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1.1 Zusammenfassung

Triffel als teures und exklusives Lebensmittel sind ein lohnendes Ziel fir Lebensmittelbetrug.
Trotz ihres hohen Bekanntheitsgrades standen sie bisher wenig im Fokus der Forschung,
insbesondere nicht auf Proteomebene. Ziel dieser Arbeit war es, einen schnellen Profiling-
Ansatz zur ldentifizierung von Triffelarten zu entwickeln. Daruber hinaus sollte eine
tiefergehende Analyse zur umfassenden Charakterisierung von Triffelarten durchgefihrt

werden.

Eine schnelle Identifizierung verschiedener Triffelarten konnte durch die Matrix-unterstiitzte
Laser-Desorptions-lonisations-Flugzeitanalyse (MALDI-TOF) intakter Proteine erfolgreich
durchgefiihrt werden. Daflir wurden Probenvorbereitung und Messungen nach etablierten
Protokollen in der Mikrobiologie getestet und auf Triffel Ubertragen. Aus den
aufgenommenen Spektren konnten eindeutige MALDI-Profile fir die verschiedenen Arten
erstellt werden, die eine Identifizierung und Differenzierung ermdglichen. Mit dem
generierten Datensatz wurden bei einer anschliefenden Klassifikationsanalyse bis zu 95 % der

Instanzen korrekt klassifiziert.

Nach der schnellen Identifizierung durch die Analyse intakter Proteine erfolgte eine
tiefergehende Charakterisierung der Triffelarten mittels markierungsfreier, differentieller und
quantitativer  Fllssigkeitschromatographie-Tandem-Massenspektrometrie  (LC-MS/MS)
basierter Bottom-up-Proteomik. Verschiedene, etablierte Probenvorbereitungsprotokolle
wurden auf ihre Anwendbarkeit fiir Triiffel getestet. Die Extraktion von Proteinen mit dem
ionischen Detergens Natriumdeoxycholat gefolgt von einer tryptischen Proteolyse in Lésung,
stellte sich dabei als am besten geeignet heraus. Eine weitere Vereinfachung der
Probenvorbereitung war durch die Reduktion der enzymatischen Inkubationszeit sowie die
Verwendung eines definierten Extraktionsvolumens-zu-Gewichts-Verhaltnisses anstatt eines

kolorimetrischen Assays zur Schatzung der Proteinkonzentration maoglich.

Durch LC-MS/MS-Messungen von 40 Proben im datenabhangigen Aufnahmemodus (DDA)
konnten Truffelarten bereits differenziert werden. Aus den generierten quantitativen Daten

wurden Protein-Fingerabdricke fir T. aestivum, T. melanosporum und T. magnatum erstellt.
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Obwohl bereits im DDA-Modus eine Differenzierung der Triiffel moglich war, fehlte es an
gewunschter  Analysetiefe.  Daher wurden  Messungen im  datenunabhangigen
Aufnahmemodus (DIA) durchgefihrt. Die hierflr erforderliche Spektrenbibliothek wurde
mittels zweidimensionaler Chromatographie vor der massenspektrometrischen Analyse
generiert. Mit 9,170 Proteinen und 51,628 Peptiden von drei Triffelarten enthdlt sie die
héchste Anzahl an Triiffelproteinen, die bisher mit Massenspektrometrie identifiziert werden
konnte. Durch die Messungen im DIA-Modus wurden 2,715 Proteine mit quantitativen
Werten in allen 72 Proben identifiziert. Es wurden wieder Protein-Fingerabdriicke fur die
verschiedene Truffelarten erstellt, die nun 2,066 Proteine umfassten. Mit ihnen war eine
Differenzierung der Truffelarten T.aestivum, T.melanosporum, T.magnatum, T. albidum
Pico und T.indicum mdglich. Die Protein-Fingerabdriicke konnten anschliellend auf ein
kleineres Panel mit 15 Protein-Markerkandidaten reduziert werden, um eine einfachere
Differenzierung der verschiedenen Truffelarten zu ermdglichen. Nach der globalen Analyse
wurden Triiffel durch Spezies-gegen-Spezies-Vergleiche detaillierter miteinander verglichen.
Um einen Einblick in die funktionelle Kategorisierung der Proteine mit unterschiedlicher
Abundanz zu erhalten, wurde eine Gen-Ontologie-Anreicherungsanalyse durchgefihrt.
Sowohl im globalen als auch im Spezies-zu-Spezies-Vergleich wurde hierbei eine
Anreicherung von Proteinen fur verschiedene Stoffwechsel- und Reduktions-
Oxidationsprozesse  festgestellt. =~ Weiterhin ~ wurde  eine  Anreicherung  von
Stoffwechselprozessen fir Schwefelverbindungen in T. magnatum und T. melanosporum

festgestellt, beides Arten die fiir ihr starkes Aroma bekannt sind.

Diese Arbeit umfasst somit eine schnelle Methode zur Identifizierung von Triffelarten auf
intakter Proteinebene und eine umfassende proteomische Charakterisierung verschiedener
Truffelarten durch Bottom-up-Proteomik durchgefiihrt, die eine deutliche Differenzierung der
Triffelarten ermdglichte.
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1.2 Abstract

Truffles as expensive food are predestined for food fraud. Although widely known, they are
scarcely studied, especially at proteome level. Aim of this thesis was to develop a fast
profiling approach for identification of truffle species and to perform a deep profiling

approach for comprehensive characterization.

For fast identification, matrix assisted laser desorption-ionization time of flight (MALDI-
TOF) analysis of intact proteins was successfully performed on truffle samples. Sample
preparation and measurements according to established protocols in microbiology were tested
and transferred to truffles. Then 72 samples of different truffle species were prepared and
measured. Distinct MALDI profiles for different species could be generated from acquired
spectra. An identification and differentiation of species was enabled. Using the generated data
set for classification analysis, up to 95 % of instances were classified correctly.

After fast profiling with analysis of intact proteins, in-depth characterization was done by
label-free differential quantitative liquid chromatography tandem mass spectrometry (LC-
MS/MS) based bottom-up proteomics. Different proteomic sample preparation protocols were
tested. Protein extraction by the ionic detergent sodium deoxycholate followed by subsequent
tryptic proteolysis in solution was most suitable. Further simplification of sample processing
by reducing enzymatic incubation time as well as using a defined extraction volume-to-weight
ratio instead of performing a colorimetric assay for estimation of protein concentration was

shown to be feasible.

By LC-MS/MS measurements of 40 samples in data-dependent acquisition mode (DDA)
truffle species could be differentiated. A protein fingerprint for T. aestivum, T. melanosporum
and T. magnatum was created from obtained quantitative data. Although analysis in DDA
mode already allowed for differentiation of truffles, it lacked the desired depth in analysis.
Therefore, measurements in data-independent acquisition mode (DIA) were performed. A
required spectral library was generated by two-dimensional chromatography prior to mass
spectrometric analysis. Containing 9,170 proteins and 51,628 peptides of three truffle species,
the highest reported number of truffle proteins identified by mass spectrometry to date.
Within the DIA measurements, 2,715 proteins were identified with quantitative values over
all 78 samples. Protein fingerprints for different truffle species were generated and consisted
of 2,066 proteins. Differentiation of samples from truffle species T. aestivum,
T. melanosporum, T. magnatum, T. albidum Pico and T.indicum was possible. Obtained
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quantitative protein fingerprints could be reduced to a smaller protein panel of 15 marker
candidates for a simplified differentiation of truffle species. Then truffles were compared in
more detail by species-against-species comparisons. For gaining insight into functional
categorization of differentially abundant proteins, gene ontology enrichment analysis was
performed. In both, global and species-to-species comparison, enrichment was seen for
various metabolic and reduction-oxidation processes. Further, enrichment of sulfur-compound
metabolic processes was seen for T. magnatum and T. melanosporum, both known for their

strong aroma.

In summary, within this thesis a fast method for identification of truffle species on intact
protein level was developed and a comprehensive proteomic characterization of different
species by bottom-up proteomics was performed and allowed for distinct differentiation of
truffle species.
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2.1 What are truffles?

2.1.1 Truffles biology and life cycle

Truffles are famously renowned as ingredients in the haute cuisine, the fine dining experience,
sometimes even called black diamonds of the kitchen. They are highly sought for their
characteristic, hard to describe smell and taste. Some descriptions contain the words musky,
garlick-y, sulphurous and funky, with a nutty, earthy taste. One of the compounds making up
the truffles smell is adrostenone, a pheromone found in the saliva of male pigs®, explaining
why female pigs make excellent truffle hunters. Truffles should be eaten freshly. Most
common practice in the kitchen is to shave them very thinly over pasta, risotto or scrambled
eggs. Adding truffle pieces to oils, achieving transfers of aroma, is found in high quality
products only. Most commercially available cheap truffle oils are aromatized with synthetic

compounds of molecules which were identified to give truffles their distinct aroma.

In scientific perspective, truffles are the edible fruiting bodies of subterranean growing fungi.
They belong to the division of ascomycetes, named after their characteristic ascus (from
Greek: doxoc (askos), meaning "sac™ or "wineskin"), a microscopic sexual structure in which
spores are formed. Truffles mostly originate from the Tuber genus (class Pezizomycetes,
order Pezizales, family Tuberaceae), which consists of 180 to 220 species by recent
estimation?. By vegetative, meaning asexual, growth truffles form long, branching and
filamentous structures, called hyphae. The network of hyphae is called mycelium. Through
the mycelium nutrients and water are absorbed from the environment. Truffles are
ectomycorrhizal fungi®. A mycorrhiza (from Greek pwokng mykes, "fungus”, and pica rhiza,
"root") is a symbiotic relationship between a fungus and the roots of a plant. In this
mycorrhizal association the hyphae of a truffle connects with the plant’s roots and grows a
dense sheath on the root’s surface, called mantle*. Then the hyphae only penetrate the plant’s
roots epidermis (rhizodermis) and forms a network of inwards growing hyphae between the
plant root’s cells, the so called Hartig net (after Theodor Hartig, a german forestry biologist
and botanist). They do not penetrate or damage the cell walls of plant cells. By this symbiotic
association an exchange of nutrients between truffle and host plant takes place. Truffles
receive carbohydrates from their host plant and provide water in exchange, as well as
macronutrients (e.g. potassium, nitrogen) and micronutrients (e.g. zinc, iron)>. They are

dependent on host plants as a carbon source, because they lack the ability to degrade cell
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2. Introduction

walls themselves, which limits their capability to decompose plant litter®. Same dependency is
present for many ectomycorrhizal fungi which have lost enzymes meant for carbon
metabolism. A truffle’s life cycle consists of vegetative growth of the mycelium, sexual phase
for production of spores as well as asexual spore production’. Spores in the sexual phase are
produced in the asci and are therefore called ascospores. For this sexual production of spores,
truffles form a sporocarp, the fruiting body. This fruiting body is a multicellular structure in
which the truffles asci are located for sexual spore production. Many truffles need a symbiotic
relationship with a host plant to form a fruiting body. Growing beneath the earth, truffle’s
fruiting bodies cannot simply release spores to be spread by wind or water. They are therefore

in need of animal vectors to spread their spores.

To attract fungi eating animals, the truffle will begin to form and release volatile compounds
when the ascospores in the fruiting body are fully developed. These volatile compounds are
vital for the truffle’s aroma, not only necessary to attract animals, but mainly for which it is a
highly sought and prized food for us humans. The volatile constituents of truffle aroma can be
sulfur volatiles, metabolites of non-sulfur amino acid constituents, fatty acid derived volatiles
or others. Some volatiles can be characteristic for a species, in some species they vary highly
in quantity®, which explains why some truffle sorts are famous for their strong and
characteristic aroma and therefore expensive. White truffles of Tuber borchii and
Tuber magnatum are exuding high amounts of sulfuric volatiles and can have quite a pungent
aroma. Additionally, the host plant, interacting mammals and insects as well as bacteria inside

the fruiting body can have an influence on the smell of a truffle.

After animals like deer, pigs, or rodents are attracted to the truffle’s fruiting body by its smell,
they dig it up and eat it. While the fruiting body is being eaten, first spores will be set free and
spread in the process. Swallowed ascospores can survive the passage through the
gastrointestinal tract because of their thick chitin walls. After being excreted, the spores can
germinate under appropriate conditions, such as close proximity to a suitable host plant. This
dispersal system holds the advantage of spores being concentrated in the feces and that they
are more likely to be deposited in a similar area to where the animal roomed for the truffles.
This results in a higher chance of availability of suitable host plants. In contrast, the
distribution and scattering of airborne spores transported by wind is more random and does
not result in a high chance of submitting the spores to an environment suited for germination®.

The truffles life cycle is summarized and pictured in Figure 1.

11
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Figure 1: The truffles life cycle (Modified after Centro nazionale studi tartufo®).

To summarize, truffles grow hyphae in a vegetative manner. The branched network of hyphae
forms the mycelium. In symbiotic relationship with the roots of a host plant the truffle enters
the sexual phase and forms a fruiting body. When the fruiting body is mature it releases
volatile compounds to attract animal vectors for digging it up and spreading the spores.

Spores will start germinating under preferred conditions after being deposited.

2.1.2 Truffles in economy

Only some truffle species of the Tuber genus are of high interest within the economy. Most
sought after truffles are the Alba white truffle (Tuber magnatum Pico) and the Périgord black
truffle (Tuber melanosporum Vittad.), varying between 3000-5000 € in France in 20182,
The white truffle Tuber magnatum or trifola d'Alba Madonna ("Truffle of the White
Madonna" in Italian) displays to be the most valuable truffle originating from Italy. Harvest is
predominantly in October and November. Whitish truffle Tuber borchii is also mostly located
in ltaly, but known to be not as aromatic as Tuber magnatum. Black truffles of
Tuber melanosporum grow in association with oaks and hazelnuts and are harvested in late
autumn to winter. The black truffles’ genome was sequenced in 2010, representing the first
truffle genome®®. Next are summer truffle Tuber aestivum and burgundy truffles,
Tuber uncinatum. While summer truffles are harvested earlier from May to August, burgundy
truffles harvest is taking place from September to December. Both of them are found over
most parts of Europe. The burgundy truffle is said to have a stronger aroma than the summer

truffle, while both of them are used as substitute for the even more aromatic black truffle.

12
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Alongside with these mostly European truffles, Asian, especially Chinese truffles are recently
flooding the markets. These truffles mostly belong to the species Tuber indicum and are found
in big areas all over China. They are similar in appearance to the black truffle
Tuber melanosporum and for a layman difficult to distinguish by eye, but aroma-wise the

Chinese truffle is far inferior.

TOBER MELANCSPORUMN VITT  TOBER RESTIVUMN 177" TOBER morcuX TUBER BORCHI/ TUBER MAGWAT UM PICO

Figure 2: Picture of different economical relevant truffle species™.

Originally truffles were looked for with the help of truffle pigs. But since difficulties arose
while trying to keep the pigs from destroying valuable goods, truffle hunters switched to
specially trained dogs. By this approach even nowadays big parts of the truffles on the
markets are acquired. Another way is to look for the characteristic truffle brilé caused by
some species. Brdlé is French and translates to burnt ground. It describes the area of scant

vegetation around host trees associated with some Tuber species in their symbiotic phase’>*.

Figure 3: Truffle hunt with the help of a dog on the left'” and the characteristic br(lé around trees in
symbiotic association with truffles' on the right.

Besides the traditional hunt for wild growing truffles, cultivation of truffles exhibits an ever-
growing economical field. T. melanosporum was first cultivated in France in the 19" century,
followed by other species like T. aestivum, T. uncinatum, T. borchii and T. indicum. Despite
research efforts, cultivation is not fully domesticated. Cultivation of the most priced truffle,

T. magnatum, is not successful to date'®.

13



2. Introduction

Biggest breakthrough in truffle cultivation was the development of methods to inoculate roots
of potential host trees under controlled conditions with the fungus. Inoculated trees are then
grown und cultivated in orchards, the same as for fruits and nuts. After inoculation first
truffles appear several years after planting the host plant seedlings. Onset and duration of
truffle growth is depending on the used species and host plant. Yield in Europe is typically
between 25 to 35 pounds per acre but can vary dramatically’’. By this approach
T. melanosporum was successfully cultivated in Australia and Northern America. Especially
in the US more and more truffle orchards are forming. But cultivation is troublesome.
T. melanosporum, the most widely cultivated species, needs summers without extreme heat
and winters lacking extreme cold. In summer damage may be caused by heated soil, in winter
by freezing grounds. They prefer well drained soils?*. The soils pH should be slightly alkaline,
fertilizers shouldn’t be overused and trees should be planted relatively isolated®®. Also

inoculated host plants need to be free of rivaling fungi before plantation.

As truffle hunting employs labor-intensive work and cultivation is difficult and takes a lot of
time, this contributes strongly to concluding high prized truffles. For economic gain it is most
tempting to cheat using the declaration of truffles, labeling them as expensive species with
false origin. This especially applies for T.indicum, very similar to T. melanosporum in
appearance. Economic gain is enormous when only small amounts of T. indicum are mixed
into a batch of black truffles, because the black truffle is at least four times the impersonator’s
value. False declaration of food products with the motivation of economic gain is called food
fraud.

2.1.3 Food Fraud

Truffles as expensive food are especially prone to be the target of food fraud. Food fraud was
defined in 2011 by Spink and Moyer as the “deliberate and intentional substitution, addition,
tampering, or misrepresentation of food, food ingredients, or food packing; or false or
misleading statements about a product for economic gain”*. Meaning, the motivation behind
food fraud concludes in economic profit. But there can be severe effects on product- and
process-quality as well as effects on the consumer of the given food product. Lifestyle, dietary
or religiously motivated eating habits can be affected. Monitoring the sugar intake with
diabetes is a dietary example, vegetarian and vegan diets are lifestyles, and only eating kosher
or halal foods are religious constrictions. Food fraud can even threat a significant popular

health risk when products are mislabeled or mixed into the original product. Allergenic

14
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products like nuts can cause severe allergic reactions, worst case scenarios leading to the
death of consumers. Supposing hazelnuts would be mixed into peanuts, serious health issues

for people with the corresponding allergy could arise.

Food fraud is only one category of the main food risks. Other main types of risks are defined

by Spink and Moyer® as:

1. Food quality, where an unintentional act leads to a food product that doesn’t reach
stated or required attributes or standards. An example is fruits or vegetables
accidentally beeing bruised by mishandling.

2. Food safety, where an unintentional act leads to a food product that can pose health
concerns if consumed. An example is raw vegetables contaminated with bacteria due
to limited protection and control of the food product.

3. Food defense, where the food product is intentionally altered to pose health concerns.

An example would be poisoning of food to harm consumers.

