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Summary

Summary

There is an urgent need for new-biased herbicides, driven by factors such as growing world population,
croplosses due to pests, increasing resissand controversial discussions about the safegynthetic
herbicides. In this context, natural substances (phytotoxins) enereésng interest. Natural products offer

a rich reservoir of unknown substances with unique structural scafididee are alsprospectdor the
discovery ofphytaoxins that attack previously unknown targets in plants. At the same time, it is already
known that many phytotoxins have multipleodes of action, whichimpede thedevelopment oplant
resistance However, the physiochemical properties phgitotoxicefficiencyof the compounds are often
notideal so that synthetic modificatistof the moleculeare required.

Colletotrichum graminicolgCes.) Wilson (teleomorplGlomerella graminicoliis aspecies in the class
Ascomycotaandis the causative agent of leaf and stem anthracnose in maize. Anthracnose is characterized
by sunkennecrotictissue and is caused by enzymes and secondary metabolites (phytqimdosed by
thefungus.

Theaim of this work was the activitguidedisolation and characterization of phytotoxa@sising necrosis

from cultures ofC. graminicola The fun@l strainwas grown insemisolid cultures in two different
complete media (CM and HMGIRy combining different chromatographic separatiechniquegTLC,

HPLC, classical column chromatography), the compounds were isolated and subsequently characterized by
different analytical methods (:NMR, 2D-NMR, HR-ESFMS, ECD, X-ray). A total of 33 compounds
wasisolated and characterized. Among ib@lated compoundsere 11previously undescribear new-to-
naturecompounds, including-8&-hydroxy-2,6-dimethyloctanoyR5-methylpyrrolidin-2-one @.1a/b), 5
(2,3-dihydroxypentyl)5,6-dihydro-2H-pyran2-one @.2) and three hexanoic acid derivatives9( 4.11

4.13.The known compounds include diketopiperazit®g,(3.4i 3.9, 3.15 4.8and4.10, anthraquinones

(4.3 4.5 and acetamides(3, 3.137 3.14).

To test phytotoxic activity, two bioassaya leaf spot assay and a leaf disk assagre established. The
leaf-spot assay oArabidopsis thalianaCol-0 is a simple and rapid test for the phytotoxicity of fractions

and pure substancasd was used for the activiguided isolationFor thisassaythe fractions oisolated
compoundsare dissolved in a mixture of methanol and water (&\), and applied directly to the leaf
surfacewithout prior woundingAfter an incubation period of 2472 h, the leav&ecan be examined for the
development of necrosis or chlorosis. The evaluatioihis assayvaspurely by visual mean®Vith this

assay, phytotoxic activity wasbservedor 21 of the 33 isolated compounds at concentrations between 10
and 100 mM.

The nondestructive leaf disk assay was originally developed to determine the resistance of plants to various
herbicidesIn this assay delayed fluorescence is measuwvkith is an indicator of the photosynthesis rate

of plants. Photosynthesis reacts very sensitively to various stress factors and is therefore ideal for
determining the phytotoxicity of substances. The main advantages of this assay are the shor{4Riration
hours) and the high sample throughput.

In addition, a quantitative structueetivity analysis (QSAR) wagerformedfor one of the isolated
compounds N-(4-hydroxybutyl)benzenesulfonamide5.)). Based on the natural substanéel,
approxmately 130 syntheticderivatives (syntheses carried out by Toni Denner, Institute of Chemistry
Organic Chemistry, Prof. Dr. Csuk, Martin Luther University H&llétenberg) were tested for their
phytotoxic activity. The evaluation was carried out using thedestructive éaf disk assayA. thaliana

Col-0 (andSecale cerealalata not shownvere used as test organisms to determine possible differences

in the effect on monocotyledonous and dicotyledonous plants. However, none of the compounds tested
showed a preference fany of the plants tested. The results of the QSAR showed that lipophilicity,
molecular weight and a sterically hindering substituenteaentialfor the phytotoxic activity of this
compound class. The best results were observed for compounds with a partition cokffjédmetween

2.80 and 3.00 and a molecular weight of about 305 g/mol. However, not all observations could be explained
within this study Further computational methods will be necessary in the future to identify additional
influencing fadors.

At the same time, a 5@ld increase in activity was achieved the derivatization ofhe natural product

5.1 While the natural produé.1was only active up to a concentration of 20 rimMhe nondestructive

1



Summary

leaf disk assaythe most active derivative8.10h 6.11e¢ 6.12e and 613e showed activity up to a
concentration of 400 uM.
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Zusammenfassung

Aufgrund verschiedenster Faktoren, wier wachsendenWeltbevolkerung, Ernteerlusten durch
Schadlingsbefall, zunehmend®esistenzbildung und kontroversBiskussionen Uber die Sicherheit
synthetischer Herbizidebesteht einmmense Bedarf anneuen biebasierten Wirkstoffen. In diesem
Kontext sind besonders Naturstoffe (Phytotoxine) von wachsendem Interesse. Naturstoféerbgrtebes
Reservoir unbekannter Substanzen mit einzigartigen StrukturelemeDsdei erhofft man sich
Phytoobxine zu entdeckemlie bisher unbekannte Angriffspunkte in Pflanzen angrefadem st bereits
bekannt, dass zahlreiche Phytotoxine mehrere Wirkmechanisesgz@, womit eine Resistenzbildung
erschwert wird. Oftmals sind die physiochemischen Eigenschaften sowie die phytotoxische Aktivitat der
Phytotoxingedoch nicht optimal, sodass eine synthetische Modifikation des Molekils notwendig ist.

Colletotrichum graminicola(Ces.) Wilson (teleomorphGlomerella graminicol® ist ein Vertreter der
Schlauchpilze (Ascomycota) und Erreger der Blatid Stangelanthraknose bei Mais. Anthraknosen
zeichnen sichdurch abgestorbenes (nekrotisches) Gewabe und werden durch Enzyme und
Sekundarmetaboliten (Phytotoxine) des Pilzmsirsacht

Im Fokus dieser Arbeit stand die aktivitatsgeleitete Isolierung und Charakterisierung dieser Phytotoxine
aus Kulturen vorC. graminicola Die Anzucht des Pilzes erfolgte in Emerskulturen in zwei verschieden
Vollmedien (CM und HMG)Durch die Kombination verschiedener chromatographiseteghodean (DC,

HPLC, klassische Saulenchromatographie) erfolgte die Isolierung von Substanzen, die anschlieRend
anhand verschiedener analytischer Methoden -NMR, 2D-NMR, HR-ESKMS, ECD,
Kristallstrukturanalysein ihrer Stuktur aufgeklartvurden. Insgesankonnten33 Verbindungen isoliert

und charakterisieserdenDarunter befanden sich 11 raetigebzw. zuvor nicht in der Natur behriebene
Verbindungen Darunter unter anderem -86-hydroxy-2,6-dimethyloctanoyhs-methylpyrrolidin2-one

(3.1), 5(2,3dihydroxypentyl}5,6-dihydro-2H-pyran2-one @.2) sowie drei Hexansauwi@erivate (4.9,
4.11und4.13. Zudem konnten zahlreiche bereits bekannte Verbindungen, wie Diketopipei&a2irg4

1 3.9 3.15 4.8und4.10, Anthraclinone @.3, 4.5 und Acetamide3.3, 3.131 3.14) isoliert werden.

Zur Testung der phytotoxischen Aktivitdt wurden z\Bédassayd ein BlattTropfen Assay, sowie ein
BlattscheiberAssay i implementiert Bei dem Blatt-TropfenrAssay (leafspot assay an Arabidopsis

thaliana Col-0 handelt es sich um einen einfachen und schnellen Test auf Phytotoxizitat von Fraktionen
und Reinsubstanzen, der im Rahmen der aktivitatsgeleiteten Isolierung genutzt wurde. Fir diesen Assay
werden die Fraktionen oder Reinsubstanzen in einer Mischung ethambl und Wasser (1:Lv) gelost

und direkt auf die Blattoberflache aufgetragen. Nach einer Inkubationszeit vof22dkdnnen die Blatter

auf die Entwicklung von Nekrosen oder Chlorosen geprift werden. Die Auswertiohg eabei rein
gualitativ.

Mittels dieses Assays konnte fur 21 der 33 isolierten Verbindungen eine phytotoxische Aktivitat bei
Konzentrationen zwischen 10 und 100 mM beobachtet werden.

Der Blattscheiberfssay (nordestructive leaf disk assay) wurde ursmglich entwickelt, um Resistenzen
von Pflanzen gegen verschiedene Herbizide festzustelleiesem Assay wird die verzdgerte Fluoreszenz
gemessen, diein Indikator fir die Photosynthedgate von Pflanzen ist. Die Photosynthese wiederum
reagiert sehr sensitiv auf verschiedenste Stressfaktoren untdssefingahehervorragendur Bestimmung
der Phytotoxizitdt von Substanzen. Wesentlich Vorteile dieses Assays sind die kurze DauanddB)St
sowie der hohe Probendurchsatz.

Weiterhin, konnte fueine der isolierten VerbindungeN-(4-hydroxybutyl)benzenesulfonami8.q)) eine
guantitative StruktutVirkungsAnalyse (QSAR) durchgefiuihwerden.Dazu wurderbasierend auf dem
Naturstoff5.1ca. 130 synthetisch hergestellte Deriy@gnthesen durchgefiihrt v@moni Denner, Institut
fur Chemiei OrganscheCheme, Prof. Dr. Csuk, MartirLutherUniversity HalleWittenberg auf ihre
phytotoxische Aktivitat getestet. Die Evaluierung erfolgte hierbei mittetBlattscheibemssays(non
destructive leaf disk assayMls Testorganismus diemtadabeiA. thalianaCol-0 (und Secale cereale
Ergebnisse nicht gezeigiym eventuelle Unterschiede in der Wirkung auf mamal dikotyle Pflanzen
feststellen zu kdnnenledoch zeigte keine der getdenh Verbindungen eine Praferenz fur eine der
getesteten Pflanzemie Ergebnisse der QSAReigten dass fur die phytotoxische Aktivitat dieser
3



Zusammenfassung

Verbindungsklassedie Lipophilie, das Molekulargewicht und ein sterisbimdernder Substituent
entscheidend sind.Die besten Ergebnisse konnten dabei fir Verbindungen mit einem
Verteilungskoeffizient zwischen 2.803.00 und einem Molekulargewicht um etwa 305 g/mol beobachtet
werden.Jedoch liel3en sich mittels dieser Untersuchung nicht alle Beobachtungen erklaren. Dazu sind
zuklnftig weitere computergestitzte Methoden notwendigweitereEinflussfaktoren zu identifizieren.

Gleichzeitig konnte durch dieddivatisierung des Naturstoffésl eine Aktivitatssteigerung um das-50
fache erreicht werden. Wahrend der Natursiafflediglich eine Aktivitat bis zu einer Konzentration von
20 mM aufweist, zeigten die aktivsten Deriv@86l0h 6.11¢ 6.12¢ sowie 6.13e eine Aktivitat im
BlattscheiberAssay bis zieiner Konzentration von 400 pM.
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1 Introduction and objectives

Over the last century, the world's population has grown at a remarksdble 2022, it reached the eight
billion mark and is estimated to grow to 9.7 billion people by 205M§Veloping countries will account

for almost all of this population growtf2] In order b ensure sufficient harvests, crop productivity must

be further increased. [3; 4] The Food and Agriculture Organization of the United Nations (FAO) estimates
that in developing countries, 80% of the increase in food produictidmnich is neded to keep pace with

the population growth will be reached by an increase in yields and in the number of times a crop can be
grown on the same land. Only 2@%cropsare expected to come from an expansion of cultivation areas.
[2; 5]

In additionthere are severe crop losses due to pests, which reduce the yield and food security of agricultural
products. [3; 6] A study by Savary et al. (2019) [6] showed that global crop losses due to pests and pathogens
range between 20 and 30%, confirming earligdihgs by Oerke (2006)7] Of all pests, weeds produced

the highest potential lost. [7] At the same time, climate change is increasingly affecting growing conditions
and its consequences are difficult to predict. Possible impacts incluggesh in the geographical
distribution of weeds (pathogens and insects), as well as alterations in life cycles and population dynamics.
[8; 9]

Pesticides have been one of the main tools in pest management and also will remain essential in the future
to meet increasing demands and upcoming challenges. The total consumption of pesticides in agriculture
worldwide amounted to 2.7 million tons of aeiingredients with a value of USD 41.1 billion. The share

of herbicides was around 50%. [1I0] Germany, inland sales of herbicides amounted to 48.269 tons in
2022 [11]

Herbicides are agrochemicals used to prevent or interrupt normal plant growth and development of
unwanted vegetation (weeds). The use of chemicals as herbicides has been known since the end of the 19th
century. Initially, inorganic compounds such as axsenés and copper salts were used. In 1892, sodium
dinitrocresylate (DNOC, Sinox) was developed as the first synthetic insecticide and introduced to the
market. From 1934 it was alamed as a herbicide. The first compound developed specifically as an
herticide was 2,4dichlorophenoxyacetic acid (2/2). The chemical synthesis was described by Pokorny

in 1941. 2,4D has been commercially available since 1947 and is still inu$e now [12i 14]

Probably the bedtnown herbicide today is glyphosatdistorically, in 1970, John Franz discovered the
herbicidal effect of glyphosate, and only four years later the first formulatedisenghroduct called
Roundup was sold commercially by Monga [15] While glyphosate consumption in the U.S. (agricultural
use only) was 0.36 million kg (active ingredient) in 1974, it had risen to about 13 million kg by 1995. This
made glyphosate the 7th most widely used herbicide in the U.S in 1995 according toithenkgmal
Protection Agency (EPA) after atrazine, metolachlor, metadium, methybromide, dichloropropene

and 2,4D. [16]

