crude, acid protein extracts from minute 
sample amounts with glass beads, generated reference 
spectra for several isolates of all four Monilinia brown 
rot fungi, and were thus able to identify Monilinia species 
with material collected directly from infected fruits. This 
method allowed the correct, fast and economic identifi-
cation of M. fructicola and M. laxa, while M. fructigena 
and M. polystroma could not be distinguished reliably. 
MALDI biotyping may thus be used as an economical 
tool for the routine diagnostic of Monilinia brown rot 
fungi on infected fruits.

Methods
Fungal isolates and cultivation
All Monilinia isolates were obtained from infected apri-
cots or peaches as described previously [11] and grown 
on Difco™ potato dextrose agar (PDA; Becton, Dickinson 
and Company, Le Pont de Claix, France) at 20  °C in the 
dark. The Monilinia isolates used for this study are listed 
in Table 1.

Fruit infection experiments
Ripe, harvested cherries, prunes or apples were wiped 
with 70  % ethanol and dried. Monilinia mycelium and 
conidia were harvested with a sterile toothpick from an 
agar plate (1–2 weeks old). To start the infection process, 
healthy fruits were pierced with the toothpick. Fruits 
infected in this manner were either stored in disposable, 
transparent plastic containers (cherries and prunes) or 
in transparent plastic bags (apples), kept at 20  °C, and 
inspected daily. Fruits with clear signs of infection and 
developing mycelium were removed and the fungus caus-
ing the infection was identified by DNA-based methods 
or by MALDI biotyping as described below.

DNA‑based identification
Mycelium was harvested with a wooden toothpick 
and DNA was extracted with 50  µl Kawasaki buffer as 
described [11, 23]. The four Monilinia species were iden-
tified by a multiplex PCR assay as described by Coté 
et al. [17]. The PCR conditions were the following: initial 
denaturation at 95  °C for 15 min, 28 cycles of 94  °C for 
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1 min, 60 °C for 1 min, 72 °C for 1 min; final extension at 
72 °C for 10 min. Alternatively, the fungal ITS region was 
amplified with primers ITS1f [24] and ITS4 [25] and PCR 
products were directly used for sequencing.

Protein extraction for MALDI‑TOF MS‑based identification
For protein extraction, a small amount of mycelium 
(approx. 1–5  ×  1–5  mm), either from a PDA plate or 
from an infected fruit, was collected with a toothpick and 
transferred to 1 ml 70 % ethanol. After vigorous shaking, 
the fungal material was pelleted, the supernatant dis-
carded and the mycelium dried in a concentrator (room 
temperature, 60  min; Eppendorf, Hamburg, Germany). 
The pellet was resuspended in 25  μl formic acid (70  %, 
Carl Roth GmbH, Karlsruhe, Germany), glass beads (0.5–
0.75 mm, approx. 50 μl; Retsch GmbH, Haan, Germany) 
were added and samples were shaken (Eppendorf Ther-
momixer, 1400 rpm, room temperature, 15 min; Eppen-
dorf ). Following the addition of 25  μl acetonitrile (Carl 
Roth GmbH), samples were mixed, centrifuged and 1 μl 
of the supernatant was applied to MALDI-TOF steel tar-
get plates (Bruker Daltonics GmbH, Bremen, Germany). 
After air drying, the spots were overlaid with 1 μl matrix 
(α-cyano-4-hydroxycinnamic acid, HCCA, 10  mg/
ml in acetonitrile–water–trifluoroacetic acid (TFA) 
(50:47.5:2.5); HCCA from Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany, or Bruker Daltonics GmbH; TFA 

from Merck KGaA, Darmstadt, Germany). Alternatively, 
the fungal extract was stored at −20 °C for later analysis.