For selling truffles, especially their origin and species are important because of the widely
assumed linkage to higher quality and taste of in particular European truffles. Omics
approaches have gained strong attention for authentication regarding geographical origin,
biological identity and production process of food®*. Proteomics for food authentication,
especially quantitative proteomics, can be utilized because protein abundance is not only
linked to the endogenously derived genotype but also to exogenous influences of either
natural or man-made origin. Examples for natural influences are climate, soil composition and
stress conditions, man-made influences can be storage conditions, processing and harvest of
food. Proteomics approaches in the field of food authentication were successfully used for

25-29

determining the biological identity (genotyping) or geographical origin®, type of

cultivation® and storage processes®>** for different classes of food.

2.2 Proteomics

Cells contain thousands of proteins, which inherit numerous functions. Proteins give cells
their structure, allow biochemical reactions to take place and have part in many other
processes in a cell and organism. The term “proteome” was introduced by Marc R Wilkins®
in analogy to the genome in 1994. A proteome is defined as the entirety of proteins in a cell,
tissue or organism over its lifetime. Analysis of proteomes under defined conditions at a given

time point is referred to as proteomics **¢. Smallest units of a proteome are the protein
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2. Introduction

species. Protein species are different functional proteins deriving from one gene product by
post-translational modifications, alternative splicing, post-translational processing and other
processes. The number of human protein species for example is estimated with one billion
different species®’. Furthermore, the abundance of different proteins in one cell or tissue can
span over twelve orders of magnitude®®. Mass spectrometry (MS) has proven to be an
excellent technique to expand research of the proteome. Mainly, two different approaches are
applied. Top-Down approaches focus on the separation and analysis of intact proteins®.
Bottom-Up proteomics is the most common approach for proteome analysis. Here, liquid

40,41

chromatography tandem mass spectrometry (LC-MS/MS) is used to analyze small

peptides derived from the most often tryptic proteolysis of intact proteins.

2.2.1 Bottom-up proteomics by LC-MS/MS

In bottom-up proteomic workflows, utilizing LC-MS/MS, a peptide mixture generated by
enzymatic proteolysis with trypsin is separated on a chromatographic column. Eluting
peptides are ionized in an electrospray source by an electrospray ionization process (ESI) and
subjected into the mass spectrometer. The mass spectrometer functions as detector for the

chromatography and can further fragment peptides for identification.

The protease of choice for generating peptides is trypsin. Tryptic peptides have in average a
size of 6-25 amino acids, which is very suitable for separation by liquid chromatography and
the mass spectrometric analysis. Furthermore trypsin has the advantage to specifically cleave
peptide bonds C-terminal after the basic amino acids arginine and lysine. When the generated
peptides are separated and ionized under acidic conditions, this will lead to the addition of at
least two charges by protonation for the majority of tryptic peptides. One charge is added at
the C-terminal basic residue; the other at the peptides N-terminal amino group. If a histidine is

present or cleavage sites are missed by trypsin, peptide charges of +3 and more are possible.

Separation of peptides is achieved using high- or ultra-performance liquid chromatography
(HPLC/UPLC) instruments. This separation step of peptides prior to mass spectrometric
analysis is required because of the proteomes complexity and limited instrumental capability
of the mass spectrometer. Reversed phase chromatography with C18 based stationary phases
are commonly used to separate peptides according to their hydrophobicity. A small portion of
peptides is strongly hydrophilic, a small portion strongly hydrophobic and most of them
somewhere in between. Regarding their typical size, C18 material works best for peptides,

while bigger molecules, like proteins, would require material less hydrophobic (e.g. C4
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2. Introduction

material) to allow separation and prevent irreversible binding to the stationary phase. The
mobile phase consists of aqueous solvent to bind peptides on the column and an increasing
gradient of organic solvent to elute them. Subsequent to HPLC application, eluting peptides
are ionized by electrospray ionization (ESI). ESI is an ionization technique used in mass
spectrometry to produce ions in the gas phase by applying a high voltage to a liquid, creating
an aerosol. ESI is a soft ionization technique causing only very little fragmentation and
therefore is especially suited for the analysis of biomolecules. Electrospray ionization consists

of two processes, both desolvation and ionization of molecules. The process is depicted in

Figure 4.
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Figure 4: Schematic representation of the electrospray ionization (ESI) process*. At the tip of the capillary
a taylor cone forms and an aerosol is generated. Liquid from the aerosol’s droplets is evaporating. When the
Rayleigh limit of charges for droplets is reached, the droplet will burst through the Coulomb explosion in smaller
droplets until ionized molecules are transferred into the gas phase.

After ESI, ionized peptides are infused in a mass spectrometer. A mass spectrometer measures
the mass-to-charge ratio (m/z) of ionized molecules in the gas phase. It generally consists of
three parts, an ion source (e.g. beforehand mentioned ESI source), a mass analyzer and a
detector. Once the ion source has generated charged molecules in the gas phase, the mass
analyzer separates the ions according to their m/z ratio. Subsequently, the detector monitors
the income of ionized molecules. Modern mass spectrometers often consist of two or more
mass analyzers. An example is the Q Exactive™ Hybrid Quadrupole-Orbitrap mass

spectrometer shown in Figure 5.
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Figure 5: Schematic construction of the Q Exactive™ Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific).

In this hybrid instrument a quadrupole and orbitrap mass analyzer are utilized. The
quadrupole is used for filtering molecules over a broad m/z range or selecting only molecules
in a small m/z window. A typical broad scan range for peptides would be 400-1200 m/z. This
will cover most of the generated tryptic peptides in the expected charge states. The Higher
Collision Dissociation cell (HCD cell) can be used to fragment molecules and the orbitrap
analyzer measures the m/z values of either intact or fragmented molecules. Orbitraps are high
resolution mass spectrometers. lons are trapped, simultaneously injected into the orbitrap and
oscillating along a central electrode. This oscillation is only dependent on the ions m/z values.
The acquired frequency of oscillating ions can be transformed by Fourier transformation into
m/z values and then represented as mass spectra. The longer this oscillation of ions is
measured, the higher the achieved resolution. Therefore the orbitrap needs a defined

acquisition time to reach a certain resolution for a given m/z value.

2.2.2 Data-dependent acquisition (DDA) mass spectrometry

LC-MS/MS based bottom-up proteomics experiments are mostly done in data dependent
acquisition mode (DDA). Using DDA mode, the peptide mixture, separated on the preceding
LC system, is directed into the mass spectrometer via an ESI source. Peptide precursor ions
are detected by scanning them while still intact in full scan mode of the MS instrument,
referred to as MS1 scan. Then, precursor ions are isolated with a narrow mass-to-charge ratio
(m/z) window. This selection of precursor ions for fragmentation is done according to their

signal intensity. Only most intense signals are chosen for fragmentation, often incorporating
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an intensity threshold value. In special analytical cases this precursor selection can be based
on other parameters like charge state. Then these selected and isolated precursor ions of single
peptides are fragmented, i.e. with Higher-Collision Dissociation (HCD). Resulting fragment
spectra are named MS2 spectra in regard to the MS1 spectrum as intact spectrum. From one
MS1 scan several precursors are selected for fragmentation. Instruments can either fragment
the ten or more most intense precursors or can be told to select and fragment precursors for a
specified duration, e.g. 2-3 seconds. This process of MS1 scan, selection of precursors and
their fragmentation is called duty cycle and repeated over the whole duration of a LC-MS/MS
run. Peptide identification is done by comparison of the experimentally derived MS2 spectra
with theoretical tandem mass spectra®’. Theoretical spectra are generated from the in-silico
proteolysis of a corresponding protein database****. This procedure is possible because of
peptides predictable fragmentation behavior depending on the type of activation. With HCD,
peptides are fragmented at the weakest bond, the peptide bond. This will be taken into account
for peptide in-silico fragmentation with database-driven identification. For tryptic peptides
with charges added through protonation at C- and N-termini, distinct fragment ion series can
be observed by HCD. Fragment ion series where the charge is retained on the N-terminus are
named b ions, fragment ion series with the charge retained on the N-terminus yions “.
Peptides are scored by the search engine according to the number of matches for b- and y-
ions. One downside of bottom-up proteomics is the loss of information about different protein
species. Peptides can only be matched to their corresponding gene products, not individual
protein species. Therefore, bottom-up is an indirect measurement of gene products by their

corresponding peptides*.

2.2.3 Label-free quantification

Often the aim of a proteomic study or experiment is not only to identify proteins, but
additionally quantify them. Bottom-up proteomics can be used for label-free quantification.
Here, peptide and corresponding protein abundance can be compared. This comparison is
relative between samples. Results will be a fold change in peptide or protein abundance. For
an absolute quantification with a concentration or amount as result, an isotope labelled
internal standard of known concentration has to be applied. Label-free quantification is mostly
based on the area under the chromatographic peak. In LC-MS/MS based bottom-up
proteomics, eluting peptides are selected as precursor ions in the MS1 scan and fragmented. If
a peptide is identified, the chromatographic MS1 trace of the peptide precursor ion can be
plotted as an extracted ion chromatogram. Quantification is done by integration of the
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resulting chromatographic area under the curve for this precursor ion. Relative comparison
now is enabled by comparing the peak areas of a given peptide in two or more samples. The
quantified peptides of a protein can be summed up to the corresponding protein abundance®.
Because the quantification relies on the chromatographic area under the curve, signal traces
need to be monitored well enough to represent the according analyte. For a reliable
quantification 8-12 points across a chromatographic peak are considered sufficient. For this,
duty cycle duration of the MS instrument and peak width from chromatographic separation

has to be matched.

Relative quantification of proteins in different samples can also be achieved by labeling
approaches. These heavy isotopes containing labels are either attached to (e.g. tandem mass
tags, TMT) or metabolically incorporated into the samples (stable isotopic labeling of amino
acids in cell culture, SILAC). While offering the advantage of multiplexing at least two
samples by usage of labels, labeling approaches with heavy isotopes are expensive. This is
especially the case for incorporation of labels by SILAC, e.g. the SILAC mouse*’. A further
problem of metabolic labeling is that it is not possible in case of human samples. While still
not as precise as quantification based on reporter ions, label-free quantification has the
advantage of incorporating as many samples as wanted in the experiment. Most important,

label-free quantification can be done for any type of sample at hands.

2.2.4 Data-independent acquisition (DIA) mass spectrometry

With data dependent acquisition problems arise regarding reproducibility in peptide and
protein identification and therefore quantification. First, the number of eluting peptides can
exceed the analytical capacity of the mass spectrometer at a given time point. In this case only
most intense precursor ions are chosen for fragmentation. Second, eluting peptides can be
under the instruments detection limit. Therefore only high abundant proteins are reproducibly
identified. This results in missing values for lower abundant proteins through a set of samples
and carries over to reliable quantification as well. To overcome the randomness of data
dependent acquisition, the more elaborate technique of data independent acquisition mode
(DIA) was developed®®. In DIA mode the instrument is repeatedly cycling through
consecutive precursor isolation windows over the chromatographic time range. All precursor
ions within the small predefined isolation windows are fragmented. Fragment spectra
generated with this approach are therefore systematic and unbiased. They are independent

from the content of the optionally done MS1 scan. No longer are single precursor ions chosen
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according to their intensity. To optimize the acquisition scheme in DIA mode, different
parameters have to be taken into account. This is further depending on the instrumentation
used. Cycle time and chromatographic peak width have to be matched appropriately for
enough points across the chromatographic peak to perform a reliable quantification. In case of
data acquisition with the orbitrap analyzer and its need for acquisition time to reach a certain
resolution, the resolution setting, DIA isolation window size and number of isolation windows
have to be carefully chosen and coordinated. Because not only single precursor ions but small
m/z ranges containing many precursor ions are fragmented, a database-driven identification of
peptides and proteins is not possible. Generated MS2 spectra are highly complex and not
suited for such an approach. To match fragment ions to the corresponding precursors a
spectral library needs to be generated. In this spectral library fragment ions and their assigned
peptides are deposited. Additional information including peptide retention time and isotopic
patterns may additionally enhance the quality of identification through matching with the
library. Spectral libraries are usually generated by measuring a subset of samples or pooled
samples in DDA mode. To increase number of identifications and therefore depth of the
library often a more-dimensional separation and fractionation is performed for these samples.
This approach strongly reduces the sample complexity and therefore increases the number of
identified proteins, which enhances depth in analysis. This is crucial for an adequate quality
spectral library, because only deposited peptides and their assigned fragments can be matched
in later DIA experiments. An example for two-dimensional chromatographic separation is the
often used high pH reversed phase separation with concatenated fraction pooling prior to low

pH reversed phase chromatography of the generated fractions**°.

For successful and reliable fragment matching with subsequent quantification, at least 4 or
more y-ions of one peptide are recommended. The y1 ion, the c-terminal arginine or lysine of
a tryptic peptide, should be excluded, as it is not specific enough for reliable matching.
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Figure 6: Graphical comparison of data dependent acquisition and data independent acquisition.>

When matching the spectra generated by DIA measurements against the spectral library, the
assigned fragment ions of peptides are monitored. The area under the curve of extracted ion
chromatograms for the monitored fragment ions can then be used to calculate peptide

intensity. By comparison of peptide identity relative quantification is enabled.

2.2 Matrix-assisted laser desorption-ionization time of flight mass spectrometry
(MALDI-TOF MS)

Matrix-assisted laser ionization-desorption (MALDI) is an ionization technique used for mass
spectrometry. For MALDI a matrix is used that absorbs the lasers energy to generate ions
with minimal fragmentation. Like ESI, MALDI is a soft ionization technique and therefore
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well suited for analysis of biomolecules® ™. In contrast to ESI, which mostly generates

multiple charged ions, MALDI generally leads to singly charged molecules.

MALDI is a three step process. The sample is mixed with a suitable matrix and then irradiated

by a pulsed laser with a suitable wavelength for the used matrix. Matrix and sample are
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ablated and desorbed, ionized by protonation or deprotonation and then, from the ablation

plume, led into the mass spectrometer.
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Figure 7: Principle of Matrix assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS)*.

Once inside the mass spectrometer, ions are accelerated by an electrical field and led in a
field-free drift tube before they hit the detector. The time after the ions enter the drift tube
until they hit the detector is measured. This is name-giving for MALDI time of flight analysis
(MALDI-TOF). Because all ions are accelerated with the same electrical field strength, the
velocity and time of flight of them is only dependent on their m/z ratio. Here, ions with small

m/z ratio are accelerated stronger and reach the detector faster as ions with a high m/z ratio.

2.2.1 MALDI-TOF biotyping

MALDI-TOF MS is routinely used in clinical diagnostics to identify pathogenic
microorganisms and bacteria®. The food industry uses MALDI-TOF biotyping to identify
food-associated bacteria for accessing food processing and product quality®’. Both fields
highly profit from the quick and easy sample preparation as well as the rapid measurement of

hundreds of samples in an automated manner. In MALDI-TOF biotyping reference spectra for
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bacterial species are generated. These spectra are highly reproducible and mostly independent
from culture medium®® . After measurement they can be deposited in a database. This is
only possible if there are characteristic profiles by which species can be distinguished, as seen

in Figure 8.
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Figure 8: Principle of MALDI-TOF biotyping for bacteria. (A) MALDI-TOF MS profiles acquired for four
microorganisms. The microorganisms are belonging to different phylogenetic branches: the mold Aspergillus
fumigatus, the Gram-positive bacterium Bacillus subtilis, the yeast Candida albicans, and the Gram-negative
bacterium Escherichia coli by Pranada et al. * (B) Experimental spectrum of unknown sample is searched
against reference spectrum in database. The output shows the best hits with reference spectra from the database.
Modified after Luzzatto-Knaan et al.**

For unknown samples experimental spectra are generated and matched against reference
spectra for each species deposited in the database. Identification is done by pattern matching
of unknown and reference spectra. A score value indicates how good the sample spectrum
matches against deposited spectra. A match with the highest score value shows the best hit

and the most likely identification of an unknown sample.
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3. Aim of the thesis

Aim of this thesis was to develop a fast method for identification of truffle species and to
perform a comprehensive proteomic characterization of them. Therefore, two different mass

spectrometry-based profiling approaches on proteome level will be done.

Fast profiling should enable identification of truffle samples. This can be of great use as a first
step in the assessment of possible food fraud. If a truffle samples seems suspicious and likely
to be falsely declared by a fast approach, it can further be subjected to an in-depth analysis for
verification or rejection of this suspicion. For fast profiling, an analysis of intact proteins will
be performed. MALDI-TOF biotyping analysis for measuring intact proteins is routinely used
in microbiology to identify bacteria. Established protocols will be tested and the approach
transferred for the analysis of truffle samples.

In-depth profiling of truffles will be performed by a bottom-up proteomic approach. Here an
untargeted, differential and label-free quantitative LC-MS/MS based analysis of tryptic
peptides will be done. Generated peptides will be measured in data-dependent acquisition
(DDA) mode and later in a more elaborate mass spectrometric approach, the data-independent
acquisition (DIA). Further two-dimensional chromatographic fractionation prior to mass
spectrometric analysis of peptides will be performed to build a reference spectral library. This
library is needed for comprehensive characterization with depth in analysis by DIA. By this
in-depth differential proteomics approach a differentiation of truffle species based on protein
abundances should be enabled. Main goal will be the generation of a protein fingerprint for
different truffle species. Further species-against-species comparisons will be done to highlight
proteomic differences more in detail. Obtained results should then be interpreted biologically

and linked to underlying biological processes responsible for differences in truffles.
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4. Materials

Table 1: List of chemicals and enzymes used.

4, Materials

Chemicals and enzymes

Manufacturer

Acetonitrile, LC-MS grade

Merck (Darmstadt, Germany)

alpha-Cyano-4-hydroxycinnamic acid

Bruker (Billerica, Massachusetts, USA)

Ammonium hydrogen carbonate

Sigma-Aldrich (St. Louis, Missouri, USA)

Dithiothreitol

Sigma-Aldrich (St. Louis, Missouri, USA)

Formic acid

Sigma-Aldrich (St. Louis, Missouri, USA)

lodoacetamide

Sigma-Aldrich (St. Louis, Missouri, USA)

Methanol

Sigma-Aldrich (St. Louis, Missouri, USA)

Sequencing grade modified Trypsin

Promega (Madison, Wisconsin, USA)

Sodium deoxycholate

Sigma-Aldrich (St. Louis, Missouri, USA)

Sodium dodecyl sulfate

Sigma-Aldrich (St. Louis, Missouri, USA)

Triethylammonium bicarbonate

Thermo Fisher (Waltham, Massachusetts, USA)

Trifluoroacetic acid.

Sigma-Aldrich (St. Louis, Missouri, USA)

Urea

Sigma-Aldrich (St. Louis, Missouri, USA)

Water, LC-MS grade

Merck (Darmstadt, Germany)

Table 2: List of disposables used.