However, it was notintil the introduction of geneticalgngineered (GE) herbicidelerant (HT) crop$

socal |l ed fRoundupi inRI®OI dhatoglyphasatei ceuldi be sised as a-@osrgence
herbicide. Prior to that, it was restricted to-praergence applicatiorud to its norselective mode of

action (Chapter 2.2.2). 1 16] By 2000, when GEHT crops were gaining market share, glyphosate use in
the U.S. had increased to 36.0 million kg. In 2014, glyphosate consumption had risen to 113.3 million kg
glyphosate inhe U.S., of which 80% were only used for the three majoHEFErops (soybean, maize,

and cotton). The global consumption of glyphosate in 2014 was around 750 millionekgf[the
herbicides mentioned above, only glyphosate and2ade stillauthorizedn Germany. In 2022, sales of

the active ingredierglyphosateamounted to 3914 terand those of 24 to almost 73ons. [17]

Over the decades, there has been an increasing reliance on glyphosate, which in turn promoted the spread

of resistant weeds. §] Since, glyphosate provided an economical and easy weed control, farmers

introduced little diversity into their weed managemenb; 9] Even as the first signs became apparent

that this weed management was not sustainable, little attention was paid to them, since the use of the
5



Chapter 1

broadcast herbicide was too attractive and benefi@@). To control weeds less sensitive to glyphosate
only the dose or the number of applications was increased, which only increased the selection pfgssure. [1
21

For the consumer, glyphosate has come into focus due to controversial criticisms. Numerous studies have
been published in the last decade suggesting that glyphosate has an endocrine effect and is linked to rare
liver and kidney tumors and ndtiodgkin lymphoma[16; 22i 25] In 2015 glyphosate was classified as a
Aprobabl e human carcinogenodo by t he @] @ntdsbass,tai on al
large and still ongoing class action lawsuit was filed in the U.S. against Bayer/Monsanto wittbaling 1
claimants. Subsequently, in May 2021, a total prohibition of glyphosate was discussed in Germany and
other EU member states. As glyphosate had an EU approval until December 2023 at the time, this was not
feasible. Simultaneously, a process for thewauation and reuthorization of glyphosate in the EU was
ongoing. [Z; 28] In this context, ECHA's Risk Assessment Committee (RAC) concluded in 2022 that there

is insufficient scientific evidence to classify glyphosate as a specific target orgamtaxias a carcinogen,
mutagen or reproductive toxicant9[Zinally, on November 28, 2023, the EU Commission published the
implementing regulation to extend the approval of glyphosate by 10 y&@rs. [

The case of glyphosate clearly illustrates the need for new herbicide solu@n&n[ the one hand,
herbicide resistance is becoming an increasingly drastic problem (currently 530 unique cases, as of
26.012024) [31], and on the other hand, the demand for more sustainable weed management is steadily
increasing. 20; 32]

This problem is compounded by the fact that the number of newly registered herbicides with new molecular
targets is very small. B3 In the period from 1980 to 2009, according to Gerwick, 137 new herbicide
ingredients were introducedith well-known modes of action. g It was not until 2019 that the first
approval of a herbicide (Luximo) with a new mode of action was granted by BAQFC¢Bversely, this

means that no herbicides with new modes of action have been introduadddioi30 years. B This is
probably partly a result of the introduction of GH crops, as glyphosate has dominated the market and
thus significantly reduced the overall value of the market, making it less attracfiyva7; 38]

In the development of new herbicides, natural products are increasingly becoming the focus of research.
On the one hand, they are considered by the public to be safer than synthetic herhititegh this
remains to be verified and on the other handheir structural diversity is expected to lead to new
mechanisms of action. 23391 42]

The general objective of the present thesis was thus thgaulded isolation and identification of phytotoxic
compounds from the phytopathogenic ful@plletotrichum graminicola(Ces.) G.W. Wilsorthat can
potentially serve as lead structures for the development of nove) (m@obicides. In particular, the
investigations covered the following aspects:

9 Isolation, characterization, and structural elucidation of phytotoxic secondary
metabolites fronColletotrichum graminicola

1 Evaluation of their phytotoxic activity

1 Synthesis of derivatives for activity enhancement and quantitative straciiviey relationship
(QSAR) studies

91 Investigations of the influence of differenultivation media by metabolite profiling using LESK
HRMS
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2  General part

2.1 The genusColletotrichumCorda

The fungal genu€olletotrichum(teleomorphGlomerellg CORDAIs the only member dblomerellaceae
(GlomerellalesSordariomycetes) and comprises currently 257 accepted species (based on molecular data)
grouped into 15 species complexes and 14 singleton spedids Hawever, it is noteworthy that there

have been tremendous taxonomic changes within the genus in yeaesit Currently, a revision of the
genus based on multcus sequence data is ongoing, since there have been many misidentifications in the
past, mainly based on missing morphological characteristics and misunderstandings regarding host
specifity. [1; § This explains the immense differences found in the literature. Tiheislatabas8pecies
Fungorum6] lists currently 547 epiphett)e databasklycoBank[7] even 956.

The genus includes several economically important plant pathogens that infect a wide variety of crops in
tropical, suktropical and temperate region8; P]. The pathogens can be either hgsécific or infect

multiple hosts. [1;10] The disease, caused Igplletotrichum species, is called anthracnose and is
characterized by sunken nedcaissues on leaves, stems, flowers, and fruits, as well as crown rot, stem
rot, and seedling rot. [3;1]

2.1.1 Lifestyles

Lifestyle patterns inColletotrichumcan be divided in four forms: endophytit),( necrotrophic(2),
hemibiotrophic 8), latent or quiescend). [1; 12; 13] Colletotrichumspecies show different lifestyles, with
closely related mecies showing similar infectierand colonization characteristics2[114; 15] The major
differences exist between the individual species complél@sever, almost all species are able to change
their lifestyle sequentially. | 16]

Endophytic lifestyl€1): Endophytes are plant inhabiting fungi that live within in the host plant cells without
causing any disease symptoms. Most endophytic fungi have a mutualistic relationship with their hosts, with
benefits for both sides. For example, the fungus gainsatoenutrients while protecting the plant from
herbivores or pathogens.Z117i 19] However, the relationship between fungus and host can switch from
mutualistic to antagonistic and pathogenic depending on several influencesylicammental conditions

or physiological conditions of the host plar0; 21] Many Colletotrichumspecies are endophytes for the
longestpart of their life cylce. [5; 2; 14] The majority of endophytic Colletotrichum species belong to the
boninensegloeosporiocidesndgraminicolacomplexes. [2i 24]

Necrotrophic lifestyleZ): Necrotrophs actively infect and colonizes plant cells. The pathogens secret cell
wall-degrading enzymes and toxins leading to cell death of the plants to feed subsequently as saprotrophs.
[25i 27] Formation of necrosis is a characteristic symptom of the infected tid¢€lidlinost all species of
Colletotrichumdevelop a necrotrophic stadaring their life cycles. [1;4]

Hemibiotrophic lifestyle §): A hemibiotrophic mode of life is characterized by a short biotrophic phase
after infection of the host, followed by a necrotrophic phase. [15BDaring the biotrophic phase, the
pathogen absorbs nutrients without killing the plant cel&. This requires various strategies as masking

of the invading hyphae to suppress or evade plant defense mechang23g] This phase usually lasts a

few days, after which the transition to necrotrophy occurs.glL; 1

Quiescent lifestyle4): Quiescence (latency) corresponds to a longer period of time during which the
pathogen is dormant in the host. During this time, the pathogen dogeonotind no symptoms appear

until it transitions to an active state. This mode of life is particularly important for pathogens that cause
postharvest disease, such@sgloeosporioide®r C. acutatum [12; 30] Studies by Talhinhaand ce
workers(2011) have shown that in immature fruits only infection of the host takes [Baf€donization

only occuredwhenthe fruits began to ripen3{]
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Figure 2-1 Life cycle of Colletotrichumadapted by Jayawardena anevearkers. []

2.1.2 Infection strategies

Pre-infection

The infection of plants starts with the adhesion of spores (conidia) and their germination. Conidia are
produced in acervuli embedded in a glycoprotégh mucus. [8] The mucus also contains germination
inhibitors and numerous enzyme&] 3 he initial attachment of the conidia to the host cuticle occurs via
hydrophobic interactions with proteins localized on the spore surfdse83234] To initiate germination

and the formation of the appressorium (specialized infection structure), the conidia needsognals

from the plant surface. These signals can be either chemical, such as a certain composition of the surface
wax or the presence of the fruit ripening hormone ethylene or physical, like a required contact with hard
surfaces to induce gene exmies. [5; 351 37] Once the appressorium grows, a melanin layer is
incorporated and osmolytically active compounds are synthesized, leading to an inctbasatirnal

turgor pressure. Both factors are essential for penetration into theeH@gth small penetration pegs.g§2

38i 40|

Postinfection

Colletotrichum species can utilize either intracellular hemibiotrophy or subcuticular intramural
necrotrophy41] Intracellular hemibiotrophic species use specialized infection structures called primary
hyphae to invade host cells with or without prior formation of an infection vesicle. The primary hyphae are
surrounded by a membrane that separates the fungafarallitfie host cell. In this biotrophic stage, the
plant cells remaialive,and the fungus evades defense mechanisms. In the transition toapdgrathinner
hyphae are formed that are not surrounded by a membrane and secrete lytic enzymes arRDt@ans. |

28; 41] At least three variants of intracellular hemibiotrophy can be distinguish&fl.1{1The C.
destructivunmodel has a very limited biotrophic phase. Only a single cell is colonized by primary hyphae
before secondary hyphae are formed that kill host cells ahead of infecHph.. [Bhe second model is that

of C. orbiculare Multiple cells are colonized by primary hyphae. Infectetsaghdually die, starting with

the first infected cells. During the transition to necrotrophy, secondary hyphae are formed that kill host cells
ahead of infection. (3 Ill : The third model is th€. graminicolamodel. Similar tcC. orbiculare multiple

cells are colonized by primary hyphae. However, secondary hyphae are formed only as branches from
primary hyphaebehind the advancing biotrophic colony front. Thus, in this model, biotrophy and
necrotrophy occur in parallel. $244] In subcuticular intramural necrotrophy, the pathogen grows under
the cuticle, in the periclinal and anticlinal wall of the epidermal cells and dissolves the celityalb][
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2.1.3 Colletotrichum graminicola(Ces.) G.W. Wilson

Colletotrichum graminicolais an important member of the genGslletotrichumand is part of the
graminicola species complex which comprises 16 species associatedPadtbeag(grasses). It is a
hemibiotrophic species that uses intracellular hemibiotrophy and causes anthracnose leaf blight and
anthracnose stalk rot dea mays|[1; 3; 4] C. graminicolais estimated to cause yearly damages of one
billion USD in theUSA alone. [4]

2.1.4 Known metabolites

Colletotrichumproduces a wide range of secondary metabolites with different activities and fun&tions.
review by Kim et al. published in 2018records at least 109 metabolites. ¥4
However, they can be divided infilaur categories based on the key enzyme for their biosynthesis, namely
polyketides (polyketide synthases), terpenes (terpene synthases), alkaloids (dimethylallyl tryptophan
synthases) and peptides (raimosomal peptide synthase8] [

Polyketides

Polyketides are a structurally diverse family of natural products with a broad spectrum of bioactivity. They
are formed by repeated Claisen condensation of@op with malonytCoA starter units catalyzed by
multimodular polyketide synthases. Metabolitas be further subdivided according to the number of
acetate units involved, e.g. into-tdr tetraketides. In addition, polyketides can be distinguished by the
degree of keto processingnreduced owonly partially reduced structures can lead to cyclic aromatic
compounds, while largely reduced structures lead to linear or macrocyclaromatic structures8j 49i

51] Examples of this diverse structural class incluaenorden 2.1) and colletolactone A 2.2), both
compoundsverepresent irC. graminicola(seeFigure 2-2). [52; 53]

Terpenes

Terpenoids are formed from repeating units-e&on building blocks, isopenterdiphosphate (IPP) and

its isomer dimethylallyl diphosphate (DMAPP). The repetitive keaadil condensation of IPP and
DMAPP catalyzed by prenyltransferases, results in the synthesis of prenyl diphosphates of increasing
length: geranyl (&), farnesyl (Gs) and geranylgeranygliphosphate (¢s). These, in turn, form the starting

point for numerous downstream syntheses leading to a variety of derivatives such as sesquiterpenes,
diterpenes, and others8;[54] Examples forpreviously reported terpenoids are theorengype
sesquiterpene colletoic aci?.g) and thenmonoterpene Bydroxy-Uterpinene 2.4) (Figure 2-2). [55; 56]

Alkaloids

Another important class of secondary metabolites are alkaloids. Based on their heterocyclic ring system
and biosynthetic precursors they are divided in several subclasses including indoles, purines, quinolines
and imidazoles. However, the vast majorityatikaloids detected iolletotrichumbelong to the indole
alkaloids. Indole alkaloids are produced by dimethylallyl tryptophan synthases from tryptophan via the
indole pathway.§; 57] Indole-3-acetic acid 2.5) andcolletotriauxin A @.6) are shown irFigure 2-2 as
examples of the indole alkaloids previously identifie€Coiletotrichum [58; 59]

Nonribosomal peptides

Non-ribosomal peptides are small peptidic molecules with a wide randpoattivities produced by
nonribosomal peptide synthases (NRPS). NRPS are large multimodular enzymes (> 100 kDa). Within a
single module are multiple catalytic domains catalyzing a cycle of amino acid activation, peptide bond
formation and optional tailoring reactioni60; 61] However, each NRPS can synthesize only one type of
peptides. [@] A wide variety of structures such as #iderophorderricrocin .7) [63], diketopiperazines

such as brevianamide R2@) [64], and cyclic peptides such as tentoxth9[ [65] have already been
describedrom Colletotrichum.
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Figure 2-2 Metabolites from the gen@olletotrichum

2.1.4.1 Phytotoxic metabolites

Colletotrichumspecies produce phytotoxic metabolites, which induce symptoms on plants similar to those
of the pathogen itself8] Phytotoxins can be further divided into hagtecific and nothostspecific toxins.
Hostspecific toxins are considered to be metabolites that are phytotoxic only to the host of the pathogen,
while norrhostspecific toxins can affect different plants8{46] However, hosspecific toxins were rarely

found in Colletotrichum Alleyne and ceworkers (1995) reported a hospecifc toxin from C.
gloeosporioidesonsisting of polysaccharides with one or more protein components. An exact structure
was not reported. It was also found that phytotoxins were often falsely declared-sgduifst, although

no test was performed on plants other than the host fBait.