MALDI‑TOF MS measurement
MALDI-TOF MS spectra were acquired with a micro-
flex LT MALDI-TOF mass spectrometer (Bruker Dal-
tonics GmbH). Data collection parameters were defined 
using flexControl software (Version 3.4; Bruker Daltonics 
GmbH). Laser frequency of 60 Hz in the positive linear 
mode with mass acquisition ranging from 2 to 20  kDa. 
Final spectra consisted of 500 shots per spot (random 
walk, 50 shots per raster spot). No peak exclusion cri-
terion was defined, but the resolution was required to 
be higher than 100 and the measurement was quit if 20 
subsequently failed judgements were encountered. Data 
collection was terminated as soon as 10 peaks with an 
intensity of  ≥2000 were detected. The laser intensity 
was adjusted to obtain spectra with maximal absolute 
peak intensities ranging from about 5  ×  103–104 arbi-
trary units. Extracts that did not reveal any peak with 
these settings were discarded. The spectra were evalu-
ated using the accompanying MALDI BioTyper OC soft-
ware (Version 3.1) with standard settings, but without 
intensity correction (Bruker Daltonics GmbH). Accord-
ing to the BioTyper software, a score of  ≥2.0 repre-
sents an identification at the species level and values 
between ≥1.7 and  <2 at the genus level. Measurements 
with a score <1.7 were counted as “not identified”.

Creation of MALDI‑TOF MS reference spectra
To generate MALDI-TOF main spectra (MSP), eight rep-
licates of a fungal protein extract were spotted and each 
spot was measured three times. The 24 MALDI-TOF MS 
spectra were visually inspected and the 20 best spectra 
were used to calculate an MSP with the default param-
eter set of the BioTyper MSP Creation Standard Method 
(Max. mass error of each single spectrum 2000; desired 
mass error for the MSP 200; desired peak frequency 25 %; 
max. desired peak number for the MSP 70). The MSP of 
the 18 Monilinia isolates used for this study (see Table 1) 
were clustered based on Pearson correlation coefficients 
and UPGMA network creation (BioNumerics 7.5, Applied 
Maths, Sint-Martens-Latem, Belgium) (see also Fig. 1a).

ZipTip preparation of protein extracts for subsequent 
MALDI‑TOF/TOF MS analysis
For the preparation of protein extracts prior to MALDI-
TOF/TOF experiments, proteins were desalted and con-
centrated with C18-ZipTips (Millipore, Bedford, USA). 
Wetting solution contained 100 % acetonitrile, equilibra-
tion solution and wash solution contained 0.1 % TFA in 
water, and elution solution contained 0.1 % TFA in ace-
tonitrile–water (50:50). The original extract was spiked 

Table 1 Monilinia isolates used for  generating the refer-
ence main spectra (MSP) for this study

Strains were isolated from infected apricots or peach in the years 2003 or 2008–
2011 and maintained on PDA medium. The strains were previously identified 
and characterized molecularly (Hilber-Bodmer et al. [7], Jänsch et al. [11])

Species Isolate Origin Year Host

M. fructicola 11SD14 Switzerland 2011 Apricot

M16 USA 2003 Peach

AS5 France 2003 Apricot

IT3 Italy 2008 Peach

SD14 Switzerland 2010 Apricot

M. laxa E134.5 Switzerland 2009 Apricot

10S1 Switzerland 2010 Apricot

10M14 Switzerland 2010 Apricot

E139.5 Switzerland 2009 Apricot

E57.7 Switzerland 2009 Apricot

M. fructigena 113.A.15.2 Switzerland 2010 Apricot

180 Switzerland 2008 Apricot

E71.1 Switzerland 2009 Apricot

113A8 Switzerland 2010 Apricot

M. polystroma Q1 Switzerland 2009 Apricot

P16 Switzerland 2009 Apricot

C6 Switzerland 2009 Apricot

G4 Switzerland 2010 Apricot
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with 50 µl 0.1 % TFA in water, concentrated to a volume 
of 30 µl using a SpeedVac (Eppendorf ) and subsequently 
applied to the ziptip sample preparation according to the 
manufacturer’s protocol (Millipore, USA).