Disposables

Manufacturer

Amicon Ultra 0.5 ml 10K centrifugal filters

Merck Millipore (Billerica, Massachussets, USA)

Amicon Ultra 0.5 ml 30K centrifugal filters

Merck Millipore (Billerica, Massachussets, USA)

Capturem™ Trypsin Miniprep Kit (Mass
Spectrometry Grade)

TaKaRa (Kusatsu, Shiga, Japan)

Pipette Tips

Sarstedt (NUmbrecht, Germany)

Reaction Tubes

Sarstedt (NGmbrecht, Germany)

SepPak C18 1cc 100 mg

Waters (Milford, Massachussets, USA)
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Table 3: List of devices used.

4, Materials

Devices

Manufacturer

Analytical scale ALS 120-4

Kern & Sohn GmbH (Balingen-Frommern,

Germany)

Centrifuge 5424

Eppendorf (Hamburg, Germany)

Microplate Reader

Tecan Life Sciences (Méannedorf, Switzerland)

Probe sonicator Sonoplus

Bandelin electronic GmbH & Co. KG (Berlin,
Germany)

Speedvac

Thermo Fisher (Waltham, Massachusetts, USA)

Thermomixer compact

Eppendorf (Hamburg, Germany)

Table 4: List of chromatography instruments used.

Chromatography Instruments

Manufacturer

Agilent 1200er series

Agilent (Santa Clara, California, USA)

Dionex Ultimate 3000

Thermo Fisher (Waltham, Massachusetts, USA)

Akta prime plus fractionator

GE Healthcare (Chicago, Illinois, USA)

nanoAcquity

Waters (Milford, Massachussets, USA)

Table 5: List of chromatography columns used.

Chromatography columns

Manufacturer

Acquity UPLC® Peptide BEH C18 Column, 130
A pore size, 1.7 pm particle diameters,
75 pm x 200 mm

Waters (Milford, Massachussets, USA)

Acquity UPLC® Symmetry C18 Trap Column,
100 A pore size, 5 pm particle diameters,
180 pm x 20 mm

Waters (Milford, Massachussets, USA)

ProSwift™ RP-4H analytical, 1 x 250 mm

Thermo Fisher (Waltham, Massachusetts, USA)
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Table 6: List of mass spectrometry instruments used.

4, Materials

Mass spectrometry instruments

Manufacturer

Orbitrap Fusion™ Tribrid™ Mass Spectrometer

Thermo Fisher (Waltham, Massachusetts, USA)

Q Exactive™ UHMR Hybrid Quadrupole-

Orbitrap™ Mass Spectrometer

Thermo Fisher (Waltham, Massachusetts, USA)

rapifleX MALDI Tissuetyper

Bruker (Billerica, Massachusetts, USA)

Table 7: List of software used.

Software

Manufacturer/Developer

FlexAnalysis 4.0 and FlexControl 4.0

Bruker (Billerica, Massachusetts, USA)

Magellan Tecan Life Sciences (Mannedorf, Switzerland)
MassUp Lopez-Fernandez et al.

MaxQuant 1.6.2.10 Mann and Cox Lab Group

mMass Martin Strohalm

Perseus 1.5.8.5and 1.6.2..3

Mann and Cox Lab Group

ProteomeDiscoverer 2.0

Thermo Fisher (Waltham, Massachusetts, USA)

Skyline 20.1

MacCoss Lab Group
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5. Methods

5.1 MALDI TOF analysis of intact proteins from truffles

5.1.1 MALDI sample preparation

Formic acid-acetonitrile sample extraction method: Formic acid-acetonitrile (FA/ACN)
sample extraction was performed based on the protocol from Sauer and Freiwild®*®3. 8-10 mg
of lyophilized truffle powder was weighed in. Each sample was mixed with 200 pl of 70 %
formic acid and 200 pl acetonitrile. Samples were vortexed for 30 s and shaken for 5 min.
Then samples were centrifuged for 2 min at 13,000 G and 1 pl of the supernatant was spotted
on a 384 spot ground steel target. Spots were dried for 15 min at room temperature before 1 pl
of MALDI matrix solution (saturated o-Cyano-4-hydroxycinnamic acid, 50 % acetonitrile,
2.5 % trifluoroacetic acid and HPLC grade water) was overlaid onto each spot for
crystallization. After layering matrix onto spots the target was again dried for 15 min at room

temperature.

Combined solution preparation method: Combined solution extraction method was based
on the work of Reeve et al**. 8-10 mg lyophilized truffle powder was weighed in. Samples
were mixed with 100 pl of a combined extraction and matrix solution. This solution contained
12 mg/ml a-Cyano-4-hydroxycinnamic acid in 60 % acetonitrile and 2.5 % trifluoroacetic
acid. Samples were vortexed for 30 s and shaken for 5 min, then centrifuged for 2 min at
13,000 G and 1 ul of the supernatant was spotted on a 384 spot ground steel target. The spots

were dried for 15 min at room temperature.

As positive control 1 pl of the Bruker Protein Calibration Standard 1 was spotted and overlaid
with 1 pl of the matrix solution. Negative control was spotted matrix solution. Directly after
drying the target was introduced into the MALDI-TOF system (rapifleX™ MALDI

Tissuetyper™),

5.1.2 MALDI-TOF MS acquisition

For data acquisition, the rapifleX™ MALDI Tissuetyper™ was controlled with Flex Control
Software 4.0. Truffle profiles were acquired in positive mode with a method using linear
mode detection and a scan range of 2,000-20,000 m/z. Each spectrum was the sum of
20,000 laser shots. Each spot was scanned by the “smart complete sample” function of the

software with the diameter limited to 2,000 um, 50 shots a raster and a frequency of 2,000.
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Detector voltage was set according to the proposed value after detector check in linear mode,

laser power was set to 45 %.

5.1.3 MALDI-TOF data processing and clustering analysis

MALDI-TOF spectra were opened with FlexAnalyis software 4.0 and processed by integrated
smoothening and baseline-subtraction functions before export as graphics. Unprocessed
MALDI-TOF spectra were further exported as mzXML files with FlexAnalyis software 4.0.
These mzXML files were processed with the MassUp software®. Smoothing by Savitzky
Golay algorithm and baseline correction by TopHat algorithm was done by implemented
operators. Peak detection was done by the MALDIQuant feature with a signal-to-noise ratio
of 3 and half window size of 60. Peaks had to be in at least 66 % of replicate samples.
Minimum peak intensity was set to values of 500 (comparing all biological samples), 1,000
(measurement reproducibility test and method comparing tests) and 5,000 (applicability test
for biological samples). Intra- and inter-sample peak matching was done by the MALDIQuant
feature with a tolerance of 0.002. Settings for clustering analysis were a minimum variance
of 0. Cluster reference value was set to average, the distance function set to Euclidean and the
conversion values to presence. Principal component analysis was done with default settings
and the resulting sample projection values were exported. For classification analysis
naiveBayes and random forest were tested as classifier with a 66 % split of data in training

and test set.

Un-processed MALDI-TOF spectra were exported as mzXML files and further imported in
the mMass software®. Here, spectra were baseline-corrected and smoothed by the batch
processing operator. Then processed spectra were averaged into a final average spectrum

including a barcode depiction of the obtained signal intensities in the average spectrum.
5.2 Bottom-up LC-MS/MS based proteomics

5.2.1 Truffle samples

All truffle samples were obtained as homogenized truffle powder from the group of Prof.
Markus Fischer from the University of Hamburg in cooperation with the Triffelkontor GmbH
(Waldminchen, Germany) and the La Bilancia Triffelhandels GmbH (Munich, Germany).
Truffles were washed with ultrapure water and stored at -80 °C. Homogenization was done
with a GM 300 knife mill (Retsch, Haan, Germany), using one part truffle and one part dry
ice. The obtained powder was lyophilized for 48 h and further stored at -80 °C.
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5.2.2 Protein extraction from truffle powder

Samples containing powder of sample were mixed with one of the following extraction
buffers in technical triplicates: 1% sodium deoxycholate (SDC/) 100 mM triethylammonium
bicarbonate (TEAB), in short SDC buffer, 8 M urea/50 mM ammonium hydrogen carbonate,
in short urea buffer, or 5% sodium dodecyl sulfate (SDS)/ 50 mM ammonium hydrogen
carbonate, in short SDS buffer, in a ratio of 14 pl buffer to 1 mg of truffle powder. Samples
mixed with SDC and SDS buffers were boiled for 10 min at 99 °C before sonication with a
sonication probe (Bandelin Sonoplus, 30 % energy for 30 s). Samples mixed with urea buffer
were incubated on ice for 30 min before sonication on ice with the sonication probe. All
samples were centrifuged for 10 min at 10,000 g and the supernatant transferred to a new
reaction tube. Obtained supernatant was used for protein concentration estimation by Pierce™
Protein Assay Kit according to manufacturer’s instructions, hereinafter referred to as BCA

assay (bicinchoninic acid assay).

5.2.3 Tryptic digestion of extracted proteins
In solution tryptic digestion of sodium deoxycholate extracted proteins

20 ug of SDC buffer extracted protein was used and diluted ad 100 ul total volume with
SDC buffer. For reduction of disulfide bonds 1 pul 1 M dithiothreitol (DTT) was added (final
concentration 10 mM) and samples incubated for 30 min at 56 °C in a heating block. For
blocking reduced cysteines, 4 pl 0.5 M iodoacetamide (IAA) was added (final concentration
20 mM). Samples were incubated for 30 min in the dark at 37 °C. For enzymatic cleavage
0.2 ug trypsin was added in order to reach a trypsin-to-protein ratio of 1:100. Tryptic
digestion was performed over night at 37 °C. To stop the reaction and precipitate SDC, formic
acid (FA) was added to 2 % final concentration. Then samples were centrifuged for 5 min at
16,000 g and obtained supernatant transferred in a new tube. Before LC-MS/MS measurement
collected supernatants were dried in a vacuum centrifuge and resuspended with a

concentration of 1 pg/pl in 0.1 % FA.

Filter aided sample preparation (FASP) for urea and sodium dodecyl sulfate extracted
proteins

Protein extracts obtained by Urea and SDS containing buffers were further processed with the
FASP method®. For this, 20 ug of protein extracts were taken and transferred into a
centrifuge spin filter with a molecular weight cut-off of either 10 kDa or 30 kDa (Amicon
Ultra 0.5 ml, Merck Millipore (Billerica, Massachusetts, USA)). Then, 200 ul of 8 M urea in
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50 mM ammonium hydrogen carbonate, further called UA solution, were added and samples
inside the filters centrifuged 10 min at 14,000g. This step was repeated once. For reduction
50 pl 10 mM DTT was added and the samples incubated for 30 min at 56 °C. Then samples
were centrifuged for 5 min at 14,000 g. Then 50 ul 20 mM IAA was added for alkylation.
Incubation was done 30 min at 37 °C in the dark. Samples were again 5 min centrifuged at
14,000 g. Then samples were washed twice by adding 100 ul UA solution and 10 min
centrifugation at 14,000 g, followed by washing two times with 200 pl 50 mM ammonium
hydrogen carbonate and centrifugation for 10 min at 14,000 g. For enzymatic cleavage,
trypsin was added in a 1 to 100 ratio and proteolysis was done at 37 °C overnight. Generated
peptides were collected in a new reaction tube by 10 min centrifugation at 14,000 g and dried
in a vacuum centrifuge. Prior to LC-MS/MS analysis, samples were resuspended in a

concentration of 1 pg/pl in 0.1 % FA.

Capturem™ Kit for tryptic proteolysis of Urea extracted proteins

20 ug of proteins from urea extracted samples were adjusted to 50 pl final volume by adding
8 M urea buffer. For reduction 0.5 ul 1 M DTT was added (final concentration 10 mM) and
the samples incubated for 30 min at 56 °C, followed by alkylation with 2 ul 0.5 M 1AA (final
concentration 20 mM) for 30 min at 37 °C in the dark.

Capturem™ column membrane was activated with 200 pl activation buffer and centrifugation
at 500 g for 1 min. Then sample was loaded and digested by centrifugation at 500 g for 1 min.
Obtained flow through containing the generated peptides was desalted by Sep-Pak 1lcc
(100 mg) C18 cartridges (Waters, Milford, Massachusetts, USA). For this, cartridges were
activated by adding 1 ml methanol, followed by 1 ml 80 % ACN/0.1 % FA. Equilibration was
done with two times 1 ml of 0.1 % FA. Samples were adjusted to 1 ml end volume by adding
0.1 % FA and loaded onto the cartridge. Loaded samples were washed two times with 1 ml
0.1 % FA before elution with 1 ml 80 % ACN/0.1 % FA. Eluted peptides were dried in a
speedvac and resuspended in a concentration of 1 pg/ul in 0.1 % FA before LC-MS/MS
analysis.

5.2.4 Testing sample preparation by weight-to-volume ratio of extraction buffer

Proteins from ground truffle powder were extracted according to the SDC protocol. In short,
14 pl buffer for 1 mg of sample was added, samples were boiled, sonicated and centrifuged
before a BCA assay was performed. For this test four different Tuber species were chosen

including two samples of the same species from geographically near origins see Table 8.
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Table 8: Tuber species with corresponding origin used for testing the sample preparation by weight of the
amount of truffle powder used.

Species Origin
Tuber indicum China
Tuber sinense China
Tuber aestivum Romania
Tuber aestivum Hungary

Tuber magnatum Italy

After performing a BCA assay, a mean concentration value over all samples was calculated.
For tryptic digestion, the obtained mean concentration value over all samples was used to take
a volume according to 20 pg of sample amount. For comparison all samples were additionally
processed according to the individual protein concentrations obtained by BCA assay and
20 pg were digested as well. All samples were processed in technical triplicates. LC-MS/MS
measurements were done on a quadrupol-orbitrap (Q Exactive, Thermo Fisher) mass

spectrometer coupled to a UPLC system (nanoAcquity, Waters).

5.2.5 Testing different incubation times and enzyme-to-protein ratio for tryptic
proteolysis

Proteins from ground truffle powder of one truffle sample were extracted according to the
SDC. In short, 14 ul buffer/mg sample was added, the samples were boiled, sonicated and
centrifuged before a BCA test was performed. According to concentration by BCA test, 20 ug
of were further processed. Samples were reduced and alkylated. Then, the tryptic proteolysis
was performed for either 1 hour or overnight. For both proteolysis durations enzyme-to-
protein ratios of 1:25 and 1:100 were tested. LC-MS/MS measurements were done on a
quadrupol-orbitrap (Q Exactive, Thermo Fisher) mass spectrometer coupled to a UPLC
system (nanoAcquity, Waters).

5.3 LC-MS/MS by data dependent acquisition (DDA) mass spectrometry

5.3.1 LC-MS/MS measurements

LC-MS/MS measurements were done on a quadrupol-orbitrap (Q Exactive, Thermo Fisher)
mass spectrometer coupled to a UPLC system (nanoAcquity, Waters). For analysis, 1 pg of
peptides were injected by the autosampler onto an reversed phase trapping column (Acquity
UPLC® Symmetry C18; 100 A pore size, 5 pm particle diameters, 180 pm x 20 mm) and
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separated on a reversed phase separation column (Acquity UPLC® Peptide BEH C18; 130 A
pore size, 1.7 um particle diameters, 75 um x 200 mm). Trapping was done for 5 min at a
flow rate of 15 pl/min with 99 % solvent A (0.1 % FA in water) and 1 % solvent B (0.1 % FA
in ACN). Separation and elution of peptides was done by a linear gradient from 1 to 30 %
solvent B in 60 min. Then solvent B was increased to 95 % in 1 min, hold for 2 min and

decreased to 1 % in 1 min. Equilibration of the column was done for 15 min at 1 % solvent B.

Eluting peptides were infused in a quadrupole-orbitrap mass spectrometer (Q Exactive).
Parameters for MS spectra acquisition are listed in Table 9.

Table 9: Parameters for MS1 spectra acquisition (DDA measurements).

Parameter Value
Acquisition Mode Positive

Scan Range 400-1200 m/z
Orbitrap Resolution 70000

AGC Target 1E6
Maximum Injection Time 240 ms

Parameters for MS/MS spectra acquisition are listed in Table 10.

Table 10: Parameters for MS/MS spectra acquisition (DDA measurements).

Parameter Value
Acquisition Mode Positive
Included Charge States 2-5
Data Dependent Acquisition Top 15

Precursor Priority

Highest Intensity (Threshold 1E4)

Isolation Window

2 Da

Orbitrap Resolution 17 500
AGC Target 1E5
Maximum Injection Time 50 ms
Normalized Collision Energy 28 %
Dynamic Exclusion 20s
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5.3.2 Data processing

Raw files were processed with the MaxQuant® (Version 1.6.2.10) software. All samples were
handled as individual experiments. Proteins were digested in silico with trypsin and up to two
missed cleavages were allowed. A minimal peptide length of 6 amino acids and maximum
peptide mass of 6,000 Da was defined. Allowed variable modifications were oxidation of
methionine, acetylation of protein N-termini and the conversion of glutamine to pyro-
glutamic acid. Fixed modification was the carbamidomethylation of cysteines. Error tolerance
for the first precursor search was 20 ppm, for the following main search 4.5 ppm. Fragment
spectra were matched with a 20 ppm error tolerance. For identification the Perigord Black
Truffle (Strain Mel28) protein database was used (downloaded from UniProt 13.07.2017,
4,113 entries). False discovery rate for peptide spectrum matches and proteins was set to 1 %.
For protein quantification all identified razor and unique peptides were considered. Match
between runs and second peptides functions were enabled. For statistical analysis the
ProteinGroups result file from MaxQuant was loaded into Perseus® (Version 1.5.8.5).
Quantitative LFQ Intensity values for protein groups were used as main columns. These
quantitative values for all protein groups were transformed in log2 values and normalized by
the median protein area and Anova Test, Student’s T-Test, hierarchical clustering and
principal component analysis was performed. Anova Test and Student’s T-Test was done with

a permutation based corrected p-value of 5 %.
5.4 LC-MS/MS by data independent (DIA) mass spectrometry

5.4.1 High pH reversed phase fractionation for spectral library generation

Pooled samples of T. aestivum, T. magnatum and T. melanosporum were used for high pH
fractionation. For each species, 5 samples containing the same amount of peptides solved in
10 mM ammonium hydrogen carbonate with a pH of 8 were pooled. From each sample 15 g
were taken, mixed together and vortexed. From pooled samples for each species 50 pug were
injected for high pH fractionation. High pH (HpH) Fractionation was done on an HPLC
(Agilent 1200er series) connected to a fractionator (Akta Prime). Peptides were separated on a
polymer based monolithic reversed phase column (Thermo ProSwift™ RP-4H) with the
dimensions 1 x 250 mm. Flow rate was set to 200 pl / min. Solvent A was 10 mM ammonium
hydrogen carbonate, solvent B 80 % ACN/10 mM ammonium hydrogen carbonate. In both
solvents, pH was checked to be around a value of 8. Listed in Table 11 is the linear gradient

used for separation.
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Table 11: Gradient for separation of peptides by high pH reversed phase liquid chromatography.