Nevertheless, numerous rbost specific phytotoxins fror@olletotrichumhave been identified so far.
Phytotoxins from all four groupsee2.1.4 are known, including the compounasi 2.9 (Figure 2-2).

Other examples of phytotoxic compounds are showigare 2-3, i.e.arecolletotrichin A .10 isolated

from C. nicotiana€g68], colletochlorin A @.11), 4-chloroorcinol .12 and colletopyrone2(13 isolated

from C. higginsianunj69], and mycosporin alanin@ (L4 isolatedfrom C. graminicola [32]

o
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Figure 2-3 Phytotoxic metabolites from the gen@slletotrichum.
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2.2 Herbicides

2.2.1 General

Herbicides are agrochemicals used to prevent or interrupt normal plant growth and development of
unwanted vegetatio(weeds). Y0, 71] They can be classified according to various aspects, including
translocation, time of application, method of applicatgpecificityand mode of action (MOA). (Table 1)

Table 2-1 Classification of herbicides.

Classfication Subdivision
. contact/ norsystemic
Translocation ?
systemic
Selectivity selectlwty
nonselective
preplant
Time of application pre-emerge
postemerge
Method ofapplication soll
PP leaf
Mode of action see2.2.2

Based on their translocation characteristics herbicides can be divided into contact agents and systemic
agents. Contact agents are taken up by the plant surface but are notramgiecated through the plant.
Accordingly, their effect is limited to plant tissues that comes into contact with them. An example for a
contact herbicide is paraquat. Systemic herbicides, on the other hand, are transported through the plant to
their target site via the phloem or xylem. While contact herbicides act very quacidghow symptoms

within hours,it can takeseveral days to weeksr systemic herbicidew Kkill the plant. Glyphosate is an
example of a systemic herbicid@0[ 71] Herbicides ca also be classified according to their selectivity.

While nonselective agents act on all plants, selective herbicides act only on certairspéigsvithout

affecting others. Selectivity may be due to differences in translocation, absorption morphology, or

physiology. [1]
2.2.2 Mode of action (MOA)

Currently, the Herbicide Resistance Action Committee (HRAC) lists 25 different MOA for comrhercial
availableherbicides Table 2-2). [72] In 2020, it was decided to switch from the alphanumeric system
previously used in Germany to a numeric system in order to harmonize the classification gidizally.
classesre numbereffom 1 to 34, based on the numerical system of the Weed Science Society of America
(WSSA).Within this process of harmonizaticthe classification of active ingredients into chemical groups
and/ormodeof action has also changedsulting insomemissingnumbes. [72]

The main targets for herbicides are amino acid biosynthesis, photosystem, pigment biosynthesis, lipid
biosynthesis and microtubules. In addition, auxin mimics represent a large group of herbicides.
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Table 2-2 HRAC classification of herbicides.

HRAC
Classification MOA Target Members
Inhibition of acetyl S .
1 CoA carboxylase (ACCase) Lipid biosynthesis 16
2 Inhibition of ?cha_tcs);actate synthas Amino acid biosynthesis 57
3 Inhibition of microtubule assembly Microtubules 13
4 Auxin mimics Auxin 21
Inhibition of PS IIi others than
5 hisitidine 215 Photosytem |I 31
6 Inhibition of PS Il histidine 215 Photosytem |l 4
7 - - -
8 - - -
Inhibition of enolpyruvyl shikimate , S ,
9 phosphate synthase (ESPS) Amino acid biosynthesis 1
10 Inhibition ofgI(ng;r;me synthetase Amino acid biosynthesis 5
11 - - -
12 Inhibition of ?S)étg)ene desaturase Pigment biosynthesis 7
Inhibition of deoxyD-xylulose : :
13 phosphate synthase (DOXP) Isoprenyl biosynthesis 2
Inhibition of protoporphyrinogen : : .
14 oxidase (PPO) Pigment biosynthesis 22
Inhibition of very longchain S .
15 fatty acid synthesis (VLCFAS) Lipid biosynthesis 35
16 - - -
17 - - -
Inhibition of dihydropteroate . S .
18 synthase (DHP) Amino acid biosynthesis 1
19 Inhibition of auxin transport Auxin 2
20 - - -
21 - - -
22 PS | electron diversion Photosystem | 2
23 Inhibition of mlprotuble Microtubules 3
organization
24 Uncouplers 2
25 - - -
26 - - -
Inhibition of hydroxyphenyl . : .
27 pyruvatedioxygenase (HPPD) Pigment biosynthesis 14
Inhibition of dihydrooroate o .
28 dehyhdrogenase Pyrimidin biosynthesis 1
29 Inhibition of cellulose synthesis Cellulose biosynthesis 6
30 Inhibition of fatty acid thioesterast Lipid biosynthesis 2
Inhibition of serine threonine : .
31 protein phosphatase Protein phosphorylation 1
37 Inhibition of solanesyl diphosphat Plastoquinone 1
synthase
33 Inhibition of homogentisate Plastoguinone 1
solanesyltransferase
34 Inhibition of lycopene cyclase Pigment biosynthesis 1
Unknown MOA - 16
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Targetamino acids

Three enzymes of the amino acid biosynthesis are important target sites of herbieidekysuvyt
shikimate3-phosphate synthase (EPSP synthase), acetolactate synthase (AL§)ytamihe synthase

(GS). [B] The EPSP synthase is an enzyme in the shikimate pathway required for the biosynthesis of
aromatic amino acids (i.e. tryptophan, phenylalanine, and tyrosine). Inhibition of this enzyme leads to a
deficiency of essential amino acids for protein biosynghdai addition, the biosynthesis of a variety of
secondary metabolites important for plant growth and development, such as the plant hormot& indole
acetic acid2.5), is disrupted. The only herbicide that uses that targéyptgsate 2.15 (Figure 2-4-A).

[73i 75] ALS is an enzyme required in the synthesis of the branched chain amino acids leucine, isoleucine
and valine. I't catalyzes the c¢ondens «&detdbuymate of t wec
2-acetolactate or-acetohydroxybutyrate, respealy. Inhibition of this enzyme leads to the accumulation

of 2-oxybutyrate and its transamination produ&r@ino butyrate, which seeto be toxic for the plant.

Plants treated with these inhibitors stop growing, eventually wilt and turn red as-irstessd
anthocyanins accumulate 3776] ALS inhibitors are the largest group of commercial herbicides, including
sulfonylureas, imidazolinone and triazolopyrimidifeégure 2-4-B).

GS catalyzes the condensation of glutamate and ammonia to glutamine. Inhibition of this enzyme leads to
an accumulation of ammonium ions which causspéd uncoupling of photophosphorylation, inhibition of
photosynthetic carbon fixation and disruption of amino acid synthesis, upon which photorespiration
depends. Symptoms are leaf wilting, followed by necrosk. 78] The only representatives of this group

are glufosinate ammoniu(2.19 and bialapho$2.20 (Figure 2-4-C).
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Figure 2-4 Examples of herbicides inhibiting the amino acid biosynth@si&PSP synthase inhibito8; ALS inhibitors,C: GS
inhibitors, highlighted in red is theore structuref thecorrespondingompound class

TargetPhotosystem | and Il

Photosystem | is an integral membrane protein complex that uses light energy to produce NADPH.
The herbicides in this group, idiquat(2.21) andparaquat2.2? (Figure 2-5-A), can be reduced by PS |

and subsequently form reactive superoxide radicals. These react to form numerous other radicals, including
hydroxyl radicals, which rapidly lead to membrane destruction and cell death. This reaction occurs rapidly
under daylight onditions when the redox strength of PS | is high, and PS Il produdes$afye quantities.
Symptoms of these herbicides are wilting, followed by necros. [7

Photosystem Il is a membrane protein complex that catalyzes thanbigited water oxidation in oxygenic
photosynthesis. Through this reaction light energy is converted to electrochemical potential energy, which
is used to produce ATP and NADPH in folowing. Part of this electron transport chain are among other
the D1 protein and the dactor plastoquinone (PQ), which normally binds at thebiqding site of the D1
protein. PSHinhibiting herbicides act by competing with the PQ molecule for ésit® of the D1 protein

and thus block the electron transfer. This will lead to many cellular dysfunctions, including deficient CO
binding, loss of carotenoids followed by the destruction of chlorophrlisunlight the treated plants wilt

and turn brown, in less light the process is slower, the leaves turn white or necéd@&] Examples of
photosystem Il inhibitors are triazindike atrazine 2.23 and ureasike monuron 2.24 (Figure 2-5-B).
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Figure 2-5 Examples of herbicides inhibiting the photosystein, photosystem | inhibitorsB: photosystem Il inhibitors,
highlighted in red ishecore structur®f thecorrespondingompound class

Targetpigmentsynthesis

Targets of inhibition of pigmensynthesis include phytoene desaturase (PDS), hydroxyphenylpyruvate
dioxygenase (HPPD) and protoporphyrinogen oxidase (PPO), which are important for the synthesis of
carotenoids or chlorophyll.

PDS is an enzyme required for the biosynthesis of caroter@gstenoids are important for quenching
reactive oxygen species (ROS). Carotenoid deficiency leads to the destruction of chlorophyll, so plants are
unable to perform photosynthesis. Characteristic symptom of PDS inhibitors is bleaching of theflant. [7
76] An example is the phenylether derivative beflubutar@i9) (Figure 2-6-A)

HPPD is necessary for the synthesis of plastoquinone (PQoaopherols. PQ is a dactor of PDS.
Therefore, a lack of PQ leads to the same symptoms as PDS inhibitors. Additionally, PQ is required for the
electron transport in photosynthesis. In addition, PQ is required for electron transport in photosynthesis, so
mature leaves are also affected byttkatment with HPPD inhibitors. Herbicides of this class are triketones

like mesotrione and pyrazoléSigure 2-6-B). [76]

PPO is an enzyme involved in porphyrin synthesisrerequisite fdooth heme and chlorophyill. Inhibition

of this enzyme causes theleaseof its substrate protogdiX from the porphyrin pathway to cellular sites
where it is oxidized to proto IX either n@mzymatically or by nospecific oxidases (e.g., peroxidases).
Proto X is a photodynamic agent that generates reactive oxygen species in the presence dfilight lea

cell destruction. PPO inhibitors cause rapid burning and necrosis of the plants. Several chemical classes of
herbicides act on this enzymiés a @mmonfeature of thesderbicidesthey possesat least two rings
allowing them to bind to PPO. §7 79] Bifenox (2.28 is an example of an PPO inhibiting herbicide.

A [ J B ) C
O O NOy 1
HO 0 0O=5— ClL NO,
F. i H S OCH;
0. - “':\\
F 0 S % N F
F

Beflubutamid (2.25) Mesotrione (2.26) Pyrasulfotole (2.27) Bifenox (2.28)
phenylethers triketone pyrazole

Figure 2-6 Examples of herbicides inhibiting the pigment synthesis?DS inhibitorsB: HPPD inhibitorsC: PPO inhibitors,
highlighted in red ishecore structur®f thecorrespondingompound class

Target Ipid biosynthesis

Targets involved in the lipid biosynthesis include the ag8oA-carboxylase (ACCagand the verjong-

chain fatty acids elongases (VLCFAS).

ACCase catalyzes the first step in fatty acid synthesis, the carboxylation of@gatydb form malonw

CoA. Inhibition blocks the formation of lipids and secondamgtabolites andkads in consequence to a
loss of cell membrane integrity, metabolites leakage and rapid plant @&a8i][Symptoms of treatment

with ACCase inhibitorsuch as propachlo2 29 are accumulation of anthocyanins followed by necrosis.
Mature leaves are affected morevgly compared to young leaves6[7

VLCFAs are necessary for the synthesis of waxes, cutins and suberins. Inhibition of this enzyme leads to
the arrest of cell division, followed by slow dehydration of the plant and increased susceptibility to
pathogens. Symptoms include reduced growtth @mling and twisting of the leaves.5776; 82] The
cyclohexanedione sethoxydir®.80 is an example of a VLCFA inhibiting enzyme.
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Propachlor (2.29) Sethoxydim (2.30)
a-chloroacetamide cyclohexanedione

Figure 2-7 Examples of herbicides inhibiting the lipid biosynthesis ACCase inhibitorsB: VLCFA inhibitors, highlighted in
red is thecore structuref thecorrespondingompound class

Target nicrotubules

Microtubules are polymers of tubulin and are pathefcytoskeleton. The division and elongation of plant
cells and the formation of cell walls require proper microtubule functioning. Herbicdels as
dinitroaniline @.31) can interfere with these processes by either binding tubulin or interfering with the
centers of microtubule organization or proteins associated with microtubules. Characteristic symptom is
swelling of the root tips. ]

Trifluralin (2.31)
dinitroaniline

Figure 2-8 Example of herbicides inhibiting tiaicrotubuleassembly, highlighted in redtisecore structuref thecorresponding
compound class

Target aixin mimics

Auxins such as-thdoleacetic acid2.5) are plant hormones required for cell elongationgmevth. Auxin
mimicking herbicides cause initial rapid growth associated with increased metabolism. This phase is
characterized by curling of stems and leaves, swelling of tissue, and rapid length growth. Synthesis of
ethylene and abscisic acid is alsonstiated. High levels of abscisic acid inhibit growth and metabolism by
closing stomata, which in turn leads to the formation of reactive oxygen species. The final stage is
senescence and cell death. Important representatives of this group@r@ 33 anddicamba(2.33.