MALDI‑TOF/TOF MS for in‑depth characterization 
of distinct mass peaks
MALDI-TOF/TOF experiments were performed on an 
ultrafleXtreme mass spectrometer (Bruker Daltonics 
GmbH). The instrument was equipped with a modified 

neodymium-doped yttrium aluminium garnet (Nd:YAG) 
laser (smartbeam II) operating at a wavelength of 355 nm 
and a frequency of 1 kHz. Mass spectra of intact proteins 
were recorded at matrix-optimized laser fluency in posi-
tive ion reflectron mode within a m/z range of 400–5000, 
applying an acceleration voltage of 25  kV. Spectra were 
generated by accumulating data from approximately 
10,000 laser shots. The mass spectra were externally cali-
brated using the peptide standard mixture II from Bruker 
Daltonics GmbH. Monoisotopic masses m/z  =  4373.3 
and m/z = 4442.0 were selected for fragmentation.

MALDI-TOF/TOF tandem mass spectrometry was 
performed using the LIFT technology [26] over a m/z 
range of 20–4500 in the positive ion mode. The MALDI 
target plate was prepared by pipetting 0.7  µl of eluted 
ziptip protein samples onto the target spots, which were 
overlaid with 0.7  µl matrix [HCCA (Bruker Daltonics 
GmbH), 2  mg/ml in acid (TFA) (50:49.9:0.1)]. All mass 
spectra were acquired and processed using flexControl 
(version 3.4, build 135) acetonitrile–water–trifluoro-
acetic and flexAnalysis (version 3.4, build 76), respec-
tively (Bruker Daltonics GmbH).

Results
MALDI‑TOF MS analysis of Monilinia brown rot fungi 
cultures
In order to compare different Monilinia brown rot fungi 
by MALDI biotyping, crude formic acid/acetonitrile pro-
tein extracts of M. fructicola (5 isolates), M. fructigena (4 
isolates), M. laxa (5 isolates) and M. polystroma (4 iso-
lates) were prepared and used to generate reference main 
spectra (MSP). The 18 MSP were used to generate a MSP 
dendrogram, which revealed well-separated clusters for 
M. fructicola and M. laxa, and an unresolved branch 
containing the M. polystroma and M. fructigena spectra 
(Fig. 1a).

The individual MALDI-TOF MS spectra of the four 
Monilinia species revealed reproducible and distinct 
mass peaks (Fig. 1b). Most noteworthy was a strong sig-
nal with a molecular mass between 4370 and 4450  Da 
that was particularly prominent in M. fructicola, M. fruc-
tigena and M.  polystroma (Fig.  1B). Interestingly, this 
mass peak appeared at approx. 4450 Da for M. fructicola, 
while for M.  fructigena and M.  polystroma the detected 
mass was approx. 80  Da lower. The MALDI-TOF MS 
spectrum for M.  laxa, in contrast to the other three 
Monilinia species, featured several highly intense masses 
between 2 and 8 kDa. In this species, the peak at 4380 Da 
was therefore less remarkable.

The newly generated MSP for four Monilinia brown 
rot fungi, based on material from in vitro cultures, thus 
clearly delineated three groups: M. fructicola, M.  laxa 
and M. fructigena/M. polystroma. Since the latter two 
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Fig. 1 MALDI‑TOF MS analysis of the four Monilinia brown rot fungi. 
a The MSP of the 18 Monilinia isolates (see Table 1) were clustered 
based on Pearson correlation coefficients and UPGMA network crea‑
tion (BioNumerics 7.5, Applied Maths, Sint‑Martens‑Latem, Belgium). 
b Representative MALDI‑TOF MS spectra for M. fructigena and M. 
polystroma (green), M. laxa (blue) and M. fructicola (red)
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species were not well-separated, these two species were 
treated as an unresolvable complex in all following analy-
ses. MALDI biotyping experiments where a M. fructigena 
isolate was identified as M.  polystroma, or vice versa, 
were thus not counted as wrong identifications (Table 2).