Time [min] % Solvent B
0 3.3
5 3.3
25 385
26 95
36 95
37 33
45 3.3

From the high pH reversed phase run, 29 fractions were collected. Each fraction consisted of

200 pl, corresponding to 1 minute LC run time. First 9 minutes were pooled into three

fractions while the rest of the fractions were pooled by a concatenated proceeding according

to Table 12.

Table 12: Concatenated pooling scheme of fractions collected by offline high pH reversed phase

fractionation on a HPLC.

Collected Fractions

Final Fractions

1+2+3 Fraction -3
4+5+6 Fraction -2
7+8+9 Fraction -1
10 + 20 Fraction 1
11+21 Fraction 2
12 + 22 Fraction 3
13+ 23 Fraction 4
14 + 24 Fraction 5
15+ 25 Fraction 6
16 + 26 Fraction 7
17 + 27 Fraction 8
18 + 28 Fraction 9
19+ 29 Fraction 10

Pooled fractions were dried in a speedvac and resolved in 0.1 % FA before LC-MS/MS

analysis.
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5.4.2 Spectral library generation by LC-MS/MS measurements in DDA mode
LC-MS/MS measurements were done on a quadrupol-iontrap-orbitrap mass spectrometer
(Orbitrap Fusion™ Tribrid™, Thermo Fisher) coupled to a UPLC system (Dionex
Ultimate 3000). For analysis, 1 ug of peptides were injected by the autosampler onto an
reversed phase trapping column (Acquity UPLC® Symmetry C18; 100 A pore size, 5 pm
particle diameters, 180 um x 20 mm) and separated on a reversed phase separation column
(Acquity UPLC® Peptide BEH C18; 130 A pore size, 1.7 um particle diameters, 75 um x
200 mm). Trapping was done for 5 min at a flow rate of 10 pl/min with 99 % solvent A
(0.1 % FA in water) and 1 % solvent B (0.1 % FA in ACN). Then solvent B was increased to
95 % in 1 min, hold for 2 min and decreased to 1 % in 1 min. Equilibration of the column was
done for 15 min at 1 % solvent B.

Eluting peptides were infused in a quadrupole-iontrap-orbitrap mass spectrometer (Orbitrap
Fusion™ Tribrid™) and measured in data-dependent acquisition mode. Parameters for MS

spectra acquisition are listed in Table 13.

Table 13: Parameters for MS1 spectra acquisition (DDA measurements for spectral library).

Parameter Value
Acquisition Mode Positive

Scan Range 390-1010 m/z
Detector Type Orbitrap
Orbitrap Resolution 120 000
AGC Target 2E%
Maximum Injection Time 120 ms

Parameters for MS/MS spectra acquisition are listed in Table 14.
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Table 14: Parameters for MS/MS spectra acquisition (DDA measurements for spectral library).

Parameter Value

Acquisition Mode Positive

Included Charge States 2-5

Data Dependent Acquisition Top Speed (Cycle Time 3 s)
Precursor Priority Highest Intensity (Threshold 1E4)
Isolation Mode Quadrupole

Isolation Window 1.6 Da

Detector Orbitrap

Orbitrap Resolution 15 000

AGC Target 1E5

Maximum Injection Time 50 ms

Normalized Collision Energy 30 %

Dynamic Exclusion 15s

5.4.3 Data processing for spectral library generation

Raw files were processed with the ProteomeDiscoverer (Version 2.0) software. All three
species were handled as single experiments. Collected fractions of each species were
processed as fractions, consisting of 13 raw files. Proteins were digested in silico with trypsin
and up to two missed cleavages were allowed. A minimal peptide length of 6 amino acids and
maximal peptide length of 144 amino acids was defined. Allowed variable modifications on
peptide level were oxidation of methionine and the conversion of glutamine to pyro-glutamic
acid at the N-terminus. On protein level loss of starter methionine, acetylation and a
combination of both on N-termini was allowed. Fixed modification was
carbamidomethylation of cysteines. Error tolerance for precursor search was 10 ppm.
Fragment spectra were matched with a 20 ppm error tolerance. For identification the
corresponding protein database files for each Tuber species were used, Tuber magnatum
(TrEMBL, 9,412 entries, downloaded on 06.04.20), Tuber aestivum (TrEMBL, 9,311 entries,
downloaded on 06.04.2020) and Tuber melanosporum (SwissProt and TrEMBL,
7,494 entries, downloaded on 06.04.20). Proteome Discoverer Result files for the three

individual species were merged to a final combined result file.
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5.4.4 LC-MS/MS measurements in DIA mode

LC-MS/MS measurements in data-independent acquisition mode were done on a quadrupol-
orbitrap-iontrap hybrid (Orbitrap Fusion, Thermo Fisher) mass spectrometer coupled to a
UPLC system (Dionex Ultimate 3000). For analysis, 1 ug of peptides were injected by the
autosampler onto an reversed phase trapping column (Acquity UPLC® Symmetry C18;
100 A pore size, 5 um particle diameters, 180 um x 20 mm) and separated on a reversed
phase separation column (Acquity UPLC® Peptide BEH C18; 130 A pore size, 1.7 um
particle diameters, 75 um x 200 mm). Trapping was done for 5 min at a flow rate of 10 pl/min
with 99 % solvent A (0.1 % FA in water) and 1 % solvent B (0.1 % FA in ACN). Then
solvent B was increased to 95 % in 1 min, hold for 2 min and decreased to 1 % in 1 min.
Equilibration of the column was done for 15 min at 1 % solvent B.

Eluting peptides were infused in a quadrupole-iontrap-orbitrap mass spectrometer (Orbitrap
Fusion™ Tribrid™) and measured in data-independent acquisition mode. Parameters for MS

spectra acquisition are listed in Table 15.

Table 15: Parameters for MS1 spectra acquisition (DIA measurements).

Parameter Value
Acquisition Mode Positive

Scan Range 390-1010 m/z
Detector Type Orbitrap
Orbitrap Resolution 60 000

AGC Target 2E5
Maximum Injection Time 60 ms

Parameters for MS/MS spectra acquisition are listed in Table 16.
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Table 16: Parameters for MS/MS spectra acquisition (DIA measurements).

Parameter Value
Acquisition Mode Positive
Isolation Mode Quadrupole
Isolation Window 20 m/z
Loop Count 15
Detector Orbitrap
Orbitrap Resolution 30000
AGC Target 1E5
Maximum Injection Time 50 ms
Normalized Collision Energy 28 %

30 DIA windows of 20 m/z were set and adjusted by the optimize window placement function
in Skyline (version 20.1)%°. The corresponding start and end m/z values for these windows are
listed in Table 17.
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Table 17: DIA windows with corresponding start and end m/z values.

Start m/z End m/z
400.4550 420.4550
420.4650 440.4650
440.4750 460.4750
460.4850 480.4850
480.4950 500.4950
500.5050 520.5050
520.5150 540.5150
540.5250 560.5250
560.5350 580.5350
580.5450 600.5450
600.5550 620.5550
620.5650 640.5650
640.5750 660.5750
660.5850 680.5850
680.5950 700.5950
700.6050 720.6050
720.6150 740.6150
740.6250 760.6250
760.6350 780.6350
780.6450 800.6450
800.6550 820.6550
820.6650 840.6650
840.6750 860.6750
860.6850 880.6850
880.6950 900.6950
900.7050 920.7050
920.7150 940.7150
940.7250 960.7250
960.7350 980.7350
980.7450 1,000.7450
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5.4.5 Data processing of DIA measurements

Spectra library generation and data processing of DIA measurements was done with Skyline
(version 20.1)%. For the spectral library, the combined Proteome Discoverer Result file of the
high pH fractionated truffle samples and a combined background fasta database were loaded

into Skyline.

For extraction of the transitions, the transition settings were set to allowed precursor charges
of 2, 3, 4 and 5. Product ions were set to b-ions, y-ions and precursor. Further, product ions
were set to 5 with a minimum of 4 product ions. Window extraction was done according to
the measurement method and with chromatogram matching in a 5 min window. Repeated
peptides were removed. Exported results were filtered by a dotp value of at least 0.85 in the
best sample. Next, the exported result file contained the peptides total area fragments and was
consolidated to generate values for proteins. This consolidated result file from Skyline was
loaded into Perseus (Version 1.6.2.3) for statistical analysis. Quantitative total area fragment
values were used as main columns. Then quantitative values for all proteins were transformed
in log2 values and normalized by the median protein area. Anova Test, Student’s T-Test,
hierarchical clustering and principal component analysis was performed. Anova Test and
Student’s T-Test was done with a permutation based corrected p-value of 5% or 1% as

indicated in the results.

5.4.6 Functional annotation of differentially regulated proteins

Tuber magnatum and Tuber melanosporum annotation files were downloaded from the Gene
Ontology Annotation website (https://www.ebi.ac.uk/GOA/proteomes). Tuber aestivum
sequences (9,312 entries from UniProt TTEMBL database) were annotated with an annotation
tool from the Gene Ontology Annotation website
(https://www.ebi.ac.uk/QuickGO/annotations). A combined annotation file for the three
species was created. A gene ontology file was downloaded from the Gene Ontology website
(http://geneontology.org/docs/download-ontology/) in the obo 1.2 format. Functional
annotation of proteins was performed with BINGO™ version 3.0.4 as a plugin for the
Cytoscape’* version 3.8.0 platform. Parameters for finding over-represented categories after
correction of biological processes were hypergeometric testing with Benjamini & Hochberg
false discovery rate correction with a significance level of 0.05.
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6. Results

6.1 Mass spectrometry based profiling of truffles
For a fast identification and thorough characterization of truffle species, both fast and deep

profiling on proteomic level was performed. Fast profiling was done by top-down MALDI-
TOF analysis of intact proteins while deep profiling used a LC-MS/MS based bottom-up
proteomics approach, analyzing enzymatically generated peptides. A schematic overview of
the procedure is depicted in Figure 9.

Truffles
Fast profiling Deep profiling
Intact protein analysis by Bottom-up proteomics by
MALDI-TOF biotyping LC-MS/MS
Sample preparation Sample preparation
‘ |
MALDI-TOFD measurement DDA LC-MS/MS | DIA LC-MS/MS
72 samples | ‘
DDA measurements Spectral library generation DIA measurements
40 samples by 2D LC-MS/MS 72 samples

Figure 9: Schematic overview of the procedure for fast and deep profiling of truffle species.

Fast profiling should lead to a quick identification of truffles to uncover possible cases of food
fraud. With deep profiling a comprehensive characterization of truffles and generation of
quantitative protein profiles for a specific fingerprint should be done. Both combined will

enable the identification of truffles and reveal possible cases of food fraud.
6.2 Fast profiling by top-down MALDI-TOF analysis of truffles

6.2.1 Testing sample preparation for MALDI-TOF analysis

First aim of this thesis was to develop a fast way to identify truffle samples. MALDI-TOF
biotyping of intact proteins is a fast and reliable way to detect and identify bacteria in food
products or in hospital laboratories. This approach should be transferred to truffles. First step
before MALDI-TOF analysis was the extraction of proteins from the truffle samples. A
widely used preparation method in microbiology is a formic acid and acetonitrile based
protein extraction. Here proteins are extracted, then spotted on the MALDI target and overlaid
with matrix solution. A second approach is a combined extraction and MALDI matrix
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solution preparation. In the combined solution approach proteins are extracted in a solution
already containing the MALDI matrix. Therefore an extract can be directly spotted and
crystallized without a second step for matrix application. Both mentioned preparation
methods for MALDI-TOF biotyping were tested on a ground truffle powder sample.
Triplicates for extraction were done for both approaches. Resulting protein extracts were
spotted in triplicates on a ground steel target and measured by a MALDI-TOF system.
Generated MALDI-TOF spectra from extracted proteins are shown in Figure 10.
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Figure 10: MALDI-TOF spectra for proteins extracted from a truffle sample by formic acid-acetonitrile
extraction and combined solution preparation. Three replicates were extracted with both methods and spotted

in triplicates. The figure is showing the overlaid spectra from the spotting triplicates for each extracted sample.
(A) Shows the spectra for samples extracted by formic acid-acetonitrile and (B) spectra for samples extracted
with the combined solution preparation method.

Samples prepared by formic acid-acetonitrile based protein extraction showed a high number
of signals with sufficient intensity and signal-to-noise ratio in MALDI-TOF spectra.
Repeatability in spotting replicates within each sample was high, indicated by the overlay of
spectra. Further the repeatability of extraction was well, as the same characteristic signals are
present in all three extraction samples. Examples for these characteristic signals are the
highest signal in all spectra at 4,000 m/z, the signal at 10,000 m/z and the triplet of signals
between 14,000 m/z and 16,000 m/z. In contrast, all samples prepared by the combined
extraction approach didn’t show any signals with sufficient signal intensity or sufficient

signal-to-noise ratio that indicated proteins. Therefore this combined protein extraction and
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crystallization approach was not suitable for intact protein analysis from truffle powder
samples.

Next repeatability of extraction and repeatability of measurement on the MALDI-TOF
instrument was assessed. Formic acid-acetonitrile extraction with subsequent MALDI TOF
MS spectra acquisition was done in triplicates on three different days. On each day proteins
from the same ground truffle powder sample were extracted three times. Each of these

extraction replicates was spotted three times on a ground steel target. Acquired spectra are
shown in Figure 11.
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Figure 11: MALDI-TOF spectra for proteins extracted from a truffle sample by formic-acid/acetonitrile
extraction on three different days in three individual preparations. Shown are the generated MALDI-TOF
spectra for (A) preparation 1, (B) preparation 2 and (C) preparation 3.

All spectra for the individually handled samples extracted and measured on different days
looked similar, indicated by their well-fitting overlay. Distinct signal patterns were shared

between all samples. In all generated spectra signals at 4,000 m/z, 10,000 m/z and a signal
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triplet between 14,000 m/z and 16,000 m/z were present. Further the signal intensity of all
acquired spectra were in a similar range with highest intensity values of 2x10*to 4x10* a.u..

To further test if the formic acid-acetonitrile approach was suitable for the identification of
different truffles, three different truffle species were prepared with it for MALDI-TOF
measurements. From each of the truffle species three different biological samples were used.
Each biological sample was extracted in three technical replicates. Resulting protein extracts
were spotted on a ground steel target and measured on a MALDI-TOF system. Resulting
spectra of different truffle species are displayed in Figure 12.
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Figure 12: MALDI-TOF spectra for protein extracts from different truffle species. For each truffle species,
three biological samples were used. The figure is showing the overlaid spectra from three separately extracted
replicates of each biological sample. Species used were (A) Tuber aestivum, (B) Tuber melanosporum and
(C) Tuber magnatum.

Acquired spectra of the three used truffle species differed greatly, while the spectra within a
species showed high similarity. Each species showed reproducible and distinct signals in the
spectra recorded for them. For T. aestivum a most prominent and specific signal was present
at 2,200 m/z, for T. melanosporum at 10,900 m/z with many aditional signals between 2,000
and 8,000 m/z. Further a signal triplet in the higher mass range between 14,000 and

16,000 m/z was observed. Similar to T. melanosporum, spectra for T. magnatum showed
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many signals in the range of 2,000 to 8,000 m/z and again the same signal triplet in the higher
mass range. Nevertheless T. magnatum lacked the characteristic signal of T. melanosporum at
10,900 m/z. Repeatability of protein extraction and spectra acquisition was high, indicated by
the well-fitting overlay of all technical replicate spectra for each biological sample. Next,
recorded spectra were processed and used for a principal component analysis and clustering
analysis with integrated tools of the MassUp software. Sample projections from the principal
component analysis and the dendrogram after hierarchical clustering analysis are shown in

Figure 13.
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Figure 13: (A) Sample projection of the first two components based on principal component analysis
(PCA) and (B) dendrogram showing the degree of similarity for different truffle species after hierarchical
clustering analysis.

Sample projection of the first two components based on a principal component analysis
showed a clear separation of different truffle species by their signal pattern and it’s intensity
in MALDI-TOF spectra. All biological samples and corresponding technical replicates
clustered together very closely. By this two-dimensional projection of principal components a
further differentiation between biological and technical replicates was not possible, as they
did overlay in the projection. For a more in depth differentiation, hierarchical clustering
analysis by similarity in MALDI-TOF spectra was performed. Clustering of biological
replicates from different species was shown in the resulting dendrogram. Further all technical
replicates of each biological sample clustered accordingly. Therefore the chosen approach of
MAVLDI-TOF for different truffle samples was a specific and reproducible way to differentiate
species. Sample preparation by formic acid-acetonitrile extraction with chosen parameters for
spectra acquisition on a MALDI-TOF instrument were suitable and further used in following

experiments.
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6.2.2 MALDI-TOF measurement of truffle samples
After testing for a suitable sample preparation and parameters for measurement, MALDI-TOF
analysis was done for 72 biological truffle samples (28 T. aestivum, 4 T. Albidum Pico,

10 T. indicum, 19 T. magnatum, 11 T. melanosporum).

Generated MALDI-TOF spectra were imported in the MassUp software and further
processed. After baseline correction and smoothing of spectra, intra-sample peak picking
within all the different samples of a species was done. Peaks had to be present in at least 50 %
of samples from each truffle species. First a hierarchical clustering analysis of samples based
on the presence of signals in the spectra was done. Resulting dendrogram after hierarchical

clustering is shown in Figure 14.
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Figure 14: Dendrogram showing the degree of similarity for truffle samples of different species after
hierarchical clustering analysis. An occurring outlier is marked by * - Outlier: T. indicum.

Generated dendrogram after hierarchical clustering analysis showed, that samples within a
species are most similar. All samples for one species are grouped together and each species is
separated in the dendrogram from others. One outlier was occurring. A sample of T. indicum
didn’t have similarity to other samples of its species and did not cluster within any of the
other ones. Processed spectra with corresponding signals were then used for a principal

component analysis. The sample projection is depicted in Figure 15.
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Figure 15: MALDI-TOF sample projection of the first two components based on principal component
analysis (PCA).

Similar to the previous dendrogram, separation of samples from different truffle species could
be observed in the sample projection after principal component analysis. All samples within a
species clustered closely together while different species were separated in the projection.
Here, the outlier of T.indicum is not visible. Nevertheless, it was removed from further

analysis.

After removal of the outlier, acquired spectra for samples of each species were imported into
the mMass software. Here, obtained signal intensities were averaged to generate consensus
spectra. These consensus spectra could be used as MALDI-TOF profiles for truffle species.