ClL. OCH; O
Cl )
OH OH
U/ﬁr

1 o} 1
2.4-D(2.32) Dicamba (2.33)
phenoxy carboxylate benzoate

Figure 2-9 Examples of auxin mimicking herbicides, highlighted in rethécore structuref thecorrespondingompound class
2.2.3 Resistances

The increasing number of herbicide resistances is a raar in agriculture, especially since only few
herbicides with a new mode of action have been introduced to the market for the last 309;628:s84F

To date, there are 530 known cases of herbigdestant weeds worldwideomprising272 species (155
dicotyledons and 117 monocotyledonajeeds have already developed resistance to 21 of the 34 known
herbicide sites of action. 5B

Herbicide resistancés a natural result of the evolutionaryogess. However, many different factors
influence the dynamics of this proceSer instance, repeated use of herbicides with similar modes of action
increases selection pressure on plants, accelerating the development of resi§a&8e3[BAccording

to the HRAC it can be distinguished between herbicide resistance and herbicide toleRcpldit is
defined as herbicidesistantf the plant survives the use of an herbicide in the recommended concentration.
An herbicide tolerant plant is alsopableof reproductiorafter the treatment with the herbicide. Further,
herbicide resistance mechanisms can be divided into tsitge{TSR) and noctargetsite (NTSR)
resistances. [8 83|
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Targetsite resistances

TSR mechanisms can be classified into two groups. TSR of the first group are caused by mutations in the
amino acid sequence and result in the inability of the herbicide to bind to the enzyme. In some cases, the
enzyme activity may also be reduced whilesoiretain full enzyme function. TSR mechanisms are specific

to a single site of action. However, cragsistances with other chemical families within this site of action

may also occur. @ 88] These different effects will be illustrated in the following two examples. The first
example is a single amino acid substitution in pbAgene, which encodes for the D1 protein of the
photosystem Il (se@.2.2. Typically, a single amino acid change in this gene will lead to-leghl
resistance of herbicides of the same chemical family, but only moderate or no resistance to other families.
For instance, substitution of glycine for serine at position 264pneNent binding of triazines, but not of
triazones or nitriles. However, this substitution also affects the binding of plastoquinone, which results in
the impairment of the photosynthesis;[88; 89] The second example is a mutation of the ALS &2€6).

Several ALS mutations are known, and the strength of resistance as well as the spectrum of resistance across
chemical families varies depending on the mutation. For example, tH&/Zmmutation leads to resistance

to both sulfonylureas and imidazolinortescause the binding sites of both classes of herbicides overlap on
the enzyme. In addition, the activity of the enzyme is not affected by the mutation as it is not located at the
substrate binding site. $8

Both examples shown are caused by asyoronynous single nucleotide polymorphism, the most common

TSR mechanism. Further, multiple nucleotide polymorphism or complete codon deletion can occur.

TSR of the second group arise by increased expression of the gene at the target site. This can result from
regulatory changes that increase transcription or from increased genomic copy number of the gene.
conseguence, higher amounts of the herbicide are needed to inhibit the target eréi\88k. [8

Nontargetsite resistances

NTSRs involve a number of neapecific mechanisms that ensure that the herbicide concentration originally
used is no longer sufficient to kill the plant. NTSRs include reduced absorption and/or translocation in the
plant or increased sequestration on eells or in vacuoles, which reduces the concentration of active
ingredients reaching their target enzyme. Reduced absorption for instance can be a result of changes in the
physical and chemical properties of the cutid®€] Another mechanism is an increase in plant metabolism,
which leads to increased degradation of the herbicide to less toxic compo&in88] e detoxification

of herbicide can be divided into three phases. Phase | involves the functionalization (e.g. hydroxylation,
oxidation, reduction) of the molecule to increase its hydrophilicity mediated by cytochrome P450. In the
second phase the molédesiare conjugated to biomolecules such as glutathione or sugars, followed by the
transport to vacuoles or cell wallkthere additional breakup or sequestration takes place (phase8jl). [8

91

2.2.4 Regulations in the European Union (EU)

The approval of pesticides is a tgtage process. In a first step the active substance must be approved by
the EU. The legal basis is Regulation (EC) No 1107/2009, which lists the necessary approval criteria. Thus,
in addition to demonstrating sufficieefficacy, criteria for persistence, toxicity and bioaccumulation must
also be fulfilled. The dossier to be submitted must allow maximum residue levels (MRLs) and, where
appropriate, acceptable daily intakes (ADIs) to be establisheed oravailable dataln addition, valid
analytical methods for the determination of the substance must be specified. The evaluation is carried out
by the member states, the European Food Safety Authority (EFSA) and the European Commission (EC).
In Germany, the Federal Officé Consumer Protection and Food Safety (BVL), the Federal Environment
Agency (UBA), the Julius Kihn Institute (JKI, Federal Research Centre for Cultivated Plants) and the
German Federal Institute for Risk Assessment (BfR) are involved in this evaludteapproval is usually

valid for a period of 10 years, after which aenaluation has to be carried out. The subsequent step is the
approval at the national level. The legal basis is Regulation (EC) No 1107/2009 and Directive 2009/128/EC,
implemented in @many in the law on the protection of cultivated plants (PflISchG). Since the respective
pesticide usually contains not only the active ingredient but also a number of adjuvants such as solubilizers,
spreading or wetting agents, again numerous criterig teigulfilled, as was the case for the active
ingredient aloneApplicants can also apply for simultaneous approval in several member states of a zone.
In this case, the evaluation is carried out jointly by the countries involved (zonal approval). friestbldr
countries are divided into three zoit@sed on theitlimatic conditionsSouth,Central andNorth. [22; 93]
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2.2.5 Herbicides from natural sources

As mentioned earlier, the increasing incidence of resistance is leading to an urgent need for the development
of herbicides with new mechanisms of action. In this context, nathiyabtoxins are of increasing interest,

either as herbicides used directly, as templates for the synthesis of better herbicides, or for the identification
of new target sides. f896] Natural products have had a significant impact on the development of
pesticides. Thus, Cantrell et al. (2012) categorized all pesticide registrations during the period@d®7

into synthetic, synthetic natural, natural product, and biological pd=s$if97] Interestingly, in the case of
fungicides and insecticides, ab@&i@t % were either natural products or natural product derived, while for
herbicides only 8 % were natural product derived] [Ponsidering all pesticides recognized by HRAC
(Herbicide Action Resistance Committe&RAC (Insecticide Action Resistance Committee) and FRAC
(Fungal Resistance Action Committee) and adding all natural products, natural product derived compounds,
and compounds that have (potentially) used natural products as a model, the percent#geampared

to 39 % for purely synthetic cqmunds. [8] This clearly underlines the high potential of natural products

in the development of pesticides.

In addition, public and political pressure on organic agriculture is growing. However, the direct use of
natural products in commercial herbicides is vémjted, in addition to their advantages they alsve

several limitationsWhile natural products offer a wide variety of unique scaffolds with oxyged
nitrogenrich molecules, this structural complexity in turn makes the synthesis ofcitragp@unds difficult

and cosintensive Another advantage and disadvantage in equal measure is the relatively sHibet ihalf

the environment. On the one hand, the absence of "unnatural” ring structures as well as the low content of
heavy atoms makes these compounds much more environyéngaitlly. On the other hand, however,

the rate of degradation may be too rapid for them to be effective herbicides. Further, their physicochemical
properties might be not ideal for an uptake or the translocatithreiplant to cause effects at economic
costs. [8] Nevertheless, natural products can be used as templates for efficient herbicides by simplification
of the corestructure to reduce the costs of the synthesis or by derivatization of the compound to improve
its physiochemical properties.g998]

Two examples of natural products used as commercial herbicides recognized by HRAC are pelargonic acid
(2.34Figure 2-10) and bialapho$2.20). Pelargonicacid (2.34) is a fatty acid used as a contact herbicide at

high doses. It acts by disrupting the plasma membra6e99) Bialaphos(2.20, on the other hand, is a
tripeptide produced bytreptomyces hygroscopiasmd S. viridochromeogenethat acts by inhibiting
glutamine synthase, as described in chagt@2 [96] The phytotoxic properties are related to its
phosphinothricin group. Thus, bialoph@20) gaverise to the synthetic herbicide glufosinate ammonium
(2.19, which is a racemate of the aforementioned phosgfrinot. Another example is-Bidoleacetic acid

(2.5 which served as a model for the development of several -airiicking herbicides. [§]
Additionally, numerous natural products have more than one MOA, which demonstrates another advantage
of natural products as a basis for new herbicides. Examples are sarni@héeolated fromPiper sp.

[10Q, sorgoleond?2.36 from Sorgheum bicolofL.) Moench L01] and 3acetyt5-isopropyltetramic acid

(2.37. [102] None of the commercially available herbicides exhibit this characteristic. However, the
presence of multiple targets would make the development of resistance much less 6k&8][9

o
OH
O,
0

H )\/\/’\/\/\ =0

0 y

| N

i

/

Pelargonic acid (2.34) Sarmentine (2.35) Sorgoleone (2.36) 3-Acetyl-5-isopropyltetramic acid (2.37)
Figure 2-10 Examples of natural products with herbicidal activity.

The classical approach to identify new natural products of interest is biapssay isolation of crude
extracts. After eackeparation step, all fractions are retested for bioactivity, and the active fractions are
further purified. The structures of the isolated compounds are elucidated by INRNRS and Xray
christallographyAnother approach are structelvased tactics. Initially, the crude extract is screened for
unique structural properties. Fractionation is based on the novelty of the compoudpklod@ver, the
classical approach of natural product isolation leads to increasing numbergisfaeeries. [18; 105]

Future prospects include genordeected discovery of new natural products and their subsequent
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expression from gDNA in heterologous hosts. To date, this approach has been limited due to bioinformatics
challenges in identifying new gene clusters and subsequently predicting chemical structures. Especially
since there are a number of natymadductsn which additional genes at distal loci to its biosynthetic gene
cluster are involved. [¥) 106; 107] Another approach is the combination of genommalysis with
metabolomics to verify biosynthetic gene clusters and to link them to natural product families. However,
also this concept requires a large amount of data to allow this linkade 1[B)

2.2.6 Delayed fluorescence

Definition anddelimitation

Delayed fluorescence is a type of luminescence. In general, luminescence is understood as the emission of
light from an excited electronic state of molecules. Depending on its origin, luminescence can be divided
into photoluminescence and chemoluminescemtephotoluminescence, molecules absorb energy by
exciting electrons from the ground state to a higher state. Upon return to the ground state, the absorbed
energy can be converted into radiation.g[L0hree types of radiative transitions are kndkigure 2-11-

A-C): fluorescenceX), phosphorescencB) and delayed fluorescendg)(

FluorescenceX) is the emission of photons from @irst excited singlet state) to &inglet ground state

of the molecule). A singlet state of a molecule is one in which all electrons are paired in up and down pairs.
Thus, it is a radiative transition between two electronic states of the same spin multiplicity. Fluorescence
occurs on aimescale of 18°to 10’ s.

PhosphorescencB)is the emission of photons from (first excited triplet state) to,®f the molecule. A

triplet state is one in which one set of two electrons in different orbitals have the same orientatjpn, up

or downdown. Thus, it is a radiative transition between two electronic states of different spin multiplicity.
Typical phospharscence lifetimes are @ 10 s, well above those of fluorescence.

Delayed fluorescenceCy is the result of two intersystem crossings. An intersystem crossing is-a non
radiative transition between two isoenergetic vibrational levels belonging to electronic states with different
spin multiplicity. The intersystem crossing occurs first fromdsT;, then from T to S, followed by a

radiative transition to & The emission is identical in wavelength to standard fluorescenc®. 110

Delayed fluorescence is caused by two different mechanisms: thermally activated delayed fluoaestcence
triplet-triplet-annihilation.

In thermally activated delayed fluorescence occurs a transition fieenS through reverse intersystem
crossing. To do this, the molecule must have sufficient thermal energy to overcome the energy gap between
the S and T, states. In tripletriplet annihilation, energy transfer occurs between two molecules imthe T
state. In this process, one molecule is transferred to; tht@t8, while the other returns to thestate.

A Fluorescence B Phosphorescence C Delayed Fluorescence
o EE— B  E—
S, T — T/ S —
_—_— T r— —
N 1 g A
So I——— So I————— So I——
7 I P

Figure 2-11 Jablonski diagram d&: fluorescenceB: phosphorescenc€; delayed fluorescence.