The MSP reference database consisting of the MALDI-
TOF MS spectra of 18 Monilinia isolates was then used to 
biotype 88 fresh extracts obtained from in  vitro cultures 
of M. fructicola (30 extracts), M. laxa (22 extracts) and M. 
fructigena/M. polystroma (36 extracts) (Table  2). None of 
the extracts was identified as another genus than Monilinia. 
In total, 4 protein extractions failed (i.e. no identification), 
one identification was wrong and the remaining 83 identi-
fications were correct (4 with a score between 1.7 and 2.0, 
79 with a score >2.0). This analysis of closely related Moni-
linia brown rot fungi thus confirmed that MALDI-TOF 
MS is capable of discriminating M. fructicola, M. laxa and 
M. fructigena/M. polystroma in vitro cultures and may thus 
serve as a fast, reliable and economic alternative to the 
DNA-based identification of these plant pathogens.

Identification of Monilinia species on infected fruits
The MALDI-TOF MS-based identification of pathogens 
requires specific mass peak patterns and, preferably, pro-
tein extracts that are free from contaminations of host 
tissue. Consequently, in most cases an in vitro cultivation 
step is necessary in order to generate a pure culture from 
which appropriate extracts can be obtained. In order 
to facilitate and speed up the MALDI-TOF MS-based 
identification of Monilinia brown rot species, it was 
attempted to use fungal material obtained directly from 
infected fruit for preparing the protein extracts.

Ripe cherries, prunes and apples were infected with 
different Monilinia isolates (Table 2) and incubated until 
signs of colonization were apparent (1–2 weeks, depend-
ing on the isolate and fruit). All isolates were able to colo-
nize the three types of fruit and formed mycelium on the 
fruit surface (Fig. 2a). The negative controls (uninfected 
fruits) never developed any sign of infection by Monilinia 
species. 130 extracts were prepared from infected apples, 
47 extracts from infected prune and 56 extracts from 
infected cherries (Table  2). Overall, the MALDI-TOF 
MS spectra acquired directly from infected fruits resem-
bled the spectra obtained from pure cultures of the four 
Monilinia brown rot fungi (Fig. 2b) and led to the correct 
identification (Table 2). Six and seven extractions of fun-
gal material from apple or prune, respectively, failed (i.e. 
no identification), while all extractions of fungal mate-
rial from cherry were successful. The only wrong iden-
tifications were observed for fungal extracts from prune 
(4 cases). 124 of the fungal extracts from apple were 
correctly identified (two with a score between 1.7 and 
2.0, the remaining 122 with a score >2.0). Of the fungal 
extracts from prune, 36 lead to the correct identification 
(4 with a score between 1.7 and 2.0, 32 with a score >2.0), 
and all the 56 fungal extracts from cherry were identified 
with a high score (>2.0). These results confirmed that, 
using the extraction protocol presented here, the fruit 
host did not significantly alter MALDI-TOF MS spectra 
of the four Monilinia species. This approach thus estab-
lished the reliable identification of M. fructicola, M. laxa 
and M. fructigena/M. polystroma by MALDI-TOF MS by 
using fungal material obtained directly from an infected 
host (Fig. 3). 

Table 2 Summary of all MALDI-TOF MS results generated for this study

Monilinia protein extracts were obtained from different sources (fungus grown on PDA plates or infected apples, prunes or cherries). Samples which did not yield a 
mass spectrum (less than 5 %) were excluded from this table. All species were identified with a microflex LT MALDI-TOF mass spectrometer (Bruker Daltonics GmbH) 
using the BioTyper software (Version 3.1, Bruker Daltonics GmbH) and a custom-made main spectra (MSP) reference database