Profiles are shown in Figure 16.
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Figure 16: MALDI-TOF profiles of different truffle species. Profiles were generated by averaging signal
intensity of all acquired MALDI-TOF spectra of samples within a species. Number of samples averaged within a
species for generating the profile is indicated by the number n.

MALDI-TOF profiles of different truffle species differed strongly in recorded signal patterns.
Highest general signal intensity was observed in T. aestvium with the strongest signal at
2E5 a.u. instead of 1.8-6.5E4 a.u. in other truffles. This strongest signal at 2,200 m/z in T.
aestivum was also the most distinct signal for the species. Further some smaller peaks around
4,500 m/z could be only seen in T. aestivum. In contrast, T. albidum Pico had the most intense
and distinct signal at 11,800 m/z. A second strong signal at 4,000 m/z was shared with
T.indicum. Next, T.indicum had an additional and specific signal at 10,000 m/z. Both
T. magnatum and T. melanosporum showed many signals in the scan range of 2,000 m/z to
8,000 m/z. These signals had areas of higher intensity peak assembly and were difficult to
further distinguish. But the maxima of these peak assemblies were shifted to a slightly higher
m/z range for T. magnatum. Here the strongest signals within peak assemblies were sitting at
2,500 m/z instead of 2,300 m/z and 5,800 m/z instead of 5,500 m/z. Additionally, both species
shared a signal triplet in the higher scan range of 14,000 to 16,000 m/z. Specific for only T.

melanosporum was a signal at 10,900 m/z.

Another way of displaying MALDI-TOF profiles for different truffle species is in form of a

barcode. This barcode was derived from the averaged MALDI-TOF profile of each species.
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High signal intensity in the profile will be transformed into a dark and thick line; lower
intense signals will appear in lighter shades of grey. Absence of signals with sufficient
intensity will appear as blank space in the barcode. Generated barcodes for the analyzed

truffle species are displayed in Figure 17.
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Figure 17: Signal intensity barcodes derived from MALDI-TOF spectra of different truffle species.
Partition (A) shows how the signals and their intensity in the MALDI-TOF spectra are converted in a signal
intensity barcode. Highly intense signals in the mass spectrum will be transferred into a darker and thicker line in
the barcode than low intensity signals. In partition (B) the MALDI-TOF derived barcodes of different truffle
species are shown.

In accordance to the generated MALDI-TOF profiles, differences between truffle species
remained to be observable by transforming them into barcodes. By this barcode form of
display it was even easier to spot differences between truffles. This is especially the case for
comparison of T. magnatum with T. melanosporum. Here the shift of peak assemblies with

higher intensity mentioned for the profiles is better visible.

Both generated MALDI-TOF profiles and barcodes clearly showed differences between
truffles. Therefore identification of truffles was enabled. Next a classification analysis of
truffle samples should be tested. Here, MALDI-TOF spectra of truffles were tried to be
matched to a species. Classification analysis utilizes machine learning. Machine learning
provides the ability to learn from examples and apply the gained knowledge to new instances.
It’s often used as a tool for predictions. In classification analysis, the obtained data set is split

into trainings set and classification set. With the trainings set as used examples, the algorithm
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tries to match the remaining classification set of data. Classification analysis of truffle

samples based on the acquired and processed MALDI-TOF spectra is shown in Table 18.

Table 18: Classification analysis of truffle samples.

Instances in data set 71
Split percentage 66%
Instances for training 47
Instances for classification 24

Correctly classified instances

23 (96 %) NaiveBayes
21 (88 %) Random Forest

Incorrectly classified instances

1 (4 %) NaiveBayes

3 (12 %) Random Forest

Classifier

NaiveBayes, Random Forest

Confusion Matrix NaiveBayes:

a b c d e <-- Classified as

12 0 0 0 0 a =T. aestivum

0 1 0 1 0 b =T. albidum Pico

0 0 4 0 0 ¢ =T. melanosporum

0 0 0 4 0 d = T. magnatum

0 0 0 0 2 e =T. indicum
Confusion Matrix RandomForest:

a b c d e <-- Classified as

12 0 0 0 0 a =T. aestivum

0 0 0 1 1 b = T. albidum Pico

0 0 3 1 0 ¢ =T. melanosporum

0 0 0 4 0 d = T. magnatum

0 0 0 0 2 e =T. indicum

For classification analysis the set data set was split by percentage. From the 71 instances in

total, 47 (66 %) were used for training and 24 (34 %) for classification. Classification was

done successfully with naive Bayes classifier in 23 of the 24 instances, corresponding to a

correct matching in 95 % of instances. For T. aestivum all 12 instances were correctly

matched, for T. melanosporum and T.magnatum all 4 and for T.indicum both instances.

Mismatching was done for one instance of T. albidum Pico. From two classified samples,

only one was matched correct. Another classifier was tested, the random forest classification,

and
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classification instances of T.albidum Pico and one instance of T.melanosporum were

classified incorrectly.

6.3 Deep profiling and characterization by bottom-up proteomics based on
LC-MS/MS

6.3.1 Testing of sample preparation

After establishing a fast way for a quick and easy identification of truffles by MALDI-TOF
analysis of intact proteins, a more in-depth approach should be performed. For this, a bottom-
up proteomic was chosen. In bottom-up proteomics extracted proteins are cleaved
enzymatically into peptides and subsequently analyzed by LC-MS/MS. Established sample
preparation protocols for extraction and proteolysis were tested and further simplified.
Afterwards LC-MS/MS based analysis approaches for label-free quantification were
performed to generate quantitative protein profiles, distinguish truffle species and do a

comprehensive characterization.

Starting point for a bottom-up approach on truffles was the process of sample preparation.
Sample preparation of truffles for LC-MS/MS based bottom-up proteomics consisted of two
steps, protein extraction and subsequent tryptic proteolysis of extracted proteins into peptides.

To maximize surface area and increase protein yield, bead mill-ground truffle powder was
used as material for protein extraction. For the extraction, buffers containing chaotropes,
surfactants and detergents are widely used to disrupt membranes and setting proteins free. A
ground powder truffle sample was mixed with three different extraction buffers in a 14 pl
buffer to 1 mg of truffle powder ratio. Used extraction buffers contained 1% sodium
deoxycholate (SDC), 8 M urea or 5 % sodium dodecyl sulfate (SDS). After extraction, the
yielded protein amount was measured by a bicinchoninic acid (BCA) assay and is plotted in

Figure 18.
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Figure 18: Bar plot comparing the extracted protein amount using different
chaotropes/surfactants/detergents according to a performed BCA assay. Error bars indicate standard
deviation of technical triplicates.

With buffer containing 1 % SDC measured protein amount after extraction was 3.6 pg/ul
(£0.3). Buffer containing 8 M urea yielded in 4.5 pg/ul (20.3) and with 5 % SDS in a protein
concentration of 6.2 pg/ul (£0.2). Therefore, extraction with 5 % SDS worked best in regard
to extracted protein amount. Nevertheless, all three extraction buffers yielded in a protein
concentration high enough for further processing of samples without any kind of limitation in

sample material.

Drawback of using extraction agents is the need for removal of them prior to LC-MS/MS
measurement. They show interference with the electrospray ionization of the mass
spectrometer or interference in chromatographic separation of peptides. Typical bottom-up
proteomic workflows take this into account and have steps included to remove these agents.
Two typical workflows, the SDC protocol and FASP (filter aided sample preparation)
approach were tested. Furthermore a kit utilizing immobilized trypsin for proteolysis with
subsequent desalting was tested (Capturem Kit). For a comparison of the different tested
sample preparation protocols, the corresponding protein identification rates were plotted in
Figure 19.
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Figure 19: Bar plot comparing the number of identified protein using different sample preparation
protocols for truffle powder. Protein had to be identified with at least 2 unique peptides. Error bars indicate
standard deviation of technical triplicates.

1,169 (£ 6) proteins were identified using the SDC protocol. By the FASP approach for
preparing SDS extracted samples with 10 kDa cutoff filters 1,129 (x 45) proteins were
identified, with a 30 kDa cutoff filter 1,247 (+ 9) proteins. Urea extracted samples processed
by FASP led to the identification of 576 (+ 27) proteins with 10 kDa cutoff filters and
389 (+ 11) proteins with 30 kDa cutoff filters. By the Capturem™ sample preparation kit
742 (= 37) proteins were identified. Therefore the FASP approach using SDS extracted
samples and 30 kDa cutoff filters worked best for preparation of truffle powder. It had the
highest and most repeatable protein identification rate. This was closely followed by the SDC

protocol and the FASP approach with 10 KDa cutoff filters for SDS extracted proteins.

All urea extracted samples were checked for possible carbamylation of proteins. For these
samples, the database search was repeated with inclusion of peptide carbamylation as variable
modification. But only around 1 % of identified proteins were carbamylated. Therefore, it was

excluded as cause for a low identification rate in urea extracted samples.

Due to their low protein identification rates, urea extracted samples processed with the FASP
approach (both 10 kDa and 30 kDa cutoff filters) and processed with the Capturem™ sample

preparation kit were excluded from further evaluation.

After comparing protein identification rates, a quantitative comparison of the remaining
sample processing protocols was done. Only proteins identified and quantified over all
samples prepared with the SDC protocol and the FASP approach for SDS extracted samples
with both 10 kDa and 30 kDa cutoff filters were included. 922 proteins remained after
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filtering. Coefficients of variation (CVs) within the different sample preparation methods
were calculated for the abundance of these proteins. Protein abundance after preparation with
the SDC protocol had a mean CV of 15.9 % and median CV of 12.1 %. With the SDS
extracted samples and FASP approach using 10 kDa cutoff filters the CVs for protein
abundance had a mean of 27.9 % and median of 23.8 %. Using the 30 kDa cutoff filter the
mean CV was 16.3 % and the median CV 13.3 %.

Combining a high and repeatable identification rate with highest quantitative repeatability the
SDC protocol was chosen for further sample preparation in following experiments.

6.3.2 Simplification of sample preparation

With a large number of samples possible simplification of the sample preparation process
should be tested. Best target for adjustments would be the BCA test, done for the estimation
of protein amount in given sample. A weight-volume ratio-based sample preparation protocol
was compared with the original tryptic proteolysis approach based on the BCA assay. Five
different truffle samples were used. One sample for each T.indicum, T.sinense and
T. magnatum and two for T. aestivum with different geographical origins (Romania and
Hungary) were used. Extraction buffer was added in a defined ratio to the amount weighed in.

Then a BCA assay was performed and the result is shown in Figure 20.
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Figure 20: Bar plot showing the protein amount extracted with SDC buffer from different truffle species
and origins. Error bars indicate standard deviation of technical triplicates.

Extraction for the different truffle species yielded in different protein amounts. For T indicum
4.8 pg/ul (£0.3) were extracted, 7.8 pg/ul ((£0.4) for T. sinense 7.8 pg/ul ((£0.4) and for
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T. magnatum 7.9 pg/ul (£0.3). Extraction for the two samples of T. aestivum with different
geographical origin resulted in 7.4 pg/pl (x0.2) for T.aestivum from Romania and
5.6 pg/ul (£0.6) for T. aestivum from Hungary. With 39 % difference in amount of extracted
protein T. indicum and T. magnatum were most different. Next, the average value of yielded
protein amount in pg/ul over all samples was calculated. According to this average protein
amount value, an aliquot of each sample with the same volume was taken, corresponding to
20 pg of protein. For comparison, a second aliquot of each sample corresponding to 20 pg by

the individual results of each sample from the performed BCA assay was taken.

All samples were processed by the SDC protocol and measured on a LC-MS/MS system.
After data processing, quantitative values for identified proteins were used for hierarchical

clustering analysis. Resulting heat map and dendrogram are plotted in Figure 21.
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Figure 21: Heat map displaying protein abundance in different truffle species after hierarchical
clustering. The heat map was generated by Perseus and displays log2 protein areas for 620 proteins identified in
at least one of the three technical replicates for all groups. Each column in the heat map represents a different
sample. Each line represents a protein. Red lines are high abundant proteins, green lines low abundant proteins.
Grey lines represent missing values.

After hierarchical clustering analysis samples within different truffle species are most similar
and clustering together in the dendrogram. All species are separated from each other. Within
the species, a further clustering according to the chosen preparation approach is not visible.
Samples prepared by both protein amounts according to the BCA assay and according to the
adjusted weight-volume ratio are not separated. Therefore a quantitative difference between
the different preparations approaches is not indicated while separation by biological identity

of samples is still given.

To further test for a possible difference between tryptic proteolysis according to weight-
volume ratio and by BCA test, results were filtered further. Only proteins identified with

quantitative values in all samples were taken into account. This led to 373 proteins remaining
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after filtering. For each sample, mean protein intensity values for these 373 proteins were
calculated for both preparations by weight-volume ratio and by BCA test. Then these mean
protein intensity values for samples processed by weight-volume ratio were plotted against
corresponding mean protein intensity values for samples processed by BCA assay. Results are

shown as multi scatter plot with Pearson correlation values in Figure 22.

Mean protein intensity by BCA test
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Mean protein intensity by weight-volume ratio

Figure 22: Multi scatter plot comparing the protein intensities obtained by sample preparation according
to weight-volume ratio with sample preparation according to BCA test. Each dot represents a protein. The
mean protein intensity quantified by sample preparation according to the BCA test is plotted against the mean
protein intensity quantified by sample preparation by weight-volume ratio for the different truffle samples.
Plotted are the 373 proteins identified in all samples. The depicted number in each of the individual scatter plots
is the Pearson correlation value.

Resulting multi-scatter plot shows that related samples of the same species are most similar,
regardless of the approach for sample preparation. All r square values comparing related
samples processed by weight-volume ratio to BCA assay results are above values of 0.95. It
also shows that both biological samples of T. aestivum with different geographical origins are
very similar (Pearson correlation values of 0.95). Similarity between all other biological
samples is lower, regardless of the preparation method chosen. These differences can be

attributed to biological differences. Therefore it can be concluded, that protein extraction and
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processing according to the BCA test as well as extraction and processing by weight with an

adjusted weight-volume ratio are suitable ways for preparation of truffle samples.

After testing whether the BCA test was a necessary step for further sample processing, the
focus was placed on time required for enzymatic proteolysis and trypsin-protein ratio. First,
tryptic proteolysis for a time of 1 h was compared to overnight proteolysis. Additionally,
trypsin-protein ratios of 1:100 and 1:25 were tested for both these durations. Generated tryptic
peptides were measured on a LC-MS/MS system and protein identification rates are shown in
Figure 23.
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Figure 23: Box plots comparing identification rates using different digestion time and trypsin-to-protein
ratios. Proteins were either digested for one hour or overnight with a trypsin-protein ration of 1:100 or 1:25.
Columns in (A) show the number of protein groups identified with at least 2 unique peptides, columns in (B) the
number of identified peptides. Error bars indicate standard deviation of technical triplicates.

Proteolysis for 1 h with a trypsin-protein ratio of 1:100 proteins yielded in 2,411 (94)
identified peptides from 558 (£10) proteins. By 1 h proteolysis and 1:25 trypsin-protein ratio
2,785 (x177) peptides from 589 (x13) proteins were identified. Overnight proteolysis with
1:100 trypsin-protein ratio resulted in 2,777(£64) peptides and 597 (+2) proteins being
identified. Last, overnight proteolysis with 1:25 trypsin-protein ratio led to identification of
2,705 (£78) peptides and 595 (8) proteins. Therefore, the highest and most reproducible
number of proteins was identified with an overnight digestion and 1:100 trypsin-protein ratio.

Next, rates of tryptic missed cleavages within the generated peptides were compared for the

different protocols. Observed missed cleavage rates are displayed in Figure 24.
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Figure 24: Grouped box plots comparing the rate of missed cleavages using different digestion times and
enzyme-to-protein ratios.

Enzymatic proteolysis over 1 h with a trypsin-protein ratio of 1:100 generated peptides from
which 83.5 % had no missed cleavages, 14.5 % with 1 missed cleavage and 2.0 % with
2 missed cleavages. An increase to a 1:25 trypsin-protein ratio and 1 hour proteolysis resulted
in 86.2 % of peptides generated without missed cleavages, 12.2 % with 1 missed cleavage and
1.4 % with 2 missed cleavages. For overnight proteolysis with 1:100 trypsin-protein ration,
90.2 % of peptides showed no missed cleavages, 9.0 % 1 missed cleavage and 0.8 % 2 missed
cleavages. Lastly tested, overnight proteolysis with a 1:25 trypsin-protein ratio generated
92.3% of peptides without missed cleavages, 6.9 % with 1 missed cleavage and 0.8 % with

2 missed cleavages.

6.3.3 Data-dependent acquisition (DDA) approach for profiling of truffles

After testing and simplification of a suitable sample preparation, deep profiling of truffles was
performed. Here, a bottom-up proteomics approach was chosen to generate a protein
abundance fingerprint for different truffle species. By this protein abundance fingerprint
differentiation of truffles should be enabled. Proteins from 40 truffle samples of the species
Tuber aestivum (16 samples), Tuber magnatum (13 samples),  Tuber melanosporum
(7 samples) and Tuber uncinatum (4 samples) were prepared by the SDC protocol. Generated
peptides were subsequently measured on a LC-MS/MS system. Bioinformatics processing

yielded protein profiles including their relative quantities in anylzed different species.

Abundance values for 222 proteins identified in all samples were used to perform a principal
component analysis (PCA). Sample projection of the first two principal components is shown

in Figure 25.
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Figure 25: Sample projection of the first two components based on principal component analysis (PCA)
for different truffle species. 222 proteins identified in all samples were used for the PCA.

Sample projection of the first two principal components showed that all T. melanosporum
samples are highly similar. Same was true for all samples of T.magnatum. Both
T. melanosporum and T. magnatum are clearly separated from each other but also from the
T. aestivum and T. uncinatum samples. T. aestivum and T. uncinatum could not be separated
from each other. There was a long and still ongoing debate whether T. aestivum and
T. uncinatum are different species or not. Morphologic and phylogenetic analysis resulted in
the conclusion they are conspecific’>”. This is conclusive with the result obtained, also
showing a co-specific relation between T. aestivum and T. uncinatum on proteomic level.
Therefore T. aestivum and T. uncinatum will be used as synonyms, samples summarized as

one species and further on addressed under the name T. aestivum.

To generate protein abundance profiles of truffle species, an analysis of variance (Anova) test
was performed. As mentioned, T. aestivum and T. uncinatum samples were summarized under
T. aestivum because of their co-specificity. By this approach profiles containing quantitative
values for 166 Anova significant proteins were generated and displayed in a heat map after

hierarchical clustering analysis in Figure 26.
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Figure 26: Heat map using Anova test with 5 % FDR displaying significant protein abundance in different
truffle species after hierarchical clustering. The heat map was generated by Perseus and displays log2 protein
areas for the 161 Anova significant proteins identified in all samples. Each column in the heat map represents a
different sample. Each line represents a protein. Red lines are high abundant proteins, green lines low abundant
proteins.