Delayed fluorescence in plants

Delayed fluorescence, also called afterglow, is a weak light emitted by green plants, algae and
photosynthesizing bacteria for a shperiodof time after a preceding illumination. Delayed fluorescence
follows the prompt fluorescence, which is extinguished after about 5 ns after illuminatidn.1[P]

Source of this emission is chlorophglin the lightharvesting antenna, associated with Photosystem Il (PS

). [109]

When P680 (PS Il chlorophyll) absorbs photon energy from the antenna complex, it transitions to an excited
state P680*[113] From this unstable state, an electron can be transferred, via a phaeophytin molecule, to
the primary electron acceptor plastoquinone A)(Q@he electron can then be further transferredg@Q
transferred back to recombine with P680xidized form of P680) androduce a rexited P680*. [14;

115] The reexcited P680* can generate DF either by emitting a photon directly or after transfer back to the
antennas. [13] Thus, it can be summarized that DF exists, because all redox reactions of the photosynthetic
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electron transport are reversible. Y1 @elayed fluorescence of plants was first discovered by Strehler and
Arnold (1951) and since then had become a powerful tool to investigate environmental influences on plants.
[116] Major advantages are the high sensitivity of photosynthesis to environmental factors, as well as the
possibilityto carry out measuremertsnative samples. [B) Various application of delayed fluorescence

for the analysis of different chemical and physical factors have been descrithed literature [17],
including herbicides [1d], drought stress [ 120], heat stress P, heavy metals [12, nutrient
deficiencies [13] and many more.
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3 Isolation of phytotoxic compounds from Colletotrichum
graminicola cultivated in HMG medium

Abstract

Bioactivity-guided isolation of cultures ofColletotrichum graminicolagrown in HMG
(HefeextraktMalzextraktGlucose) ismedium resulted in the isolation of 19 compounds. The
compounds include six previously unknown compourdd$ 3.107 3.12 3.17and3.18), eight
diketopiperazines3(2, 3.41 3.9and3.15), three acetamide8.@3, 3.131 3.14) lumichrome 8.16

and uracil 8.19. Their structures were determined by NMR spectroscopic analysis anrd ESI
HRMS measurements. Absolute configurasiarf the diketopiperazines eve established by
guantum chemical CD calculatierThe phytotoxic activity wadeterminedising a leaf spot test
on Arabidopsis thalianaCol-0 at concentrations between 100 and 10 mM. 11 oubdédted
compounds showed a phytotoxic activity. Thghest rate ophytotoxic activity was achieved by
the diketopiperazinesyclo-L-Leu-L-Pro(3.2) andcyclo-L-Trp-D-Pro(3.9), which caused necrosis
up to a concentration 20 mM.
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3.1 Introduction

HMG (HefeextraktMalzextraktGlucose)is an undefined medium, also called complex medium, which
consists of malt extract, yeast extract and glucose. It provides the orgactiscarbon and nitrogen
sources, but the exact composition, e.g. quantities of nutrients, is unknown. [1] The malt extract serves
mainly as a source of carbohydrates (mainly maltose), while the yeast extract serves as a source of amino
acids, peptides andlatersoluble vitamins. [2]

In a previous study, Horbaamnd ceworkersinvestigatedColletotrichumgraminicolagrown on HMG
medium.[3] Part of the work dealwith the isolation of secondary metabolites from the culture filtrate of
the wild type and theubsequent biologicalvaluation of isolated secondary metabolifesa resulté new
secondarymetabolites, including two pyrones, two anthraquinones,-aytifoxyanthrone, and an 11
membered macrolactone, as well as the known compounds orcinol and trygtegba 3-1) could be
recognized The isolatal compounds were tested for their phytotoxic activity by applying 5 pL droplets
(concentration Jug/pL) on the surface offounded and newounded maize leaves. Howeveo, necrosis
could be observedsuggesting that the compounds are not phytotoxic. In addition, the siderophores
coprogen B, 2\N-methyl coprogen B, and ferricrocin were detected, as well as i3dmbetic acid,
himanimide C and-phenylethano(Figure 3-1). [3] Phytotoxic or growth inhibitory effects have already
been described in the literature for ferricrocin arid-2iethyl coprogen B [4], indoi8-acetic acid [5] and
2-phenylethanol [6].
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Figure 3-1 Compounds fronC. graminicolagrown in HMG medium. [3]

This chapter describes the bioasgayded isolation and structure elucidation of six previously unknown,
together with 15 known compounds fr&@ngraminicolagrown in HMG medium. All isolated compounds
were tested for their phytotoxic activity using a tepbt assay oArabidopsis thalianaol-0.

3.2 Experimental

3.2.1 General experimental procedures

Column chromatography was performed on polyamide @€ @Vacherey NagelGermany)silica gel 60
(0.0637 0.200 mm, Merck, Germanysilica gel 60 silanized (0.068 0.200 mm, MerckGermany),
Sephadex LFRO (Fluka, Germany) andiol-functionalized silica ge(0.0707 0.200 mm,Supelco
Germany)whereas analytical TLC was performed on-poated silica gel 54 aluminum sheets (Merck,
Darmstadt, Germany).
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HPLC

The analytical and senrpreparative HPLC s performed either on a Shimadzu prominence system
(Shimadzu Europe, Germargguipped witra CBM-20A communication bus module, a SRI20A diode

array detector, a FR@OOA fraction collector, a DG0A5SR degassing unit, a LEOAT liquid
chromatograph and a SROA HT autosampler or on a Agilent Infinity 1260 system which consist of a
autosample(G1329B), a degasser (G1322A), a quaternary pump (G1311B), a thermostated column
compartment (G1316A) with thermos{&1330B), an analyticadcale fraction collector (G1364C) and a
diode array detector (G1315C). Following columns were used: Zorbax Eclipse XDB column 1 (5 uM, 80
A, 250 x 9.4 mm ID, Agilent, Germany), OBScolumn 2 (3 uM, 120 A, 150 x 4.0 mm ID, YMC Euy®,
Germany), Triart C18 column 3 (5 uM, 120 A, 150 x 10.0 mm ID, YMC Europe, Germany), Poroshell 120
EC column 4 (2.7 uM, 120 A, 50 x 4.6 mm ID), OBScolumn 5 (5 uM, 120 A, 150 x 4.6 mm ID, YMC
Europe, Germany) or an OBScolumn 6 (5 pM, 120 A, 150 xaLO mm ID, YMC Europe). The following
solvent systems were used@H(A) and CHCN (B) (solvent system |); #D (A) and methanol (B) (solvent
system II); HO + 0.1% TFA (A) and CHCN + 0.1% TFA (B) (solvent system Ill) and2@ + 0.1% FA

(A) and methanol + 0.% FA (B) (solvent system 1V).

High-resolution mass spectrometry

The highresolution mass spectrometry was either performed from an Orbitrap Elite mass spectrometer
(ThermoFisher Scientific, Germany) or from a QTOF MS instrument (TripleTOF 6600, Sciex, Canada).
The used methods and parameters are listed below.

UHPLC-ESFHRMS Orbitrap Elite mass spectrometer

The negativaéon highresolution ESI mass spectra/grange 102000) were obtained from an Orbitrap

Elite mass spectrometer (Thermo Fisher Scientific, Germany) equipped with a heated electrospray ion
source (negative spray voltage 4 kV, capillary temperature 325 °C, source heater temperature 300 °C,
FTMS resolution 15.000). Nitrogen was used as a sheath and auxiliary gas. The MS system was coupled to
an ultrahigh-performance liquid chromatography (UHPLC) system (Dionex UltiMate 3000, Thermo
Fisher Scientific Germap), equipped with a RR8 column (particle size 1.7 um, 50 x 2.1 mm ID, BEH

C18, WatersGermany column temperature 40 °C) connected with a C18 guard column (particle size 1.7
pum, 5 x 2.1 mm ID, BEHC18, Waters Germany. The mobile phases were;® (A; MilliQ -system
Barnsteaf GenPur& Pro (from Thermo ScientifigGermany) and CHCN (B; Chromasoli , for LC-

MS, Honeywell Riedel de Haé Germany with 0.1% formic acid (additive for L&S, LiChropur®,

Merck, Germany. Chromatographic separation was realized using a gradient system starting from 5% B
(isocratic for 1 min) increasing to 95% B within 10 min, followed by further 3 min at 95% B (flow rate 0.4
mL/min, injection volume 3 pL). The fequilibration time of theaumn was set to 3.5 min at 5% Bhe
wavelength range of the PDA measurements was set tt80-600 nm.The CID mass spectra (buffer gas:
helium) using data dependent acquisition were recorded using a normalized collision energy (NCE) of 35%.
The CID mas spectra (buffer gas: helium) using data dependent acquisition were recorded using a
normalized collision energy (NCE) of 35%. The instrument was externally calibrated by the Pierce ESI
negative ion calibration solution (product no. 88324) from ThermioeFiScientific(Germany) The data

were evaluated using the software Xcalibur 2.2 SP1.

Direct infusion (syringe)Qrbitrap Elite mass spectrometer

The negative ion high resolution ESI mass spectra were obtained from a Orbitrap Elite mass spectrometer
(Thermofisher Scientific, Germany) equipped with a HESI electrospray ion source (negative spray voltage
3.7 kV, capillary temperature 275 °C, source heater temperature 50 °C, FTMS resolution 30.000). Nitrogen
was used as sheath gas. The sample solutions were introduced continuously ahtah@ion syringe

pump with a flow rate of 8l min'. The instrument was externally calibrated by the Pierce® ESI negative

ion calibration solution (product number 88324) from Thermofisher ScientiftA). The data were
evaluated by the Xcalibur software 2.2 SP1.

Direct injection via autosampleOrbitrap Elite mass spectrometer

Thenegativeion high resolution ESI mass spectra were obtained from a Orbitrap Elite mass spectrometer
(Thermofisher Scientific, Bremen, Germany) equipped with a HESI electrospray ion segatée/éspray

voltage 4 kV, capillary temperature 325°C, source heater temperature 80 °C, FTMS resolution 60.000).
Nitrogen was used as sheath gas. The sample solutions were injected through the autosampler (injection
volume 5 pL) without chromatogphic separation. ¥ (A; MilliQ -system Barnste&d GenPur& Pro

(from Thermo ScientificGermany) and CHCN (B; Chromasoli , for LC-MS, Honeywell Riedel de
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Haén, Germanywith 0.1% formic acid (additive for LGS, LiChropur®, Merck Germany were used as
eluents. The instrument was externally calibrated by the Pierce® ESI negative ion calibration solution
(product number 88324) from Thermofisher Scientific, USA). The data were evaluated by the Xcalibur
software 2.2 SP1.

UHPLC-ESFHRMS + SWATHTripleTOF 6600, Sciex

The UHPLC separation was performed using an Acquity UPLC system (Waters, Germany), configured in
binary high pressure gradient mode. Eluent A consisted of ultrapure water (A,-B4i8t@m Barnste&d

GenPur& Pro (from Thermo ScientificGermany) and CHCN (B; Chromasoli , for LC-MS,

Honeywell Riedel de Haé Germany with 0.1% formic acid (additive for LGAS, L|Chropur®, Merck

Germany. The gradient profile for eluent B was as follows:10.8 min 10%; 0.64.3 min increase to

95%; 4.34.7 min hold at 95%4.7 4.8 min decrease to 10%. Forgquilibration of the UHPLC column,

the gradient was set to 10% eluent B for 0.5 min. The column oven was set at 40°C and the autosampler
was cooled at 10AC. The flow rate amasofk etphe coamspla
injectedontoaBEHRE 18 column (50 mm I 2.1 mm i . Gemanfl. 7 em
guarded with a C18 guard column (2.0 mm i.d. x 4.0 mm; Phenomenex). Mass spectrometric detection was
performed using a QTOF MS ingment (TripleTOF 6600, SciexCanada) equipped with an ESI
DuoSpraylon-Source and a resolving power (full width at hafiximum, fwhm, at/z400) set of 30,000

in MS and 30,000 in Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH) MS/MS

(high resolution mode). The automated calibration device system performed an external calibration
approximately every hour. The TurboVidr i ve source equipped with a st
internal diameter) was operated with the followM§ conditions: gas 1, nitrogen (40 psi); gas 2, nitrogen

(40 psi); ion spray voltage, 5500 V; i@ource temperature, 450°C; curtain gas, nitrogen (35 psi); collision
energy, 10 eV. The MS was operated in the SWATH acquisition mode, where one compéeteeyisits

of a survey scan and a Q1 isolation strategy. The survey scan covered a massméjzodb 1000 with

an accumulation time of 100 ms. The Q1 isolation strategy covered a mass remg&Q0ff to 650 with a

23 Da SWATH window for Q1 isolatio(overlap 1 u). In each SWATH window, a collision energy of 35

eV with a spread of +15 eV and an accumulation time of about 50 ms ndsglution mode was used.

The total cycle time was 1.4 s. All MS parameters were controlled by AnalystTF 1.7 Sqbwiare.

Direct injection via Autosampler, TripleTOF 6600, Sciex

The mass spectrometric detection in positive and negative ion mode was performed using a QTOF MS
instrument (TripleTOF 6600, Sciex, Canada) equipped with afDESEpraylon-Source and a resolving

power (full width at haimaximum, fwhm, am/z400) set of 30,000 in MS. The automated calibration
device system performed an external calibration. The Turbo V ion drive source equipped with a stainless

steel electrode (100 em internal di amet etropenwas op
(60 psi); gas 2, nitrogen (70 psi); ion spray vol
ion-source temperature, 450°C; curtain gas, nitrogen (55 psi); soll on ener gy 10 V. T

accumulation time was set to 50 ms and covered a mass rangeldfO to 2500. The sample solutions
were injected through the autosampler (injection volume 5 pL) without chromatographic separ#&ion. H
(A; MilliQ -system Barnste&d GenPur& Pro (from Thermo Scientific)) and GEN (B; Chromasoli ,

for LC-MS, Honeywell Riedel de Ha&n) with 0.1% formic acid (additive for L®&S, LiChropur®,
Merck) were used as eluents.

NMR

NMR spectra were obtained from an Agilent DB@0 spectrometer using anim inverse detection
cryoprobe(Agilent, Germany. The spectra were recorded at 399.9Hj and 100.570%C), respectively.

2D NMR spectra were recorded using standard CHEMPACK 8.1 pulse implemented in Varian VNMRJ
4.2 spectrometer softwareor samples with low concentrations, NMR spectra were recorded on a Bruker
Avance Neo 500 NMR spectromet@&ruker, Germany)at 500.234 and 125.797 MHz, respectively, using

a 5 mm prodigy probe with TopSpin 4.0.7 spectrometer softwremical shifts are reported relative to
TMS.