Species Extracts Correct ID (score) Wrong ID No ID

>2.0 1.7–2.0

Agar M. fructicola 30 30 0 0 0

M. laxa 22 19 1 1 1

M. fructigena/M. polystroma 36 30 3 0 3

Apple M. fructicola 25 23 0 0 2

M. laxa 25 24 0 0 1

M. fructigena/M. polystroma 80 75 2 0 3

Prune M. fructicola 7 5 1 0 1

M. laxa 7 3 1 1 2

M. fructigena/M. polystroma 33 24 2 3 4

Cherry M. fructicola 31 31 0 0 0

M. laxa 4 4 0 0 0

M. fructigena/M. polystroma 21 21 0 0 0
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Fig. 2 Monilinia mycelium obtained from infected cherries can be directly used for MALDI biotyping. a Freshly harvested, ripe cherries were 
infected and colonized by all four species of Monilinia. b MALDI‑TOF MS spectra for M. fructigena and M. polystroma (green), M. laxa (blue) and M. 
fructicola (red). For each species, a representative spectrum obtained from an in vitro culture and from infected cherries is shown
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Characterization of a potential Monilinia low‑mass peak 
biomarker by MALDI‑TOF/TOF MS
In the future, closely related species that are difficult to 
distinguish may be set apart employing species-specific 
biomarker peptides. The initial MALDI-TOF MS analy-
ses of Monilinia species revealed prominent, isolated 
molecular average masses at approx. 4370 or 4450  Da, 
respectively, that seemed important for the separation 
of M.  fructicola from the other species and offered the 
basis for a prompt identification of Monilinia species in 
general. To evaluate their potential as biomarkers, we 
have attempted to structurally characterize these mass 
peaks further by applying ziptip sample cleaning-up of 
fungal protein extracts (M.  polystroma and M. fructi-
cola) and subsequent MALDI-TOF/TOF MS analysis 
(Fig.  3). MALDI-TOF MS operating in the reflectron 
mode, instead of the linear mode, improved the resolu-
tion and revealed monoisotopic masses of 4373.3 and 
4442.0  Da for M.  polystroma and M. fructicola, respec-
tively (Fig. 4a). Further structural characterization by the 
LIFT MALDI-TOF/TOF method resulted in characteris-
tic fragmentation patterns (Fig. 4b), indicating that these 
peptides of the two Monilinia species differ spectrally 
only slightly from each other and may thus be closely 
related. These experiments documented that isolated 
low-mass peaks characteristic of Monilinia brown rot 
fungi can be directly subjected to MALDI-TOF/TOF MS 
analysis, without prior separation by chromatography, 

which may be used for developing more sophisticated 
biomarker analyses in the future.

Discussion
Microbial biotyping of intact cells by mass spectrometry 
has revolutionized the identification of microorganisms, 
in particular in the clinical setting, but also holds great 
promise as a new tool for basic research in microbiol-
ogy and ecology [27]. Comparison of a newly acquired 
MALDI-TOF MS spectrum with reference spectra is 
able to identify an unknown organism with a very short 
time-to-result (minutes vs. hours or days for classi-
cal phenotypic or genotypic identification). The rapid 
processing and measurement, as well as the negligible 
requirement of consumables, make MALDI biotyping 
the method of choice for the routine identification of 
microorganisms, provided access to a mass spectrom-
eter is guaranteed. In particular in clinical applications, 
MALDI biotyping is thus widely used and comprehen-
sive databases of reference spectra exist for medically 
relevant microorganisms. However, while the method 
performs reliably for many bacteria, the MALDI-TOF 
MS-based identification of fungi is often more difficult 
and requires optimization of extraction and data acqui-
sition protocols. Another major limitation for the rapid 
identification of bacteria and fungi is the cultivation 
step, which is usually required prior to MALDI-TOF 
MS analysis.

Fig. 3 MALDI‑TOF and MALDI‑TOF/TOF MS workflows for the biotyping and analysis of Monilinia species. Optimization of protein extraction, own 
MSP generation and data analysis permitted the fast and reliable identification of M. fructicola, M. laxa and M. fructigena/M. polystroma
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Until now, MALDI-TOF MS-based identification of 
fungi has been mainly used in medicine [28–34], but spe-
cific protocols to identify fungal plant pathogens have 
been developed and are being improved continuously 
[35]. For example, Monilinia brown rot fungi have been 
subjected to different electrophoresis methods as well as 
to MALDI-TOF MS analysis [22]. Similarly, downy and 
powdery mildew, caused by Bremia lactucae and Oidium 
neolycopersici, respectively, were identified by MALDI-
TOF MS in vitro as well as on infected plant leaves [36]. 
Furthermore, MALDI-TOF MS, in combination with a 
DNA-based phylogenetic analysis, was used to compare 
and differentiate closely related, plant pathogenic Alter-
naria species [37] as well as a collection of 45 Brazilian 
isolates of the genus Clonostachys [38].