Taking up the results of the PCA analysis and its projection in Figure 25, the dendrogram
after hierarchical clustering analysis of Anova significant proteins also showed a good
separation of different species. All samples within a species were highly similar while

different species were separated.

Additional to the fingerprint by Anova significant proteins, 222 proteins with quantitative
values in all samples were compared species against species using a Student’s T-Test. Tests
were performed with a 5 % false discovery rate (FDR). First comparison of protein abundance
levels was between T. aestivum and T. magnatum. 120 proteins were significantly different in
their abundance. 38 proteins had an at least two-fold change in abundance, 23 were higher
abundant in T. aestivum, 15in T magnatum. Then T. aestivum and T. melanosporum were
compared. 123 proteins were significant different in their abundance. 74 of them had an at
least twofold change, 41 were higher abundant in T.aestivum, the other 33 in
T. melanosporum. Last T. aestivum and T. melanosporum were compared. 144 proteins were

significant different in their abundance. 64 of them had an at least twofold change, 35 were
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higher abundant in T. magnatum and 29 in T.melanosporum. As this results lacked in

required depth, a biological interpretation was not purposeful.

6.3.4 Data-independent acquisition (DIA) approach for profiling of truffles

Results generated by DDA lacked wanted depth in analysis. While obtained quantitative
protein fingerprint already enabled identification of truffles, the number of identified and
quantified proteins was low. To overcome the problems of DDA and reach another level of
depth, data-independent acquisition mode (DIA) measurements were performed. With DIA
the analysis should improve highly in terms of identified and quantified proteins for a more

thorough characterization of the different truffle species.

6.3.5 Building the spectral library

Measurements in data-independent acquisition mode require a spectral library for
identification and quantification of proteins. For building a truffle spectral library, offline
reversed phase high pH fractionation was done for samples of T. aestivum, T. magnatum and
T. melanosporum. For each of the three species, 5 samples were pooled, separated on a HPLC
and obtained fractions pooled in a concatenated way, resulting in 13 fractions. These
13 fractions for each species were measured on a LC-MS/MS system and searched against a
corresponding protein database. The generated result file for T. aestivum contained
3,095 proteins and 18,234 peptides, for T. magnatum 3,544 proteins and 24,564 peptides and
for T. melanosporum 3,519 proteins with 26,686 peptides. Then, result files were combined.
Finally, the combined result file contained 9,170 proteins and 51,628 peptides from three

different truffle species and was used as spectral library.

6.3.6 Profiling truffles regarding the difference between species
DIA measurements were done for 72 samples (28 T.aestivum, 4 T. Albidum Pico,

10 T. indicum, 19 T. magnatum, 11 T. melanosporum).

Data quality for reliable quantification was controlled by checking points across the
chromatographic peaks for monitored fragment ions. For this, the median points across
chromatographic peaks for each individual sample were calculated. From these values the
average value over all samples was calculated. With an average of 11 points across

chromatographic peaks a reliable quantification was enabled.

64



6. Results

First, abundance values for 2,715 proteins identified in all samples were used to perform a
principal component analysis (PCA). Sample projection of the first two principal components
is shown in Figure 27.
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Figure 27: Sample projection of the first two components based on principal component analysis (PCA)
for different truffle species. 2,715 proteins identified in all samples were used for the PCA.

Projection of the first two principal components showed samples for each T. melanosporum,
T. magnatum, T. indicum, T. albidum Pico and T. aestivum were highly similar and clustering
together. This is conclusive similar with results from DDA mode analysis in Figure 25. Both
T. magnatum and T. aestivum were clearly separated from each other and the other three
species. T. melanosporum, T.indicum and T. albidum Pico were still separated from each
other, but appeared closer together in the projection. They didn’t differ strongly within the
first principal component, but were separated by the second principal component. Closest in
the projection were T. melanosporum and T. indicum. Separation in the projection for both
these species was done only by the second principal component.

After analysis and plotting of samples prior to statistical analysis, an Anova-test was
performed to find significant differences in protein abundance values between truffle species.
From 2,715 proteins identified in all samples a total of 2,066 were Anova significant.
Depicted in Figure 28 is the obtained heat map displaying Anova significant proteins after
hierarchical clustering analysis.
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Figure 28: Heat map using Anova test with 5 % FDR displaying significant protein abundance in different
truffle species after hierarchical clustering. The heat map was generated by Perseus and displays log2 protein
areas for the 2,066 Anova significant proteins identified in all samples. Each column in the heat map represents a
different sample. Each line represents a protein. Red lines are high abundant proteins, green lines low abundant
proteins.

After hierarchical clustering analysis all samples within the same species were highly similar
and clustered together in the dendrogram, while different species were separated. This was
expected, as a separation was already seen prior to statistical analysis and filtering by sample
projections after principal component analysis. Similar to Figure 27 T. melanosporum and
T. indicum clustered together most closely and with a small distance to T. albidum Pico.
Nevertheless, all three species were still separated. T. aestivum and T. magnatum were most
distant from both each other as well as from the other species, which is conclusive with

previous results.

With establishment of a method to differentiate truffles, a more comprehensive
characterization was the next step. After Anova testing to generate truffle species specific
barcodes and showing global differences, differences between species should be further
worked out in more detail. Therefore two-sample t-tests between species with a 1 % FDR
were performed. Significant regulated proteins were filtered for an at least two-fold change.
Resulting numbers of proteins from these species-to-species comparisons are listed in Table

19.
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Table 19: Results of the species-to-species comparison listing the number of T-test significant proteins
upregulated with an at least two-fold change. Each species in this table is assigned with a color. For each
species-against-species comparison, the number of upregulated proteins is listed. Therefore, two numbers are
given for each comparison. The number of proteins upregulated in the corresponding species is indicated by the
same color-coding.

Species-to-
species
comparison Number of significantly upregulated proteins with an at least two-fold change
Tuber Tuber Tuber Tuber Tuber
Species indicum magnatum | melanosporum aestivum albidum Pico
Tuber
indicum 389 | 483 237 334 372 412 119 113
Tuber
magnatum 589 585 541 503 337 277
Tuber
melanosporum 489 475 349 288
Tuber
aestivum 232 189
Tuber
albidum Pico

For better insight in differences between species, the 2,715 proteins identified in all samples
were used to perform species-against-species comparisons by Student’s T-test. Strongest
differences in abundance of proteins were observed between T. melanosporum and
T. magnatum. In total 1,174 proteins were significantly different in abundance with an at least
two-fold change. These total of 1,174 proteins consisted of 589 proteins which were
upregulated in T. magnatum and 585 proteins upregulated in T. melanosporum. Using the
same criteria, the second strongest differences were between T. magnatum and T. aestivum
with 1,044 proteins and T. melanosporum compared to T.aestivum with 964 proteins.
Smallest observed differences were between T. indicum and T. albidum Pico with only 232

proteins significant different in abundance and an at least two-fold change.

6.3.7 Introduction of a smaller protein panel for distinction of truffles

Next a smaller barcode in form of a protein panel should be generated. This protein panel can
be used to assign unknown samples of these species. For generating this panel a reference was
needed. This reference consisted of 5 proteins with an unchanged abundance over all the
samples. Proteins were selected by the projection of the principal component analysis
(Protein 1:  A0OA292Q353 9PEZI, Protein 2: A0A292Q9K6 9PEZI, Protein 3:
AOA317SEE9 9PEZI, Protein 4. D5G415_TUBMM and Protein 5: A0OA292Q6G0_9PEZI).
These 5 proteins didn’t contribute to the separation of species in the PCA projection. To
additionally check for an unchanged abundance, intensity values of these 5 proteins were

plotted for all individual samples. This plot is depicted in Figure 29.
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Figure 29: Profile plot showing the intensity of 5 proteins with small changes in abundance over the
different truffle species. Each section in the graph corresponds to one sample with dots for the 5 proteins of
unchanged abundance inside. Samples are ordered and grouped by grey bars into the different species.

After controlling for unchanged abundance of the 5 chosen proteins, a reference value was
created. For the reference value, the mean abundance value (from the log2 intensity values
normalized by median) over all samples for each of the 5 reference proteins was calculated.

These 5 mean abundance values were then again averaged into one final reference value.

After establishment of this reference, the protein barcode was generated. To generate the
barcode, 15 proteins were selected. These proteins needed to be carefully selected. Figure 30

shows exemplary how the proteins were chosen.

68



6. Results

[A) @ List of proteins significantly
T-test different in abundance
T. magnatum —> T aestivum [protein ___lfold change
A0A31751)8 388 —
ADA317SR34 119 | Top hit:
ADAZ292PUR3 95 AO0A317S1)8_9PEZI
D5GL90 | 90 388foldt in T. magnatum
@ T-test Protein fold change
o ADA31751i8 216
T.magnatum —>  T.indicum AOA317SIHS5 149 216fold ¥ in T. magnatum
ADA3175R34 137
ADA317SNT4 89
T-test Protein ffold change
) ) . ADA292Q3C9 129
T.magnatum —> T.albidum Pico  |apa317sR34 83
ADA292PXP3 68
ADA317SVE 66 59fold ' inT. magnatum
T-test Protein fold change
T. magnatum —> T. melanosporum ADA3175R34 73 296fold T in T. magnatum

AOA317SNT4 73
AOA292PXP3 58

(B)
< 5 t. » T. melanosporum -
Q "\‘, » T magnatum 3
g . + T indicum =
— o~
™~ <& + T abidumPico b
o4 e T aestwum E o-
* £
: S AOA31751)8_9PEZ|
; o
5o ' . T T T T
-50 (1] 50 05 0 0.5 1
Component 1 (23.9%) Component 1 [1e-1]
(C)
A - T. aestivum T. indicum T. melanosporum
§ 3 s
(-
2 ED 0 e e Intensity for chosen protein
E c2 within individual samples
m 2 5 o ny
g8 . e, s e
Y al wel 8% Sase” | 0en
T.albidum Pico T. magnatum

Figure 30: Overview of the process to choose proteins for the protein panel on the example of
AO0A317SI1J8_9PEZI. (A) First a T-test to compare protein abundances within T. magnatum and T. aestivum
was done. From the list of proteins with significantly different abundance the Top hit with a 288fold higher
abundance in T. magnatum was chosen. This candidate was searched for in the protein lists after T-test
comparisons of T. magnatum with all other species. In all of the lists it showed higher abundance as well.
(B) Sample projection of the first two principal components for different truffle species on the left side was
compared with the protein loading plot shown on the right. The protein loading plot shows the proteins driving
separation of species in the sample projection on the left. Chosen candidate protein for the protein panel is
marked red in the loading plot and shows high contribution to separation for T. magnatum. (C) Lastly the
proteins intensity was checked over all samples. This was done by plotting the protein’s intensity in all samples
ordered and grouped by their species, indicated by the grey bars. An overall higher intensity for the protein in
T. magnatum only was observed. Therefore the protein AOA317S1J8_9PEZI is fitting to be included in the panel.
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First, obtained lists of proteins with significantly different abundance observed by T-tests
between different species were investigated. Top hits of proteins with the highest fold-change
in abundance were selected for further assessment. These top hits from one comparison were
searched in the other T-test deriving lists of significantly different proteins. When a protein
was consistently presented as higher abundant for one species in comparison with all other
species, it was further assessed. Next, the assessed protein was controlled in the loading plot
for the principal component analysis of the different species. When it contributed highly to the
separation of one species, it was further included. Last step was the plotting of this proteins
intensity within all individual samples. If there was a consistently higher abundance for this
protein in one or two species only, it was chosen to be part of the protein panel. After
selection, the mean abundance values (from the log2 intensity values normalized by median)
for these proteins were calculated over all samples of one species. For normalization, the
previously established reference value (value of 1.46) of reference proteins with unchanged
abundance was subtracted from each of the selected proteins in the panel. A list of normalized
signal intensity values for the 15 chosen proteins is listed in Table 20.
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Table 20: Protein Panel for the differentiation of truffle species. The panel consists of 15 proteins with
normalized intensity values and their standard deviation.

Protein Tuber Tuber Tuber Tuber Tuber
identifier aestivum albidum indicum magnatum melanosporum
Pico
Protein 1 D5G725 0.2 2.7 0.6 0.2 7.6
_TUBMM (x0.5) (£1.0) (x0.5) (£0.6) (x0.4)
Protein 2 AQA317SIM4 -4.2 -4.2 0.6 1.4 -4.1
_9PEZI (x1.1) (x0.7) (x0.9) (x0.4) (x0.6)
Protein 3 D5G6W9 -2.9 -4.1 4.4 -3.9 4.0
~TUBMM (x1.1) (£1.2) (x0.2) (x1.4) (x0.3)
Protein 4 AO0A317S1J8 0.1 2.8 0.9 8.7 0.4
_9PEZI (x1.3) (£0.6) (x1.1) (x0-3) (x1.3)
Protein 5 A0A292PJL3 8.4 5.8 0.0 -1.7 -1.7
_9PEZI (x0.6) (£4.9) (x2.0) (x0.9) (x1.3)
Protein 6 AQ0A292PQL2 6.0 -2.7 -2.5 -2.7 -2.4
_9PEZI (x0.6) (£1.0) (x0.9) (x1.1) (x0.9)
Protein 7 D5GM64 -6.8 0.9 -3.8 -6.8 -1.3
_TUBMM (x1.5) (£1.8) (x1.4) (x1.9) (x0.2)
Protein 8 A0A292Q3C9 -3.4 -4.7 -4.1 -2.1 0.9
_9PEZI (x1.7) (x0.4) (x1.8) (x0.4) (x0.3)
Protein 9 AO0A317SR34 -3.8 -3.3 -4.0 3.1 -3.1
_9PEZI (x1.3) (£1.0) (x1.0) (x0.4) (x1.0)
Protein 10 D5G506 -4.6 -4.0 -5.9 -5.4 -0.3
_TUBMM (£1.3) (£2.2) (x1.1) (£1.8) (x0.4)
Protein 11 A0A292Q736 -2.3 -0.5 2.7 -2.3 -1.6
_9PEZI (x0.7) (x1.1) (£1.9) (x0.7) (x0.7)
Protein 12 AO0A317SSY1 -3.4 -4.7 -4.1 2.1 0.9
_9PEZI (x0.9) (£0.3) (£1.2) (x1.1) (x0.4)
Protein 13 A0A292PSE4 7.2 0.6 0.4 0.9 -0.6
_9PEZI (x0.4) (£0.2) (+0.8) (+0.8) (x0.8)
Protein 14 D5GKK3 -3.7 -3.8 2.4 -3.5 0.3
_TUBMM (x1.3) (£1.5) (£0.5) (£1.1) (x0.3)
Protein 15 D5GG88 0.1 -0.9 0.6 -0.6 5.0
_TUBMM (x0.8) (x0.3) (x0.8) (x0.9) (x0.3)

Based on the normalized intensity values from the protein panel, profiles for the different
truffle species were generated. For all species the lowest signal intensity value (Protein 7 in
T. magnatum) was set as ground level (0 % signal intensity). Further, highest signal within
each individual species was set as maximum level for signal intensity (100 % signal
intensity). Profiles show the relative ratio of signal intensity for proteins within the different

species and are displayed as bar plots in Figure 31.
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Figure 31: Bar plots displaying the protein abundance based profiles for the different truffle species. The
bar plots display the protein abundance in percent of the highest signal for each truffle species. Plotted are
(A) T. aestivum, (B) T. albidum Pico, (C) T. indicum, (D) T. magnatum and (E) T. melanosporum.

With the profiles it is possible to distinguish truffles by the ratio of protein abundances within
a given sample. For example, in T. aestivum Protein 5 will show the strongest signal, with
Protein 13 as second strongest and Protein 6 on third place. Additionally, protein 7 would be
nearly absent. For T. magnatum Protein 4 has the highest abundance, followed by Protein 9
and 2. Similar to T. astivum protein 7 is nearly absent too. Ratios of protein abundance are
shown to be specific for each species. It is possible to distinguish different truffle species in a
side by side comparison. For example Protein 5 shows the highest intensity in T. aestivum and
T. albidum Pico, but they differ in Protein 7, which is nearly absent in T. aestivum. Protein 7
is also very low abundant in T. magnatum, but here the most prominent signal belongs to
Protein 4 and so on. These comparisons can be done between all the species. To make them
visually easier, a form of presentation similar to MALDI-TOF biotyping was chosen. Here,
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two species were chosen for comparison and the lowest and highest values set as ground and
maximum level, similar as for the profiles. Protein abundances, corresponding to signal
intensities for the 15 proteins within the panel, were then bidirectional plotted in a grouped
bar chart for comparison. A bidirectional plot comparing black truffles T. melanosporum and

T. indicum is seen in Figure 32.
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Figure 32: Birectional grouped bar plot comparing the signal intensities of the 15 proteins from the
protein panel for T. melanosporum with T. indicum.

By this bidirectional plotting differences between two species can be visualized easily.
Comparing T. melanosporum and T. indicum, biggest differences are seen for protein 1 and
protein 10. Both have a higher abundance in T. melanosporum. This continues with protein 7,
8, 9 and 15. Proteins 2 and 11 to 14 are more abundant in T. indicum. Therefore a quick
distinction of both species is achievable with the help of the protein panel and bidirectional
plotting of protein abundances. In a second example this approach was used to compare

T. magnatum with T. albidum Pico. The resulting bidirectional bar plot is shown in Figure 33.
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Figure 33: Birectional grouped bar plot comparing the signal intensities of the 15 proteins from the
protein panel for T magnatum with T albidum Pico.
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In the comparison of T. magnatum with T. albidum Pico differences in protein abundance are
quickly visible again. Protein 7 has a much higher abundance in T. albidum Pico and therefore
a lower abundance in T.magnatum. Same behavior is seen for protein 5, with a high
abundance in T. albidum Pico. In T. magnatum proteins 2, 4, 8and 9 are of higher abundance.
Rest of the proteins is around the same abundance level in both species. A bidirectional
plotting approach therefore brings together both profiles and side-to-side comparison. It is
possible to take the ratio for the signal intensity of given 15 proteins within each species into
account, as well as to perform a side-to-side comparison of signal intensity for the proteins in

two different species.

6.3.8 Gene ontology enrichment analysis

To work out underlying biological processes for seen differentiation of truffles, first Anova-
significant proteins should be analyzed for functional annotation. Previously obtained list of
Anova-significant proteins was subjected to a gene otology enrichment analysis. From
2,066 proteins which were Anova-significant, 1,325 (64 %) had a functional annotation and
could be matched to biological processes. A list of the ten most enriched biological processes
within the Anova-significant proteins is listed in Table 21.

Table 21: Top 10 hits of enriched biological processes in Anova significant proteins from the comparison
of all truffles.