CD
CD spectra were recorded on a Jas8d9 CD spectrophotometer (Jasco, Germany).
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3.2.2 Cultivation

The strainColletotrichum graminicolé1.001 wasprovided by Prof. Dr. Deising, Institute of Agricultural

and Nutritional Sciences, Martiouther University HalleWittenbeg. C. graminicolawas cultivatedas
semisolid culturesn Erlenmeyer flasks (IL) eachcontaining 4g cotton wool and 206hL HMG medium

(10 g/L malt extract, 10 g/L glucose, 4 g/L yeast extract) at 23°C for 13 days without agitation. In total, 260
flasks (52L) were grown. Subsequently, the mycelium and the cotton wool were separatedsfiautiute

broth by vacuum filtration. The mycelium was frozer2°C prior to extraction. The culture filtrate was
concentrated under reduced pressure to approximatelynZ50

3.2.3 Extraction

The culture filtrate was extractday partitionwith ethyl acetate (6 x 75@L). The combined organic
extracts were dehydrated by anhydrous sodium sulfatss(gpand evaporated to dryneissvacuoto
obtain a crude extract (9.1 g).

The myceliuntogether with the cotton wowlas extracted exhaustively with ethyl acetate (5 X.1if an
ultrasound bath for 60 minutes. The combined organic extractsdeéyelrated by anhydrous sodium
sulphate (Ng5Qy) andreducedn vacuoto dryness to yield a crude extract (30 g).

3.2.4 Isolation

3.2.4.1 Culture filtrate

The organic extradrom the culture filtratg9.1 g) was separated on a polyamide G&c&olumn (34 X

8 cm) eluting withn-h e x a mexanhe: ethyl acetate (1My) Y et hyl acetate Y ac
Y ac e t"w afferd sk fractions (Ali AB).

Fraction A2 (-hexane/ethyl acetate, 3% was subjected to size exclusion chromatography using
Sephadex LF20 (80 x 2.5cm) eluting with chloroform methanol (1:1y/v). In total, 40 fractions (each

18 mL) were collected and combined based on their TLC pattern to get five fractioinsBfB1 Fraction

B2 (0.85 g) was further purified on silanized s
dichloromethane methanol (95:5y/v) Y met hanol t o alfi C4.fFectidn&€3iwas f r a c
purified by analytical HPLC using column 1 with solvent system | (1.8 mL/miir22min, 351 50% B)

to obtain3.1la/b (tz== 13.9 min, 30 mg) as a mixture of isomers. Subsequently, the isomeric mixture was
separated by HPLC using column 2 with solvent system | (0.6 mLigsir7,.5 and 8.3 min).

Fraction B3 (0.9) was subjected to a silica gel column (83 x@r§ using the following gradient system:
chloroform: ethwy) ¥cethyk 6&60efld¥t 6: ¥ 250&dactiomseach Y m
20mL) were collected and combined to afford 24 fractions i{¥24). Fraction D15 contained the pure
compound3.2(1.2 mg).

FractionD13 (20mg) was finally purified on a RB8ec cartridge eluting with methanalater (6:4 v/v)

to yield compoun@.3 (10.3 mg).

Fraction D20 (26ng) was subjected mwolumn chromatography andiokfunctionalized silica getolumn
80x31cm) eluting with dichl or eo/vhetYh aert eyl e talcyelt aad ce tY
total, 191 fractions (each 20L) were collected and combined to eight fractionsi(EEB) according their

TLC pattern Fraction E1 containing.4 (tr= 17.8min, 11 mg) was finally purified by HPLC using column

1 with solvent system Il (1.8 mL/min;i222 min, 5 100% B).

Fraction D21 (82ng) was further separatég size exclusion chromatography using Sephadex2DK100

x 2.1cm) eluting with methanol. 69 fractions (eachmb) were collected and combined according to their

TLC pattern to seven fractions (F1F7). Fraction F4 was finally purified by HPLC using aolu 1 with

solvent system Il (1.8 mL/min; 222 min, 5 95 % B) to obtair8.57 3.8(3.5 tr= 14.3 min, 1.3 mg3.6

tr= 16.6 min, 0.8 mg3.7tg= 17.6 min, 0.8 mg3.8 tg= 14.3 min, 1.0 mg). Fraction F6 contained the pure
compound3.9(0.9 mg).
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Fraction A3 (ethyl acetate, 3.5 g) was further purified on silanized silica (370 x 53 mm) eluting with

hexanee et hyl acetate (& 1W7:ed¥ily:llaSe drtdaitodd , ( 9: 1Y7: 3Y
vivy Y met hanol * 50 fraetibnb @acio 18 iInH) were collected and combined based on its

TLC pattern to give 23 fractions (G1G23).

Fraction G3 (31 mg) was further separated on Sephade20L&luting with acetonemethanol (4:1). 32

fractions (each 7 mL) were collected and combined based on their TLC pattern to obtain four fractions (H1

T H4). Fraction H2 was separated by sgméparative HPLC using column 3 with solvent system Ill (3.2

mL/min; 27 8 min, 757 100% B (10 min)). Thecompoundsn peak H2.1 tg= 6.1 min, 21 mg) ere
furtherseparatedby analytical HPLC Il using column 4 and solvent system IV (0.8 mL/minlQ@ min,

207 80% B) to obtain3.10a/b(tr= 3.9 min, 5.3 mgas a mixture of isomers

Fracton G8 (79 mg) was further purified on a silica gel column (32 x 2.1 cm) eluting with dichloromethane:

i sopropanol (39:1vW X9isoYrbPahoV ¢: éaghbrhlavere!l . 132
collected and combined to nine fractions {119). Final HPLC purification of 16 using column 1 with

solvent system | (1.8 mL/min;i323 min, 20i 40 % B) lead to the isolation 8f11(tg= 8.7 min, 0.9 mg)

and3.12(tg= 11.5 min, 1.6 mg).

Fraction G9 (240 mg) was subjected to a silica gel column (32 x 2.1 cm) using the following gradient
systemin-hexane et hyl acetavwp Y¥lePWyl 3ceétare Y methanol
mL) were collected and combined to eight fractions (J&).

Fraction J5 and J6 containidL3 (tr= 12.7 min, 1.3 mg) were finally purified by analytical HPLC using

column 5 with solvent system | (0.8 mL/minj 20 min, 15 30 % B).

Fraction J7 was further separated on Sephade2@Idluting with chloroform: methanol (1:¥yv). 38

fractions (each 18 mL) were collected and combined to three fractiorisR)L Final purification of K2

by semipreparative HPLC using column 6 with solvent system | (3.7 mL/mini@ min, 15/ 30% B)
afforded3.2(tg= 13.5 min, 1.0 mg 3.14(tr= 11.5 min, 1.3 mg 3.15(tr= 13.1, 1.1 mQ).

3-(6-hydroxy-2,6-dimethyloctanoyl)-5-methylpyrrolidin -2-one (3.1a): colorless oil;'H NMR (400

MHz, methanolds) U 2. 33=18.0, H3Hzd#h)U 1. 95 J€1319,6.8HakKMb,u 3. 71
(1H, sexJ=6.6 Hz, H5), 0 1. 2 0% JEB.HHz, K6t U 2i.30VE(IH, M H ) 1. 32 (1H, |
H-36,a) 1. 66 @dH) 1m32HHUDH, 1 M40 HEDH, 1 m4 5 HZ DY, 0Iim8 3 H
0.90 (3H, ddJ=4.0,7.5Hz, B 6) 17 1015 (6H, m, H9 6 ;1 OH*C NMR (100 MHz,methanol

dg U 1-2)50 55 4-320 (32-4)pl0 (4@-5)7U (22-6)30 (2214 @e-29) ( C
345(G3 60 22-4B0 (4£2-5H0 (TC3-6 40 (L5-700 (&L-8o0( C5-960 (X6-. 1 (C
106) .

2 pseudotriplet by overlay of isomePsassigned through HMBC.

'H NMR (500 MHz, pyridineds) G 4. 00-3),@1 R, 2/, 4RAMH,3 .n67 HELWH, 1 .n, 7 H
(B3H,m,H6),0 3. 42 LDHMH,2.m)4 HZAMH, 1-BO92H, m, H4 60 1-1.B092H, m,

H-5060 1-1.B092H,m,H7 6)) 1. 01 Q3H, 1 m24 HOBW, 1 m27 HLB®EE ; m, H
NMR (125MHz, pyridineds) U0 (C-2)30. 15 3-3)a81 (3@ -4)8 (40-5a (-6 (2@ 0. 7
(C-1p0 46-200 (X3-300 (X2-400 (42530 (1660 (X5-720Y (&.-876)( C

d 15990 (Z6-1D06) € HMRE230.2088 ([M+H], calculated for GH2sNOs*, 270.2064)

UV(CHsC N ) max®210, 284 nm.

3-(6-hydroxy-2,6-dimethyloctanoyl)-5-methylpyrrolidin -2-one (3.1b): colorless oil;*H NMR (400

MHz, methanold;) U 2. 53=18.Q H4Hzd#h) U 1. 78 JE€131,6.1HakK¥b),G 3. 79

(AH, sexJ=6.5Hz, H5),0 1. 2 0% JEB.HHz HOXtU 27.30E8(AH, M H Y 1. 28 (1H, 1

H-36,a) 1.69 RBdHH) 1m32HHEUZDH, 1 M40 H6EDWH, 1 m45 HZDH, 0im8 3 H

0.90 (3H, ddJ=4.0,75Hz, B 6) 11 1015 (6H, m, HL 0 8°C NMR (100 MHz,methanold;) U

1755 (G2), 0 5 4-3)8i ( £3-4)10 (5M-530 (22-6)30 (2CL 21 W) (40240 (X3. 6

(C360 22-4B0 (425800 (T3-680 (X5-700 (8&-800( € 6-98) (X6-10.6F C

2 pseudotriplet by overlay of isomePsassigned through HMBC

'H NMR (500 MHz, pyridineds) U 4. 1D0=9(,bH8Hz, HB)li, 2. 80 -#4AH,3.M,7 H 1H, 1

H5,0 1.11 €)3H,3.™m5 HROHMH,1.m§7 HEZDWM, 1-IBO2H, m, H4 60 1- 59

1.702H,m,H5 69 1-1.BO92H,m,H7 60 1. 01 BBW,1 mL 7 HOBWM, 1 m27 H( 3 H, |
32



Isolation of phytotoxic compoundsoim Colletotrichum graminicolaultivatedin HMG medium

H-1 0 8°C NMR (125MHz, pyridineds) 0 1 -2)30. 15 4-3J40 (32 -4)00 (43B-5)pU0 (2 . 4
(C6),0 210160 @6-230) (4-380 (X1-400 (4L£2-58) (1660 (5-78) ( C
0 8 .-8760( @6-980 (X6-1006) € HREB.2688 ([M+H], calculated for GH2sNOs",
270.2064) UV(CHsC N ) max ®210, 284 nm.

(Figure S17 Figure S9).

CycloL-Leu-L-Pro (3.2): white solid;*H NMR (500 MHz, methanetls) ti4.25 (1H, m, H3),14.10 (1H,
m, H-6), 0 1.51 (1H, m, H7a),t 1.90 (1H, m, H7b),t 1.88 (1H, m, H8), 10.96 (3H, ddJ = 6.5/2.5 Hz,
H-9), 0 0.96 (3H, ddJ = 6.5/2.5 Hz, H10), 1 3.50 (2H, m, H11),11.90 (1H, m, H12a),0 2.00 (1H, m,
H-12b),02.01 (1H, m, H13a),0 2.29 (1H, m, H13b);*C NMR (125MHz, methanoids) U1 168.9 (G2), U
60.3 (G3),0172.8 (G5),1054.6 (G6),139.4 (G7),025.7 (GC8),122.1 (G9),123.3 (C10),u046.4 (G
11), 0 23.6 (G12), u 29.1 (G13); HRESIMS m/z 211.1450 ([M+H], calculated for @H1dN:2O2",
211.1441)U V ( Me Ok F 216 272 nm(Figure S1071 Figure S15).

N-Phenethylacetamide (3.3)white solid;'"H NMR (400 MHz,methanold,) t7.21 (2H, m, H2/6), 1 7.26
(2H, m, H3/5), 0 7.18 (1H, m, H4), 4 2.77 (2H, tJ=7.4 Hz, H1 §93.38 (2H, tJ=7.4 Hz, H2 §
1.90 (3H, s, H6 0 FC;NMR (100 MHz, methanedl) G 140.5 (G1), i 129.8 (G2/6), i 129.5 (G3/5), U
127.3 (G4),1036.5 (G1 6942.1 (G2 §1173.2 (C4 $922.5 (G5 6HRESIMSmM/z164.1083 ([M+Hj,
calculated for @H14NOs", 164.1070)U V ( Me Ok ¥ 216 258 nm(Figure S1671 Figure S18).