In the work presented here, MALDI biotyping alone 
was able to directly identify M. fructicola, M.  laxa and 
M.  fructigena/M. polystroma infections on apples, cher-
ries and prunes, without a prior cultivation in vitro. The 
same approach also used to identify Monilinia brown rot 
from naturally infected apricots and prunes collected in 
Switzerland. As for the experimentally infected apples, 
cherries and prunes, Monilinia species were correctly 
identified (as confirmed by PCR) solely with material 
obtained from fruit (e.g. without prior cultivation) (data 
not shown). This indicates that the MALDI-based iden-
tification of natural Monilinia brown rot infections is 
possible as long as a particular lesion is caused by one 
fungal species. However, natural apricot and prune 
infections were almost exclusively due to M.  laxa and 
M.  polystroma, respectively, which prevented assessing 
the MALDI-based distinction between the four Moni-
linia brown rot species. Therefore, we only collected and 
show quantitative data obtained from experimentally 
infected fruits. The results obtained by these studies are 
in contrast to earlier reports, where a combination of 
MALDI-TOF MS and electrophoresis methods was sug-
gested for the identification of Monilinia species on fruit 
samples, because the MALDI-TOF results were affected 
by the host [22]. It cannot be excluded that other hosts 
than apple, cherry or prune would affect the MALDI 
biotyping results and prevent a correct identification. 
However, the three hosts used in this study include dif-
ferent fruit types that minimally affected the perfor-
mance of the MALDI biotyping. We thus expect that a 
correct MALDI biotyping with host-derived material is 
possible as long as the pathogen forms aerial mycelium 
and conidia on the host surface. We can only speculate 
on the factors that allowed the reliable identification 
of Monilinia brown rot fungi on host tissue by MALDI 
biotyping in this study. First of all, several isolates (18 

altogether) were used to generate the MSP; the refer-
ence spectra for species identification. Importantly, the 
extraction procedure was identically performed for the 
processing of the samples used for the generation of 
MSP, for the fungal material cultivated in vitro, as well as 
for the fungal material from infected hosts. The extrac-
tion protocol itself has also been optimized by reducing 
the amount of fungal material that was extracted, the 
extraction of conidia and mycelium, and the addition of 
glass beads during the formic acid/acetonitrile extrac-
tion step. Finally, the parameters for the actual MALDI-
TOF MS measurement, data processing and data 
analysis were adjusted (laser intensity, peak exclusion 
criterion, number of shots per spot, intensity correction 
for identification). In combination, this optimization led 
to a time-saving procedure and the reliable identifica-
tion of M. fructicola, M. laxa and M. fructigena/M. poly-
stroma. The fact that M.  fructigena and M. polystroma 
could not be distinguished by the workflow described in 
this study underlines the close relatedness of these two 
species, which are set apart only by five base transitions 
in their ITS region [6]. It is thus laborious to distinguish 
these two species, even by molecular methods [7, 39]. 
The low intensity of most signals for M. polystroma, as 
well as the intense peak with a mass of 4377 Da that was 
shared with M. fructigena (4378 Da), may explain the dif-
ficulty in separating these two species by MALDI bio-
typing (Fig. 1a).

By concentrating and purifying fungal extracts and 
subsequent MALDI-TOF/TOF MS analysis we have 
shown that prominent peptide peaks can be structurally 
characterized without preceding liquid chromatography. 
This workflow may generally serve as a suitable tool to 
identify species-specific low-mass peaks of fungal spe-
cies and therefore contribute to the rapid and efficient 
identification of species that cannot be differentiated eas-
ily so far. The full identification of these peptides will not 
only allow identifying their biological function, but also 
to establish a rapid identification of fungi by screening for 
specific masses in selected reaction monitoring (SRM) 
experiments.

Conclusion
The work described here established a fast and reliable 
approach for the MALDI-TOF-based identification 
of four Monilinia brown rot fungi directly on infected 
fruits. This method not only represents an improve-
ment of currently existing diagnostic protocols, but 
may also facilitate and enable basic research and 
field studies on the ecology of these important plant 
pathogens.
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