GO ID GO Description p-value Corrected | Cluster Total
p-value frequency | frequency
44281 small molecule metabolic process | 5.66E-70 | 9.92E-67 | 368/1325 | 1195/10365
27.7% 11.5%
6082 organic acid metabolic process 1.27E-53 | 1.11E-50 | 243/1325 | 710/10365
18.3% 6.8%
19752 carboxylic acid metabolic process | 6.71E-51 | 3.92E-48 | 232/1325 | 679/10365
17.5% 6.5%
43436 oxoacid metabolic process 4.08E-49 | 1.79E-46 | 232/1325 | 693/10365
17.5% 6.6%
55114 oxidation-reduction process 2.36E-40 | 8.26E-38 | 353/1325 | 1438/10365
26.6% 13.8%
6520 cellular amino acid metabolic 2.08E-35 | 6.08E-33 | 164/1325 | 481/10365
process 12.3% 4.6%
1901605 alpha-amino acid metabolic 8.26E-32 | 2.07E-29 | 114/1325 | 285/10365
process 8.6% 2.7%
8152 metabolic process 4.30E-30 | 9.42E-28 | 1100/1325 | 7285/10365
83.0% 70.2%
6091 generation of precursor metabolites | 2.46E-29 | 4.80E-27 97/1325 230/10365
and energy 7.3% 2.2%
1901564 organonitrogen compound 8.41E-29 | 1.48E-26 | 604/1325 | 3314/10365
metabolic process 45.5% 31.9%
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Strongest enrichment was seen for various metabolic processes and oxidation-reduction
processes. After gene ontology enrichment analysis of Anova-significant proteins giving a
general overview of underlying biological processes, a more in-depth approach was done. In
contrast to Anova analysis, species-to-species comparisons resulted in lists of differentially
regulated proteins. For gaining more detailed insight into functional categorization of these
proteins, gene ontology enrichment analysis was performed again. Here, only up-regulated
proteins for one species-to-species comparison were grouped by their annotated biological
processes. In average, 63 % of MS identified proteins from the differentially regulated protein
lists were annotated with biological processes. Most often occurring in the comparisons were
enriched metabolic processes (small molecule metabolic process, organic acid metabolic
process, carboxylic metabolic process, oxoacid metabolic process) and oxidation-reduction
processes. Further organonitrogen compound metabolic processes showed enrichment in
many comparisons. Exemplary shown in Table 22 are the 15 most enriched processes for

proteins upregulated in T. magnatum in comparison to T. indicum.
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Table 22: Top 15 hits of enriched biological processes in upregulated proteins from T. magnatum in
comparison with T. indicum.

GO ID GO Description p-value | corrected Cluster Total
p-value | frequency frequency
44281 small molecule metabolic 4.71E-17 | 4.02E-14 93/331 1195/10365
process 28.0% 11.5%
55114 oxidation-reduction process 9.55E-14 | 4.08E-11 97/331 1438/10365
29.3% 13.8%
8152 metabolic process 2.72E-13 | 7.73E-11 288/331 7285/10365
87.0% 70.2%
6082 organic acid metabolic process | 5.80E-13 | 1.24E-10 61/331 710/10365
18.4% 6.8%
19752 carboxylic acid metabolic 3.06E-12 | 5.22E-10 58/331 679/10365
process 17.5% 6.5%
96 sulfur amino acid metabolic 3.72E-12 | 5.30E-10 17/331 61/10365 0.5%
process 5.1%
1901605 alpha-amino acid metabolic 5.37E-12 | 6.55E-10 35/331 285/10365
process 10.5% 2.7%
43436 oxoacid metabolic process 7.12E-12 | 7.60E-10 58/331 693/10365
17.5% 6.6%
9069 serine family amino acid 5.88E-11 | 5.58E-09 16/331 62/10365 0.5%
metabolic process 4.8%
6091 generation of precursor 2.09E-10 | 1.78E-08 29/331 230/10365
metabolites and energy 8.7% 2.2%
6534 cysteine metabolic process 2.11E-09 | 1.63E-07 11/331 32/10365 0.3%
3.3%
6520 cellular amino acid metabolic | 2.29E-09 | 1.63E-07 | 42/331 481/10365
process 12.6% 4.6%
6790 sulfur compound metabolic 1.16E-08 | 7.60E-07 | 25/331 209/10365
process 7.5% 2.0%
1901564 | organonitrogen compound 1.42E-08 | 8.66E-07 | 154/331 3314/10365
metabolic process 46.5% 31.9%
70813 hydrogen sulfide metabolic 2.20E-08 | 1.17E-06 | 7/3312.1% | 12/10365 0.1%

process

Additional to previously mentioned metabolic processes, interestingly processes regarding

sulfur-compounds (sulfur amino acid and cysteine metabolic processes, sulfur compound

metabolic process and hydrogen sulfide metabolic process) were found to be enriched for

T. magnatum compared to T.indicum. Compared with other truffles, one or more of this

sulfur metabolic processes were enriched top hits for T. magnatum. Similar, processes

regarding sulfur metabolism were found to be enriched top hits for T. melanosporum in

comparison with the other truffles. Comparing T. magnatum with T. melanosporum, these

sulfur-related processes didn’t make it into the top hits on the list of enriched processes for

both species.
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6.3.9 Profiling truffles regarding their geographical origin

Truffle species could be distinguished well by their species. Next, differences regarding the
geographical origin were investigated. This was done by comparing samples of different
geographical origin within the same truffle species. Samples of T. aestivum, T. magnatum and
T. melanosporum, were used. For T. aestivum 23 samples (2x Bulgaria, 1x France, 1x Iran, 6x
Italy, 1x Moldova, 11x Romania and 1x Slovenia), for T. magnatum 19 samples (2x Bulgaria,
13x ltaly, 2x Kroatia and 2x Romania) and for T. melanosporum 11 samples (2x Australia, 2x
France, 3x Italy and 4x Spain) were included in the analysis. Principal component analysis
was performed and the sample projections of the first two principal components are plotted in

Figure 34.
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Figure 34: Sample projection of the first two components based on principal component analysis for
truffle samples of different geographical origin. Species used were (A) T. aestivum (B) T. magnatum and
(C) T. melanosporum.

Sample projection of the first two principal components for different truffle species in
Partition A to C showed no clustering of samples according to their geographical origin. For
each species, samples of the same geographical origin were spread over the whole sample

projection. Even for T. melanosporum with samples originating in Europe and Australia no
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distinction by origin was possible. A distinction of truffle species directly using generated

DIA data and protein abundance without utilization of more elaborate statistical analysis was

therefore not enabled.

6.4 Summary of results
A final overview of generated results is given in Figure 35.
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Figure 35: Schematic overview of generated results.
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7. Discussion

With increasing globalization, food fraud becomes a topic of uprising interest. This is
especially a case for expensive foods like truffles. Most established methods for food
authentication rely on utilizing genomic markers. However, more recent proteomic
approaches have become of more interest in authentication of biological identity, origin,

quality and processing of foods.

First a fast way to profile truffle samples was developed. Here MALDI-TOF based analysis
and identification of different truffles was successfully performed. For MALDI-TOF analysis,
suitable preparation of truffle samples was needed. By application of formic acid-acetonitrile
solution (70 % formic acid with equal volume acetonitrile) proteins were extracted from
ground truffle powder and could be co-crystallized with alpha-Cyano-4-hydroxycinnamic acid
in a thin layer procedure. Measurements are done on a MALDI-TOF system, recording
spectra in the scan range of 2,000-20,000 m/z. This protocol for sample preparation is widely
applied in microbiology. It’s easy to perform, inexpensive and highly reproducible as it relies

on the analysis of highly abundant proteins of bacteria, such as ribosomal proteins’ .

Using the formic acid-acetonitrile extraction protocol, distinct signals of sufficient intensity
for a truffle sample were generated in MALDI-TOF (Figure 10). Established scan range of
2,000-20,000 m/z for measuring high abundant proteins in bacteria could be adopted for
truffles as well. With an even and spacious crystallization over the whole target spot an
automated scanning with the laser for ablation was enabled. Another preparation approach
was tested, a combined extraction and crystallization solution containing 60 % acetonitrile,
3.5 % trifluoroacetic acid and nearly saturated alpha-Cyano-4-hydroxycinnamic acid. By this
combination sample processing should be simpler and time efficient. But samples prepared by
this method didn’t yield any MALDI-TOF spectra with sufficient signal intensity and good
signal-noise ratio. By using lower volume of extraction solution, resulting in a much higher
sample amount-to-extraction solution ratio, no spectra with satisfactory signals could be
recorded. Even with only a quarter of the volume used for the formic acid-acetonitrile
approach for the same amount of truffle powder, the second remained superior. Both tested
sample preparation methods used acetonitrile as the organic component for extraction.
Therefore, the different acidic compositions could account for the difference in extraction
efficiency of proteins from ground truffle powder. While the final formic acid concentration

was 35% (v/v) in the first protocol the combined extraction and matrix solution only
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contained 2.5 % (v/v) trifluoroacetic acid. Higher acid content clearly had a positive effect on
extraction efficiency. Therefore only the formic acid-acetonitrile protocol for sample
preparation was further tested in terms of repeatability and capability to differentiate truffle
samples from different species. It fulfilled the requirements in both respects. One truffle
sample was extracted and measured in triplicates on three different days. Acquired spectra
verify the high repeatability observed for bacterial samples in truffle samples as well, shown
in Figure 11.

Next, the distinction of truffle species was possible because of species specific signal profiles
in acquired mass spectra. These signal patterns were repeatable apparent in all biological
samples within the three used species and thereby attributed to their biological identity
(Figure 12). Principal component analysis and hierarchical clustering analysis of processed
spectra showed biological samples within a species are most similar and separated from the
other truffles. Further, even technical replicates within one biological sample were most

similar (Figure 13).

With capability to differentiate truffles, all samples were measured and acquired spectra
processes. In hierarchical clustering, all samples within a species were most similar and
different truffle species separated from each other (Figure 14) with exception of one outlier.
This outlier was not as visible in the sample projection of principal components. Nevertheless,
it was removed from further analysis to not distort following results. By the acquisition of
MALDI-TOF spectra signal pattern profiles for different truffle species were generated. These
profiles can be compared for T. magnatum, T. aestivum, T. melanosporum, T. indicum and
T. albidum Pico. Each species shows distinct signal patterns in acquired spectra (Figure 16).
Karkouri et al.” previously used MALDI-TOF biotyping derived from microbiology to study
commercial truffle samples. Formic acid-acetonitrile extraction, as previously described, was
used and crystallization done with alpha-Cyano-4-hydroxycinnamic acid. Measurements were
performed in the same scan range as described for bacteria. In their work they could identify
seven different Tuber species. Four of the investigated species were shared between the
studies of Karkouri and this thesis, enabling a comparison of generated profiles for
T. melanosporum, T magnatum, T. indicum and T. aestivum. Profiles for T. aestivum looked
very similar with the strongest and most distinct signal at 2,200 m/z. For T. indicum the signal
occurrences within the profiles looked similar, but intensities for these signals were different.

In the profile of Karkouri a signal at 9,700 m/z was strongest, in here presented results the
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signal at 4,000 m/z. Their T. magnatum profile does not show the signal triplet between
14,000 and 16,000 m/z as prominent as in here presented results, while the rest of signals look
comparable. Last, in the here presented profile of T. melanosporum a signal triplet similar to
T. magnatum is visible and an additional strong signal at 10,900 m/z. These signals are not
present in the profiles of Karkouris study. Next generated MALDI-TOF profiles were
transferred into signal intensity barcodes. This barcode form of display includes the same
information as MALDI-TOF profiles (Figure 17). Nevertheless, it is much easier to extract
visualized information in this form of display. Not all signals in profiles are as easy to
observe. Examples are the signal at 2,200 m/z for T. aestivum, the signal at 10,900 mz/ for
T. melanosporum or the signal at 11,800 m/z for T. albidum Pico. Especially for more subtle
differences like the shift in maxima of signal intensity over a curve shaped peak assembly,
observed in T magnatum and T. melanosporum, the barcode form of display is helpful to

easily spot differences.

Last step in the MALDI-TOF approach was a classification analysis (Table 18). An according
function is implemented in the MassUp software. With a correct classification for 95 % of
samples using NaiveBayes classificator the model performed well. Only one sample for
T. albidum Pico was classified incorrectly. For MALDI-TOF analysis T. albidum Pico had the
smallest sample set present with only 4 samples. From these 4 samples, two were used as
training instances for the classification model. Such a low number of training instances will
not lead to a good performance in subsequent classification and matching. A higher number of
samples for training would be needed to achieve reliable and correct matching. Using a
second classificatory, the random forest classification, and accuracy of the model dropped.
Only 21 out of 24 instances were classified correctly. T.albidum Pico was incorrectly
classified again, most likely due to the still small number of instances. Further, one sample of
T. melanosporum was not classified correctly. While T. aestivum and T. magnatum had a
higher number of instances, for T. melanosporum and T. indicum much less samples were
available, but still more than for T. albidum Pico. Therefore, it is more likely that a mismatch
occurs for one of them than for the two species with higher instance numbers. This result
marks one downside of classification based on machine learning models. A prediction model
of which model will perform best on a given set of data is hard to determine in advance’’.

Often a trial-and-error approach for finding the best classification method is needed® #°.
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After the fast identification approach analyzing intact proteins, bottom-up proteomics was
performed. Typical and well established bottom-up proteomic workflows for protein
extraction and tryptic proteolysis normally used for cells or mammalian tissue were tested on
a ground powder truffle sample. First protein extractions with buffers containing sodium
deoxycholate (SDC), sodium dodecyl sulfate (SDS) and urea was tested. Resulting protein
concentration was estimated by a BCA assay (Figure 18). SDS showed the highest extraction
efficiency (6.2 pg/pl), indicating most effective membrane disruption and protein
solubilization for truffle samples. Extraction efficiency of urea (4.5 pg/pl) was superior to
SDC (3.6 pg/ul). Nevertheless, usage of all extraction agents resulted in sufficient protein
concentrations for further processing of samples without limitation in material. Enough
material could be extracted from only milligram amounts of ground truffle powder. No further
steps for enzymatically breaking down the chitin containing cell wall of truffles were

needed®’.

For a more comprehensive comparison protein identification rates by further processing
samples with different approaches were compared (Figure 19). Like all detergents SDS needs
to be removed prior to mass spectrometric measurement. Left in samples SDS can lead to
strong signal suppression®. Therefore removal by the filter aided sample preparation (FASP)
approach, introduced by Wisniewski®’, was performed using two different centrifugal filter
devices. Filters utilized either 10 kDa or 30 kDa molecular weight cutoff membranes. Using
both filters, protein identification rates for the FASP approach displayed 1,129 (x 45)
identified proteins with the 10 kDa filter and 1247 (£ 9) with the 30 kDa filter. Usage of the
SDC protocol achieved an equally high number of identified proteins (1,169 (x 6) as the
FASP approach with SDS extracted samples. Low concentrations of SDC in solution do not
affect the proteolytic activity of trypsin. As the extraction buffer contained only 1 % SDC no
prior removal before tryptic proteolysis was required. It was shown that even with 10 % SDC
more than 70 % of trypsin activity is retained®®. With the lowest obtained extraction efficiency
SDC concentration could be increased to test again for a better extraction yield. But with the
yield in extracted protein still high enough for subsequent analysis without shortage of

material, this test was not needed.

The FASP approach for processing samples extracted by urea led to lowest protein
identification rates. A common risk regarding the application of urea is carbamylation of

proteins by isocyanic acid. In aqueous solutions urea spontaneously dissociates into cyanate
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and ammonium. This modification can firstly block proteolytic cleavage and, when not
considered for database search, can lead to low identification rates. Temperature, incubation
time and pH value can affect the degree of urea dissociation. Therefore ammonium hydrogen
buffer with incubation and sonication on ice was used®. Checking for carbamylation was
done by including it as possible modification in the database search. With only 1 % of
identified proteins modified it was excluded as possible cause for the low identification rate.
As urea had a higher efficiency to extract proteins than SDC, seen in the higher obtained
protein concentration, it was concluded that not all proteins from the complex truffle
proteome were extracted to the same extend. There is a bias towards extraction of certain
proteins using urea. A better performance with urea extracted samples was obtained with the
Capturem™ kit, which utilizes immobilized trypsin for a fast proteolytic cleavage of proteins.
Nevertheless, the protein identification rate was still much lower than for the SDC protocol
and SDS extracted samples prepared with the FASP protocol. A problem regarding the usage
of immobilized trypsin in the Capturem™ kit can be the short time for proteolysis of a
complex protein mixture. In comparison, other tryptic proteolysis protocols emphasizing fast
digestion are done in solution and utilizing ultrasound® or microwaves®® to enhance trypsin
efficiency. Because of the low identification rates urea extracted samples processed by FASP
and Capturem™ kit were not included in further experiments. Both sample processing
methods did not fit the goal of performing in depth proteomic profiling of truffle samples.
With its rapid sample processing time of only a few minutes the Capturem™ Kkit still
identified several hundred proteins and could be greatly utilized in other areas than in depth

proteomic profiling.

Identified proteins had a higher quantitative reproducibility when prepared by the SDC
protocol. Reproducibility was lower for SDS extracted samples prepared by FASP with both
molecular weight cutoff filters. Mean coefficient of variation (CV) for SDC prepared samples
was 15.9 %. SDC can be sufficiently and nearly totally removed by acidification®. Therefore,
chromatographic separation, ionization process and mass spectrometric measurement are only
minimally affected by remaining SDC. FASP settled close to SDCs’ reproducibility with
application of the 30 kDa cutoff filter (mean CV of 16.3 %). FASP with 10 kDa filters led to a
low reproducibility with a mean CV of 27.9 %. Poor repeatability obtained by the 10 kDa
cutoff filters is due to the filter units’ conical shaped membranes. While the 30 kDa cutoff
filters are flat bottom filters, conical bottom membrane filters retain a small reservoir of liquid

and SDS is not efficiently removed. Remaining SDS is leading to a loss of sensitivity®’. This
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effect on signal intensity results in misleading assumptions of protein concentration and
therefore wrong quantitative values in a relative comparison. Based on the simple, still quick
and accessible sample processing with high identification rate and superior quantitative

reproducibility, SDC protocol was the protocol of choice.