Cyclo-L-Val-L-Pro (3.4): white solid;'H NMR (500 MHz,methanolds) ti 4.20 (1H m, H-3), 1 4.03 (1H,
t,J=2.3 Hz, H6),01.91 (1H, m, H7),10.92 (3H, dJ=6.8, H8),01.08 (3H, dJ= 7.3 Hz, H9),1i3.52
(2H, m, H10),01.91 (1H, m, H11a), 2.04 (1H, m, H1b), 2.31 (1H, m, H.2a),0 2.48 (1H, m, H12b);
13C NMR (125MHz, methanolds) U 172.8 (G2),i61.4 (G3),1167.5 (G5), 1158.2 (G6), 1129.8 (G7), U
16.4 (G8),118.7 (G9),045.9 (G10),u22.8 (C11),u29.7 (G12); HRESIMSm/z 197.1288 ([M+H],
calculated for @H17N20,*, 1971285),UV ( Me OH ¥ 216nm. (Figure S1971 Figure S22)

CycloL-Ala-L-Pro (3.5): white solid;'H NMR (400 MHz, methanetl) 0 4.25 (1H, m, H3), 14.18 (1H,
m, H-6), 0 1.31 (3H, dJ = 6.9 Hz, H7),1i2.31 (1H, m, H8a),li 2.0 (1H, m, H8b); 11.94- 2.0 (2H, m,
H-9), 13.51 (2H, m, H10);*C NMR (100 MHz, methaneds) 1 172.6 (G2), 160.5 (G3), 1169.1 (G5),
U52.2 (G6),115.8 (G7),129.2 (G8), 1 23.7 (G9), U46.5 (G10); HRESIMSmM/z 169.0975 ([M+H]J,
calculated for @H13N20.", 169.0972)U V ( Me O F 216-nm(Figure S2371 Figure S28).

CycloL-Ala-p-Val (3.6): white solid;*H NMR (500 MHz, methanetls) U 3.84 (1H, dd,) = 3.6, 1.4 Hz,
H-3), 114.03 (1H, qdJ = 7.1, 1.4 Hz, kB), i 1.45 (3H, dJ = 7.1 Hz, H7), 1 2.26 (1H, m, H8), Ui 1.04
(3H, d,J = 7.1 Hz, H9), 10.95 (3H, dJ = 6.8 Hz, H10); 3C NMR (125MHz, methanold,) &i170.3 (G

2), U615 (G3),0171.4 (C5), 4 51.5 (G6), G 21.5 (G7), 4 33.4 (C8), 11 19.2 (C9), U 17.3 (C10);

HRESIMSm/z 171.1132 ([M+H], calculated for €H1sN205*, 171.1128)U V ( Me Ouk¥ 21@ 273 nm.
(Figure S291 Figure S32).

Cyclo-L-Ala-D-lle (3.7): white solid;*H NMR (500 MHz,methanold,) 0 3.83 (1H, dd, ¥ 1.4, 3.6 Hz, H
3),04.03 (1H, qd, ¥1.5,7.1 Hz, F6),01.43 (3H,d, & 7.1 Hz),01.96 (1H, m, H8), 0 1.25 (1H, m, H
9a),01.52 (1H, m, H9b), 1 0.96 (3H, d, ¥ 7.7 Hz, H10),0 1.02 (3H, d, ¥ 7.1 Hz,H-11); (125MHz,
methanold,) 0 169.8 (G2), 11 60.9 (G3), 1 171.8 (G5), i 51.7 (G6), 1 20.9 (G7),u 40.3 (G8),125.3
(C-9), G 12.2 (G10), U 15.6 (G11); HRESIMS m/z 185.1285 ([M+H], calculated for @Hi7/N.O,",
185.1285U V ( Me OdaF 2165 268 nm(Figure S33i Figure S 35).

CycloD-Ala-D-Leu (3.8): white solid *H NMR (400 MHz, methanetls) U1 3.93 (1H, m, H3), i 4.00 (1H,

m, H-6),01.44 (3H, dJ=7.1 Hz, H7),01.63 (1H, m, H8a),u 1.73 (1H, m, H8b), 0 1.84 (1H, m, H9),
10.96 (3H, tJ=6.9 Hz, H10),10.96 (3H, tJ=6.9 Hz, H11); *C NMR (100 MHz, methanedl) ti 170.9
(C-2),054.6 (G3),0171.4 (G5),052.0 (C6),1u20.9 (G7),u45.1 (G8),u25.3 (G9),u22.1 (G10),u
23.6 (G11); HRESIMSM/z185.1290 ([M+H], calculated for €H17N>0O.", 185.1285)U V ( Me OkF @&
210, 275 nm(Figure S367 Figure S41).

Cyclo-L-Trp -D-Pro (3.9): white solid; *H NMR (400 MHz, methanetl,) 0 3.99 (1H, m, H3), i 4.41 (1H,
m, H-6), 42.31 (1H, m, H7a),01.97 (1H, m, H7b), 0 1.94- 2.0 (2H, m, H8), U 3.46 (1H, m, H9a),u
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3.27 (1H, m, H9b), 1 3.30 (2H, m, H10), 0 7.10 (1H, m, H2"), 4 7.57 (1H, dJ = 8.0 Hz, H4"), 1 7.00
(1H, ddd,J=1.1, 6.8, 8.0 Hz, "), i 7.08 (1H, m, H6"), (i 7.33 (1H, dJ = 8.0 Hz, H7'); *C NMR (100
MHz, methanolds) G167.6 (G2), t60.2 (G3), 0 170.9 (G5), u57.2 (G6), 129.1 (G7), 423.5 (C8),
045.9 (G9),129.2 (G10),0125.5 (G2),0109.6 (C3'),0128.5 (G3'a),t 119.7 (G4"),u 119.8 (C5"),u
122.5(C6"),0112.4 (G7"),0138.4 (C7'a); HRESIMS1z284.1419 ([M+H], calculated for @&H1sNsO.",
284.1394)(Figure S421 Figure S46)

3-(2,6-dimethyloctanoyl)-5-methylpyrrolidin -2-one (3.10a): colorless oil; *H NMR (500 MHz,
methanolds) G 1.76 (1H, ddJ = 7.3, 13.0 Hz, H4a),0 2.52 (1H, ddJ = 7.3, 13.0 Hz, Hb),0 3.79 (1H,
m, H-5),01.21 (3H, m, H6),02.99 (1H, m, H2 61,33 (1H,m,H3 6 @) , 6 5 ( 1 Hi,1.29n2H,
m, H4 691,10 (A1H, m, H5 ¢ & §1.30, m, H5 6 Wi }1.31 (1H, m, H6 601,13 (1H, m, H7 6 & }).33
(1H, mUuo.87qa3ipn, H8 691,05 (3H, dJ=6.9 Hz, H9 600,84 (3H, m, H1 0 &% NMR

(125MHz, methanoids) U 175.4 (G2), 0 55.1 (G3), 1 33.2 (G4),u50.5 (G5),022.3 (G6),u212.4 (G

106047.2/ 47.4(C-2 6934.1 (G3 6025.8/ 25.9(C-4 6)37.8/ 38.6(C-5 6935.6 (G6 6030.5 (C

700118 (G806 156 (G961 195 (CG100) ; H RVE . WIS ((M+H]*, calculated for
CisH2sNO,*, 254.2115)JUV(CH3C N ) max =210, 284 nm.

3-(2,6-dimethyloctanoyl)-5-methylpyrrolidin -2-one (3.10b): colorless oil; *H NMR (500 MHz,
methanolds) U 1.97 (1H, m, H4a), 1 2.33 (1H, m, H4b), 03.72 (1H, m, H5), G 1.21 (3H, m, H6), 112.99
(AH, m, H2 601.29 (1H, m, H3 6,a ) . 6 4 ( 1 H1.29 @K, m3H 1)) 1.10 (1H, m,H5 6, ai)
(2.30,m, H5 6,m).31 (AH, m, H6 ¢11.13 (A1H, m, H7 6,&a) . 3 3 ( 1 H,u0.87(3H,H7HBL)))
01.09 (3H,dJ=7.1Hz, H9 $)0.84 (3H, m, H1 0 8*¢ NMR (125MHz, methanolds) Ui 175.5 (G2),
054.3 (G3),132.6 (G4), 1149.6 (G5), 122.3 (G6), 1212.5 (C1 §Q47.2/ 47.4(C-2 99 33.1(C3 60
25.8/ 2597 (C-4 ¢()37.8/ 38.6(C-5 $135.6 (C6 ¢130.5(CG7 ¢111.8 (G8 ¢116.7 (GO 9019.5 (C
106); HRESA2MIF([M+H]*, calculated for GH2sNO,", 254.2115)UV(CH3C N ) max 210,
284 nm?no exact assignment was possible.

(Figure S471 Figure S52).

1-(3,6-dihydro-2H-pyran-3-yl)pentane-2,3-diol (3.11):*H NMR (400 MHz, methanetl,) ti3.48 (1H, m,
H-2a), (3.88 (1H, tJ=7.9 Hz, H2b), (12.92 (1H, m, H3), (5.64 (1H, m, H4), (5.68 (1H, tJ= 5.3 Hz,
H-5), 11 4.00 (2H, dd,J = 5.3, 1.2 Hz, H6), Ui 1.65 (1H, dtJ = 12.3, 9.9 Hz, HL 6,a 2.07 (1H, ddd,) =
12.8,7.3,6.1 Hz, 1 6,li3.82 (1H, dddJ=9.5,6.0,5.2 Hz, }¥2 $()3.48 (1H, m, H3 $11.33 (1H, m,
H-4 6,&}.56 (1H, m, H4 6, 9.97 (3H, tJ = 7.4 Hz, H5 6 ¥C;NMR (100MHz, methanoids) 1 73.2
(C-2),0444.3 (G3),1132.5(CG4),11131.5 (G5), i 63.3 (G6), 135.0 (C1 $9Y84.2 (G2 975.6 (C3 §)
0275 (G4 6 0 10.5 (C5 6 HRESIMS m/z 187.1334 [M+H], calculated for @His0s" 187.1329
UV ( Me OH¥F 2165 249 nm(Figure S531 Figure S58).

5-(2,3-dihydroxypentyl)tetrahydro -2H-pyran-3,4-diol (3.12):*H NMR (400 MHz, methanetl,) U 3.55
(1H, m, H2a),0 3.73 (1H, m, H2b),t0 3.51 (1H, m, H3), 0 3.30 (1H, m, H4), 1 2.63 (1H, m, H5), (1 3.66
(1H, d,J=7.6 Hz, H6a),03.74 (1H, m, H6b),01.51 (1H, m, H1 6 &3.91 (1H,dJ=11.0Hz,H1 6 b
03.95 (1H, dJ=5.5Hz, H2 603,24 (1H, dd, H3 601,40 (2H, m, H4 690,94 (3H,tJ=7.4 Hz, H
5 0¥C;NMR (100 MHz, methanedl,) Ui 64.5 (G2),174.7 (G3),182.3 (G4),137.3 (G5),1i 74.6 (G6),
0256 (G16080.3(G206184.2(C360727.4(C4 60 10.2 (G5 6 HRESIMSm/z203.1277 [M
H,O+H]J", calculated for @H1s04" 203.1278U V ( Me Ol ¥F 21@; 234, 319 nn{Figure S597 Figure
S63).

N-[2-(2-hydroxyphenyl)-ethyl]-acetamide (3.13)white solid;*H NMR (500 MHz, methanetls) U 6.74
(1H, m, H3),07.00 (1H, m, H4),06.71 (1H, m, H5), 0 7.04 (1H, m, H6),02.77 (2H, tJ=7.3 Hz, H
16093,36 (2H, tJ=7.3 Hz, H2 61,89 (3H, s, Kb 0 ¥C;NMR (125MHz, methanoids)? 11 126.9 (G
1),0157.2 (G2),0116.2 (G3), 1 128.6 (G4),1120.2 (C5),10131.5 (G6),031.2 (G1 6941.0 (G2 69 ,
173.3 (G4 6§ 22.6 (G5 6 HRESIMS nvz 180.1048 ([M+H], calculated for @H14NO,", 180.1019);
UV ( Me OHF 2165 272 nmé determined by HSQC/HMBGFigure S641 Figure S67).

N-Acetyltyramine (3.14): white solid;*H NMR (500 MHz, methanetly) i 7.02 (2H, dJ = 8.3 Hz, H2/6),
06.70 (2H, dJ= 8.3 Hz, H3/5),02.67 (2H,tJ=7.3 Hz, H1 603,32 (2H, m, H2 601,89 (3H, s, H
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0YC;NMR (125MHz, methanoids) G1131.2 (G1), 1(1130.7 (G2/6),1116.3 (G3/5),1156.9 (G4),135.7
(C1603425 (G261 173.2 (G4 60 225 (C5 6 HRESIMS m/z 180.1030 ([M+H], calculated for
CioH1aNO>*, 180.1019)U V ( Me Ol F 2165 221, 276 nn{Figure S68i Figure S72).

Cyclolle-Pro (3.19: white solid; *H NMR (500 MHz,methanolds) U 4.22 (1H, m, H3), i 4.06 (1H, g,
J=1.6/1.6/0.9 Hz, 6),02.16 (1HJ=9.5/ 7.1/ 4.5/ 2.4 Hz, H), 0 1.31 (1H, m, H8a),l 1.46 (1H, m,
H-8b), 1 0.94 (3H, m, H9), i 1.06 (3H, dJ= 7.0, H10),03.52 (2H, m, H11),0 1.92 (1H, m, H12a),u
2.02 (1H, m, H12b),01.94 (1H, m, H13a),0 2.31 (1H, m, H13b); *C NMR (125MHz, methanolds) U
172.4 (G2),060.3 (G3),1u167.6 (G5),u54.6 (C6),037.1 (G7),u25.4(C8),012.6 (C9),015.5 (G
10), U 46.1 (C11), 4 23.2 (G12), U 29.5 (G13); HRESIMSm/z 211.1471 ([M+H], calculated for
C1iH1oN205", 211.1441)(Figure S731 Figure S78).

3.2.4.2 Mycelium

The organic extraadf the mycelium(30g) was subjected to a polyamide C&\6 column (26 x &m)

eluting withn-hexane Y et hyl acetate Y atogettenrfractioNs (Khet h an
K10). Fraction K4 (2.5, ethyl acetate) was further separated on silica gel (30 x 3.5 cm) eluting-with
hexane acetomaceéelophp: Ymet hanol (9:1) Y acetone: me
(each 10 mL) were collected and combined based on their TLC pattern to afford 13 fraction2(L1

Fraction L3 (200 mg) was further segtadby size exclusion chromatography using Sephadex20H100

x 1.5cm) eluting with methanol. 65 fractions (each 10 mL) were collected and conti@sed on their

TLC patternto nine fractions (MIT M9). M8 (2.5 mg) was finally purified by analytical HPLGing

solvent system (0.8 mL/min;27 20 min, 2i 100% B (3 min)) to obtain3.16 (tz= 20.1min, 0.6 mg).