Handling large sample sets, quick and simple sample preparation methods are preferred.
Performing a BCA assay for protein concentration estimation proves to be a time consuming
step in this process. To overcome this step a simplified extraction with SDC buffer volume
based on the amount of truffle powder weighed in was successfully tried. Using 14ul SDC
buffer per milligram truffle sample, highest observed deviation in extracted protein amount
for a set of different truffle samples was 39 % (Figure 20). Differences in used protein amount
for subsequent tryptic proteolysis didn’t show strongly in quantitative protein values. Further
small differences are removed by a routinely used normalization step in data processing. This
is seen by the hierarchical clustering of the same samples prepared according to the BCA
assay estimation and prepared by weight-volume ratio in Figure 21. Within a sample set there
is no visible distinction between both preparation approaches by quantitative protein values.
Same behavior of samples is observed in the multi scatter plot of Figure 22. Additionally
shown is the Pearson correlation value. This is a value for measuring the degree of linear
correlation between two data sets. Comparing quantitative protein values acquired after both
sample preparation approaches, all Pearson correlation values were over 0.9. A value of 0
indicates no correlation and a value of 1 perfect linear correlation. Therefore, the difference in
generated quantitative values for proteins using either method is negligibly small. Both

preparation approaches could be used in the future to prepare truffle samples.

A second time consuming step in bottom-up proteomics is incubation time for tryptic
proteolysis, routinely carried out overnight. Established trypsin-protein ratio for proteolysis is
1:100. To possibly shorten the incubation time to one hour, higher trypsin-protein ratio of
1:25 were tested. Similar approaches were previously applied with success®. Protein
identification rates stayed constant for overnight and shortened incubation time (Figure 23).
Reproducibility of the 1 hour digests was lower on peptide level than overnight, indicated by
the higher standard deviation. Therefore 1 hour digestion is not enough time for complete
cleavage of proteins into peptides. This lower peptide identification rate is not transferred to

protein level as most proteins are still identified with 2 or more unique peptides.
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Further, missed cleavage rates of trypsin were compared. Missed cleavages are sites where
trypsin didn’t cleave the suitable peptide bond. They occurred as expected: With more
incubation time and higher trypsin to protein ratio the number of missed cleavages decreased
(Figure 24). Here, more trypsin and more time will enable more comprehensive cleavage of
suitable sites. There was no strong difference in missed cleavage rate within results for both
sample sets with incubation time overnight. Therefore, the overnight incubation with a 1:100
trypsin-protein ratio was further carried out. However, with further testing and careful
selection of peptides used for quantitative assays shortened incubation time with higher

trypsin amount can be a feasible approach.

After sample preparation and possible simplification of it was done, deep proteomic profiling
of truffles was performed. Following analysis was based on LC-MS/MS data with relative
quantification between samples. There are different approaches for quantitative bottom-up
proteomics, each of them with their own advantages and disadvantages. Labeled approaches,
as metabolic labeling and isobaric chemical labeling, have the advantage of high accuracy,
precision and reproducibility in quantification. Further they allow multiplexing of samples.
This can reduce measurement time and allow the analysis of samples which would be too low
in sample amount if measured individually. Downsides are the high costs of isobaric labeling
reagents and lower proteome coverage in comparison to label-free approaches®. This is due
to the increased complexity of samples introduced by isobaric components. Possible precursor
ions for fragmentation are now present in twice the number, or in case of isobaric labeling in
multiplexed approaches, require more elaborate fragmentation of precursor ions. Therefore a

label-free quantification approach was chosen for a most comprehensive characterization.

For reliability in statistical analysis, only species with at least three biological samples were
integrated in the process of data analysis. A first set of available samples was prepared and
measured. By data-dependent acquisition mode (DDA) 222 proteins were identified with
quantitative values in all 40 samples. These quantitative values of proteins were already
sufficient for differentiation of the truffle species. In the sample projection after principal
component analysis T. magnatum and T. melanosporum were separated from T. aestivum and
T. uncinatum (Figure 25). T. aestivum and T. uncinatum could not be separated from each
other. There was a long and still ongoing debate whether T. aestivum and T. uncinatum are
different species. Morphologic and phylogenetic analysis resulted in the conclusion that they

are co-specific’"®. This co-specificity is shown here on proteomic level as well. Combining
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both species under one name, all three species could be separated by quantitative values of
identified proteins. This already indicates strong and species specific differences in protein

abundance.

With Anova (analysis of variance) testing quantitative protein profiles are generated, seen in
Figure 26. While students T-tests are used to compare only two sample sets, Anova testing is
needed for the comparison of three or more groups of samples. Proteins responsible for
differences in the species are obtained by filtering for proteins which are Anova test
significant. Previously gained impression of strong species specific differences was further
verified by Anova testing. Of 222 proteins identified in all samples, 161 proteins or 73 % of
them were Anova test significant. Already conclusive, the results lacked the desired depth and
species of commercial interest were missing at this stage. With only 161 proteins in the
quantitative protein profiles the data-dependent acquisition (DDA) approach was not
comprehensive enough. DDA lacks in reproducibility of precursor ion selection®® and has the
problem of undersampling™, seen in the low protein identification rate of the performed

experiment.

To overcome limitations of DDA, the more recently established measurement of samples in
data-independent acquisition mode (DIA) was done for truffles. Data extraction of samples
measured by DIA requires a previously generated spectral library*®. This library is commonly
created by DDA measurements of the same samples which are later on used for DIA. Only
peptides and corresponding proteins which are deposited in the spectral library can be
identified and subsequently quantified. Therefore the depth and identification rates by DDA
measurements for generation of a library have a high impact on the following DIA analysis.
With higher proteomic coverage of a library, more comprehensive analysis of samples in DIA
is enabled. To reach this degree of proteomic coverage sample fractionation is needed®®.
Different fractionation methods can be applied. Mostly used are different chromatographic
separation approaches. One example for separation of peptides is separation by strong cation
exchange chromatography (SCX) followed by reversed phase chromatography. An online
approach of this two-dimensional liquid chromatography was introduced by Yates. It was
called multidimensional protein identification technology, short MudPIT%. For tryptic
peptides SCX followed by reversed phase separation has limited separation efficiency.
Peptides with two or three positive charges tend to elute in clusters®. More recently used in

many proteomic studies, another 2D-LC fractionation approach is combination of offline
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reversed phase fractionation at high pH followed by subsequent low pH reversed phase
separation and MS/MS measurement. This approach is convenient because low pH reversed
phase chromatography is the most common form of chromatography applied before MS/MS
measurement of tryptic peptides. Efficiency of fractionation by high pH reversed phase
chromatography in a 2D-LC approach can further be improved with fractionation
concatenation®®*®% . Fractionation concatenation is a pooling scheme of generated fractions to

best utilize chromatographic separation space with reduction of analysis time.

A 2D-LC-MS/ proteomic approach with high pH reversed phase and concatenated
fractionation scheme prior to low pH LC-MS/MS was performed to generate a spectral
library. Only truffle species that were sequenced are T. magnatum, T. aestivum, T. borchii
and T. melanosprorum®®’. With these limited protein databases available on UniProt and
high differences in sample numbers for available different truffles, only samples of
T. magnatum, T. aestivum and T. melanosprorum were used to generate the library. Missing
out on proteins specific for both remaining species, which were not used to generate the
library, is possible. Here DIA gives the possibility to expand spectral libraries at a later point
with more samples and new databases available. After extension of libraries, datasets can be
re-analyzed without the need for re-measuring all samples. Containing 9,170 proteins and
51,628 peptides from the three species, here presented is the most comprehensive library of

identified truffle proteins and highest number of identified truffle proteins at all.

With DIA measurements of truffle samples deeper proteomic coverage was reached. Instead
of only a few hundred identified proteins now 2,715 proteins with quantitative values were
identified over all samples. Principal component analysis prior to statistical analysis using
quantitative protein values already shows an exceptionally well separation of different truffle
species (Figure 27). This high degree of difference between truffles is also reflected in the
fingerprints generated by Anova testing and displayed in a heatmap (Figure 28). From the
2,715 proteins identified in all samples, 2,066 were Anova significant and therefore
contributing to the separation of truffle species. Obtained quantitative protein fingerprints for
truffles were further reduced to a protein panel consisting of 15 marker candidates. By
introduction of the protein panel a helpful tool for comparing truffle samples and a starting
point for future perspectives should be generated. Reference proteins for normalization were
included in a similar fashion to housekeeping genes used in transcriptomics®. They should be

as constant as possible in their abundance within all samples (Figure 29). Marker candidate
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proteins for the panel were then carefully chosen by a multi-step assessment (Figure 30). This
manual assessment is labour-intensive and time consuming. For future perspectives a software
based automation of this assessment would be helpful. Requirements to a software solution
would be the collected display of gathered information about proteins. In the best case a
ranking of marker candidates can be done automatically. With help of the panel a quick
distinction of truffles by assessment of the abundance ratios for 15 selected proteins is
possible, as each truffle species shows a specific profile (Figure 31). This distinction is further
simplified by bi-directional plotting of protein ratios for two species in a direct comparison
(Figure 32 and Figure 33), comparable to MALDI-TOF biotyping.

Comparing truffles species-against-species, highest differences in all t-test based direct
comparisons of truffle species were shown between T.magnatum, T. melanosporum and
T. aestivum (Table 19). These truffles were used to generate the spectral library for data
extraction, databases and samples for T. albidum and T. indicum were not included.
Therefore, overrepresentation of proteins for these three species in the generated dataset is
possible. A quantification approach independent from previous identification could overcome
this problem. Knowledge of protein identity is not required for finding differences between
truffles. Mass spectrometric data with chromatographic separation beforehand contains
sufficient information about precursor ions. Retention time, m/z value, isotopic pattern and
generated fragment ions on MS2 level could be used to be defined as a feature. By this
features a comparison of samples independent of identification could be enabled. Both MS1
and/or MS2 level quantification can be performed and relative abundances be compared. But
momentarily all routinely used data processing software enables quantification of identified

proteins only.

After working out quantitative differences on global proteome level as well as for all species,
bottleneck for biological interpretation was the availability of functional information about
truffles. Only 14 out of 7,491 protein entries in the UniProt database from
Tuber melanosporum are reviewed entries. Reviewed entries are manually annotated with
information extracted from literature and curator-evaluated computational analysis. Both
Tuber magnatum with 9,412 entries and Tuber aestivum with 9,311 entries are completely un-
reviewed. Out of all deposited proteins from the Tuber genus on UniProt only 22 of
39,055 entries in total corresponding to 0.72 % are reviewed (status of 04.12.2020). Although

first attempts to functionally annotate the black truffles’ proteome in 2010 were done, most
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proteins are still not annotated with functions or involvement in biological processes®.
Improvements were done 2018 by further sequencing of three more truffle species, mentioned
previously. But still, many proteins remain uncharacterized and functions are not annotated.
For T.magnatum only 57.6 % of all protein entries are functionally annotated, for

T. melanosporum its 64.7 % and for T. aestivum 46.8 %.

Comparing all different truffles first on global proteome level by gene ontology enrichment
analysis of Anova significant proteins, many different metabolic processes and oxidation-
reduction processes were over-represented biological processes (Table 21). These differences
in metabolic and oxidation-reduction processes were further worked out in more detail by
species-to-species comparisons. They can be possibly linked to different growing conditions
for each species. For T. magnatum it was shown, that aroma and responsible metabolites are
influenced by genetically differentiated populations'®, different bacterial'® or fungal®'%
communities associated with the fruiting body and most strongly by geographical area of
origin'®, connected to the climate. In plant metabolomics exogenous factors play a crucial
role in the metabolomes’ composition. Climatic conditions as warmth, heat waves, drought or
frost as well as soil composition, level of elevation, sun exposure and more have to be taken
into account. All these factors can have a strong impact on a plants metabolome. Seasonal
differences for plants grown in the same geographical location can show strongly on
metabolomic level'®. To include the impact of these variations, multi-seasonal sample
acquisition needs to be done. Same observations will most likely apply to truffles. Proteins
with their enzymatic activity are responsible for all metabolic reactions. Therefore observed
enrichment of metabolic and Redox-processes in proteins for different truffles is in accord

with these previous metabolomics observations.

Further, analysis of underlying biological processes based on obtained proteomic data
revealed some additional conclusive findings. Comparing the white truffle T. magnatum with
the black Chinese truffle T. indicum, sulfur amino acid and cysteine metabolic processes,
sulfur compound metabolic processes and hydrogen-sulfide metabolic processes were over-
represented in proteins up-regulated in T. magnatum (Table 22). Sulfur-containing volatile
organic components (VOCs) play an important role for truffles aroma'®, especially for
T. magnatum'®*%. These differences on VOC level are therefore in accord with our findings
on proteomic level. A higher abundance of proteins responsible for processes of sulfur-

metabolism can lead to more sulfur-containing VOCs in T. magnatum, resulting in the
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stronger aroma. In comparison of T. magnatum with the other truffles T. indicum, T. aestivum
and T. albidum, sulfur-metabolic processes were over-represented as well. Similar results
were obtained for the black truffle T. melanosporum, also known for a strong aroma and
sulfur-containing VOCs®. Obtained results can be used as repository for future research. With
better characterization and annotation of function for truffle proteins a biological

interpretation of differences discovered will be possible.

Last, truffles should be investigated regarding their geographical origin. Other than on
metabolomics level, no conclusion could be drawn about the origin of truffles analyzing the
proteome. Sample projections of principal components, seen in Figure 34, didn’t show any
clustering or separation of samples linked to their origin. Vita et al found proteins specifically
linked to truffles origin for T. magnatum'®. Their approach was based on 2-dimensional gel
electrophoresis followed by mass spectrometry. Protein extracts of T.magnatum samples
from different origin were separated on a 2-dimensional gel electrophoresis system. Resulting
gels were compared and only spots differentiating in intensity for samples of different origins
were chosen for subsequent proteomic analysis. These origin-linked proteins identified by
Vita et al were not observed to be origin specific within here presented global proteome
dataset. There are differences in abundance for these proteins within samples from
T. magnatum, but they are not linked to origin. Factors like ripeness of the fruiting body, time
point of harvesting, storage, handling and many more will have an impact on a truffles
proteome as well. Other techniques that don’t analyze the proteomic composition have shown
promising results in tracing back geographical origin of truffles. Chemometrics in
combination with inductively coupled plasma mass spectrometry (ICP-MS) for analysis of the
elemental composition was successfully applied to classify truffle samples based on their
origin'®. By analysis of volatile organic compounds, samples of T. magnatum could be even

traced back to different geographical origins within Italy™*.
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In this thesis truffles were investigated by both fast and deep profiling on proteomic level.

MALDI-TOF analysis can be additionally performed on more truffle species of commercial
interest. Further advances regarding miniaturization and automation of the sample processing
could be made. A possible goal would be the transfer the whole process into the microtiter
plate format and working with pipetting and spotting robots for a quick and large scale sample
preparation and analysis of big sample sets by MALDI-TOF.

With introduction of the protein panel with 15 proteins a helpful tool for further LC-MS based
methods. Next step for a quicker and more sensitive analysis would be the establishment of a
targeted approach. This would be done in the form of selected reaction monitoring (SRM)/
multiple reaction monitoring (MRM) on a triple quadrupole mass spectrometry instrument or
alternatively parallel reaction monitoring (PRM) on a high resolution mass spectrometer. To
implement targeted quantification, the protein panel is a good starting point for marker
candidates. Suitable peptides of these proteins need to be chosen, with different retention
times in the chromatography, no introduced modifications, good ionization and desorption
properties and good fragmentation in the mass spectrometer. For these candidate peptides
heavy isotope labeled versions have to be synthesized. Furthermore optimal transition settings
need to be tested for maximum signal intensity. Measurements to determine limit of detection
(LOD) and limit of quantification (LOQ) for each peptide need to be performed as well. This
targeted approach can be tried to be implemented on larger dimensioned chromatography
systems for a quicker and more robust analysis. Optimization of sample preparation showed,
that limited sample amount will not be a bottleneck for a possible transfer from UPLC- to
HPLC-systems with their higher column diameters, higher flow rates and shorter gradients.
Orthogonal to chromatography and mass spectrometry, immunological techniques for
detection and quantification could be applied as well. Candidates from the protein panel could
further be implemented in antibody-based detection methods. Enzyme-linked immunosorbent
assays (ELISA) for detection and quantification of suggested proteins from the panel can be
developed as an alternative approach for sample identification and verification of MALDI-
TOF results.
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Last, obtained LC-MS/MS data can be used as repository for future scientific work on
truffles. With still limited functional annotation of truffle proteins, biological analysis and
interpretation of proteomic differences between truffles is only at a beginning. Only further
characterization of truffle proteins will enable a comprehensive analysis and interpretation of

underlying biological processes.
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Supplemental Figure 1: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. aestivum with T. albidum Pico.
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Supplemental Figure 2: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. indicum with T. aestivum.
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Supplemental Figure 3: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. indicum with T. aestivum.
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Supplemental Figure 4: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. magnatum with T. aestivum.

B3 T megnatum
B8 T indicum

Protein abundance (%)

LA I N S S R SR N S SO B S S B
12345678 9 101112131415

Supplemental Figure 5: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. magnatum with T. indicum.
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Supplemental Figure 6: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. melanosporum with T. aestivum.
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Supplemental Figure 7: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. melanosporum with T. albidum Pico.
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Supplemental Figure 8: Birectional grouped bar plot comparing the signal intensities of the 15 proteins
from the protein panel for T. melanosporum with T. magnatum.
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11.5 Safety and disposal

11. Appendix

Chemical name GHS symbol Hazard Precautionary Disposal code
and formula statement statement
Acetonitrile 225-332-302- | 210-240-302+352- 1
C,H3N @@ 312-319 305+351+338-
403+233
alpha-Cyano-4- 315-319-335 261-305+351+338 2
hydroxycinnamic
acid @
CioH7;NO;
Ammonium 302 301+312-330 2
hydrogen
carbonate @
NH4HCO;
Dithiothreitol 302-315-319- | 261-305+351+338 2
C4H100,S; @ 335
Formic acid 226-302-314- 210-280- 2
CH,0, 331 303+361+353-
EUH: 071 304+340+310-
305+351+338-
403+233
lodoacetamide 301-317-334- | 261-280-301+310- 2
C,H4INO 413 342+311
Methanol 225-331-311- 210-233-280- 1
CH,O 301-370 302+352-304+340-
308+310-403+235
Sodium 302 301-312-330 2
deoxycholate
Ca4H4o04
Sodium dodecyl 228-302+332- 210-261-280- 2
sulfate @ 315-318-335- 301+312+330-
C1oH2sNa0,S 412 305+351+338+310-
@ 3704378
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11. Appendix

290-331-314- 260-273-280- 2

Trifluoroacetic
acid L 412 303+361+353-

C,HF;0, EUH: 071 305+351+338-312

*1: Disposal in collecting tank for halogen-free, organic solvents and solutions.
*2: Disposal in collecting tank for salt solutions, pH adjusted to 6-8.

Biological materials were disposed in the collection bin for autoclaving waste.
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11.6 CMR list
No cancerogen, mutagen or reprotoxic substances (CMR substances) from the GHS category
1A or 1B were used in the work.
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