Fraction L4 (165 mg) was further separated on Sephade20 100 x 1.5m) using methanol as eluent.

50 Fractions (each 15 mL) wecellected and combineoased on their TLC patteto 6 fractions (NI

N5). Fraction N1 was further purified on silica gel (35 x 1.5 cm) using a gradient sy$texane acetone

( 3: 1nthexdine ac et o nnenexqdng : 1a)c et o nneéhexdné : la)ceX one (1:2) Y
acetone met hanol (:2:ne)t hYanade t(olnel ) Y *. mneotalh9D fractionsY me t
(each 10 mL) were collected and combifaged on their TLC pattetn afford five fractions (O1 O5).

Final purification of O2 waperformed by serpreparative HPLC using solvent system Il (4.0 mL/min, 2

T 12 min, 70i 85 % B, yielding3.17 (trg= 4.7 min, 10.0 mpand3.18( tg= 7.8 min, 2.0 mg). Fraction O4
cortains thepure compoun@®.19(1.5 mg).

Lumichrome (3.16):slightly yellow solid with strong blue fluorescericen UV | i ght'HNMR = 36
(500 MHz,DMSO-dg) U111.84 (1H, s, HL), G11.67 (1H, s, FB), 17.93 (1H, s, H6), 11 7.72 (1H, s, H9),

2.47 (3H, s, H10), 1i2.50 (3H, m, H11); 23C NMR (125 MHz,DMSO-dg)? 11 141.6 (G5a)[i128.7 (G6),

0139.1 (G7),0144.6 (C8),1125.9 (G9),1137.7 (GC9a),0 19.5 (G10),1 20.2 (C11);, HRESIMSm/z
243.0874 [MH]", calculated for €H11N4.O, 243.08822 determined by HSQC/HMBGQFigure S 791

Figure S82).

7,8,16trihydroxyoctadeca-9,12dienoic acid (3.17):colorless oil;'H NMR (400 MHz, methanetly) 0
218 (2H,tJ=73Hz,H2) , U0 1. 438 ,( 20H,1 .n245 H 20H,1 .n?53a H,1 Hi, 1m,3 9H

mH5b), 0 1.-6@)(1ﬂi-l,1m€$l§3)H,(1[[1-I,3.m2)),H(ELH4.J@:151@1CLHI-t, dd,
H-8), U0 5.3 ,( WH,5.n8120 H,1 Hi, 2&&8160HAzHHL 19, U0 5.-30 (1
12), 0 5.-33)(1#,2m@ZH(286, 1mPB6H(2H, 3m;|36}-|(1 , 1m34t
mH17), U Q=384%6Hz(HI&HtC NMR (100 MHz, methanetl;) U 14,5 0(283. 6 (
u 24-3%, (0-428. M-2G . 21 -@Q32 . @ -19G . “-8@6‘%-91 aeo. 2 -1 %
10), U12p, 90 (127 . 40 -11330 . W-1(@B, 201 P, 501 &P, 40-( £
17), 0-18); BIRESIM$Nz 327.2171 [MH], calculated for @Hz:0s 327.2177. Figure S 83i
Flgure889.
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(82,10E)-12,1%dihydroxyoctadeca8,10-dienoic acid (3.18)xolorless oil*H NMR (500 MHz, methanel

d)id 2. 16J=(F{2HzH2L0 1. 48 L)2H,11 26 (6H M, H1TH6),0 2. 12 (2H,
H-7),0 5. 36 Jf75HI10MztHB), 0 5. 95J=@10HHz, H9),0 6. 39 J£1H, 152 d,

Hz, H10), U0 5. 6 3 J£6a2115.2dzdHL1), 0 3 1M 6.4,6.4Hz, H2,u 1. 37 -3 H,
d 1. 24 {l4aHi, 1m,4 7H {4bxi 1M, DPEBH m H5,0 1. 30 & H, 3m56
(I1H, m, H17),0 1. 0 2J <63 Hz, H1B), °*C NMR (125MHz, methanold;) i 17 41),8 B8 &. 9
(C-2),0 24-3)A0 (2B . 5/ 24 C8)/u 2287-792 ((83 18),0 1 ZR9,B8 (Z£3.7 (C
100 1381100 (7@M-1,0 ( €7-13 U ( £4-1H 0 ( £25-19,0 ( €8-183,U0 ( €5-. 6 ( C
17), 0 2 3-18; HRESIMSn/z 311.2226 [MH], calculated for GH3104 311.2228 (Figure S901

Figure S95).

m
H

Uracil (3.19): white solid;*H NMR (400 MHz,DMSO-dg) ' 1 q2H9s3H1/3),0 5. 4 4JX716H, d,
Hz, H5),0 7 . 3 9J=(75 Hz, H6}{ °C NMR (100 MHzDMSO-ds) i 15 12),2 [ €44),8 ( C
100.1 (G5),0 1 4 26); BRESI®ISM/z111.0199 [MH], calculated for ¢H3N-O-, 111.0200(Figure

S961 Figure S99).

3.2.5 Leaf-spot bioassay

A modified leafspot bioassay by Evidenasmd ceworkerswas used to test fractions and pure compounds
for their phytotoxic activity. [7] The samples were dissolved in methanol/ waten(tyland droplets of
5uL were placed on the leaf surface of undetached and fully expanded young ledwabidbpsis
thalianaCol-0. Fractions were tested at concentrationsiofl8 pg/uL, pure compounds at concentrations
from 10 mMi 100 mM. Plants were incubated in the greenhouse (19 °C, day/night cyclehfdPa@aquat
(100 uM, dissolved in methanol/ water 1vly) was used as a positive control. The pure solvent mixture
of methanol/water (1:/v) actas negative control. Aftet8 h the plants were observed for thexurrence

of necrosis. Images were taken with CAMAG TLC visualizearfhag Switzerland). Only damage thet

leaf in the form of chlorosis or necrosis was evaluated. The extent of the damage was not considered.

3.2.6 CD calculation

The molecular geometries of each molecule, including all possible sterecisomers, were obtained using a
python script which transforms SMILES structures to SDF files with the RDKit python package. Based on
these SDF files, gaussian input files were gendratith the same script. The structures were then
optimized with density functional theory (DTF) using CABBLYP/6-31+G(d,p)B-11] level of theory and

the conductctike polarizable continuum model (CPCM) solvent field for methd#limplemented in

the Gaussian1613] program package. Electronic Circular Dichroism (ECD) calculation was performed for
each optimized compound and conformation usingDHT calculations at the CANB3LYP/6-31+G(d,p)

level and CPCM model, investigating the first 40 excited states. Theateltspectra were then compared

with experimental data using the SpecDis software (version [ILZWyith a Gaussian distribution function
atahalbbandwi dth of G = 0.3 eV a#@man all owed shift

3.3 Results and discussion

3.3.1 Isolation and structure elucidation

Repeated column chromatography of @egraminicolacrude extracts opolyamideCC-6Ac, Sephadex
LH-20, silica gel, silanized silica and ditninctionalized silica gah combination with analytical and semi
preparative HPLC yielded 19 compourgl$i 3.19(Figure 3-1).
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Figure 3-2 All isolated compounds.

The spectral data (MS afH and**C NMR spectra) of compoun@2i 3.9, 3.137 3.16and3.19were
identical to those reported in literature. Accordingly, the isolataapoundsvere identified asyclo-Leu

Pro 3.2 [15], N-phenylethylacetamid3(3) [16], cyclo-Val-Pro(3.4) [17], cyclo-Ala-Pro (3.5) [18], cyclo
Ala-Val (3.6) [19], cyclo-Ala-lle (3.7) [20], cyclo-Ala-Leu 3.8) [21], cyclo-Trp-Pro @.9) [22], N-[2-(2-
hydroxyphenyBethyl]-acetamide 3.13 [23], N-acetyltyramine 3.14) [24], cyclolle-Pro @.15 [25],
lumichrome 8.16 [26], uracil (3.19 [27]. Besides these known compounds, several new secondary
metabolites could be isolated, and their structure elucidgtedeans of intense NMBpectroscopic and
MS-spectrometric measurements.

Compound3.1la/b wasisolated as a colorless oil. Based on HRESIM&stigatiorthe molecular formula
was determined to beiH,7/NO3z (m/z 270.2079 [M+H], calculated for @H2sNOs*, 270.2064)Figure S
1). The NMR spectra d3.1a/b showed a double set of signéiatio 1:1)which were slightly shifted. Thus,
it can be concluded that ti®1a/b is as a mixture of diastereomers. A further separatioB.Xz#/b was
achieved by HPLC. However, an equilibrium between the two isomers was quiedialdished. ThEC
NMR of 3.1a/lb measured in methandk reveals 28 (of 30) carbon resonances, including four carbonyl
like carbons, eight methylenes, six methines and two quaternary carbons. Intense analysis of the COSY and
HMBC correlations Figure 3-3) revealed a octanone moiety with a hydroxy group and a methyl group at
position 66(qudBednapm)canboa aecond met hyl gr ou
the carbonyl group aic 212.4 ppm. Additionally, the HMBC correlations from4Ho G2, G-3, G5, G6
andGl o0t oget her with t5h0eG2,dCeamd €6 raviedled thes prefence of a hhethyl
pyrrolidinone moi ehydyoxy2 ¢ aifnéthytodtasld@nd moiety Viaethe néthine
group G3. However, the methine groups at position 3 showed neither a carbon resonance nor a proton
signal in methanetls. An assignmentould only be made via HMBC coupling from the neighboring
methylene group (position 4). Interestinghy, additional NMR experiment wighyridine-dsas solventhe
missingresonancesould be detected. In total, compouhda/b possesd stereocenters, which means that
16 isomers are theoretically possible. However, the two isomers show the largest differences at position 4,
making it likely that position 3 is present in different configurations. This assumption is confirmed by the
NOESY experimenin pyridine-ds. The proton at position 3&@{4.00 ppm) showed a correlation with the
methyl group at positon6a{1 . 17 ppm) and wi t hU:8.482ppnp.incdntary, ttet p o
proton at position 3biij 4.10 ppm) showed only a very weak correlation to the methyl group at position
6b Un 1.10 ppm) but a strong correlatimt he pr ot o nUx8&.45 ppm) and theimethylerze@roup
at p o six 1.86gpm).Baged on the aboveentioned experimen{&igure S2 1 Figure S9) the
compound3.la/b wasdetermined as-85-hydroxy-2,6-dimethyloctanoyh5-methylpyrrolidin-2-one.
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Figure 3-3 HMBC correlations of compoungl1a/b.

A similar compound containing a pyrrolidomediety has already been described in the literafgigure

3-4). [28] Here, thecompoundwas present as a mixture of two epimers at position 3 (ratio 1:1)
Additionally, the compound was reported to be present atinesponding enol tautomer (ratio ketool

= 2:1). Interestingly, the enol form is not detectable3fda/b.

keto epimers

enol tautomer

Figure 3-4 Pyrrolidone moiety (58) described by Thomas and Willis (2024]. [

Compound3.10/b, isolated as a colorless gipssesshe molecular formula H27NO> as deduced from
HRESIMS datarfyz 254.20113[M+H] ", calculated for @H2sNO.*, 254.2115)Figure S47). Comparison
with the molecular formula d.1a/b indicated a difference in one hydroxy group and was identifiéd as
(2,6-dimethyloctanoyh5-methylpyrrolidin2-one. The NMR spectra likewise showed a double set of
signalg(ratio: 1:1) Intensive analysis of the NMR dgteagure S48 Figure S52) confirmed that structure
3.1/b differs from 3.1a/b only in the absence of the hydroxyl group at position 6'. rEtetive and
absoluteconfigurationof compound3.la/band3.10db could not be determined.

Compound3.11was isolated as a white solid. Based on HRESIMS data its molecular formudadvesd

as CioH1s03 (M/z 187.1331 [M+H]Y, calculated for @H140s" 187.1329)(Figure S 53). The structure of

3.11was determined on the basis of detailed NMR ana{{&igire S5471 Figure S58). The!H and®*C

NMR spectra show the oc&08/rtdnce. 4fHDNne MET.H yihetghyp
35. 0, 63.3 and 73. 2 ppdad3, 75.6 ind 4 ppan), asprellaas dlafinicme t hi n e
met hi yb&&ppnh, ih and 5.68 ppmJt= 5.3 Hz). Intense analysis of the COSY spectra reveals the
presence of a pentai2e3-diol moiety connected to a 3dhydro-2H-pyran. The pyran scaffold is

confirmed by HMBC correlations from-Bto G2, G4, G5and G1 6 a n d-4to G2 @3, 65, G6

and G1 6 . T h 8.4Alewas determined as -(B,6-dihydro-2H-pyran3-yl)pentane2,3-diol. The

compound comprises three stereogenic centers at the positisBn€&2 6 a3 @, Ch o wmlatieer , t he
and absoluteonfiguration was not determined.

3.1 3.12
Figure 3-5 Structures 08.11and3.12 key COSY(bold) and HMBC (arrow) correlations.
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Compound3.12 obtained as white solid, had the molecular formyl#l$0s as deduced from ESIHRMS

data (Wz 203.1278 [MH 0]", calculated for @H1s0," 203.1278)Figure S59). Further, the NMR data
(Figure S6017T Figure S63) of 3.12were very similar to those & 11, except for the absence akfinic
methines {1 5.64 and 5.68 ppm). Instead, the molecule has two aliphatic methines at the corresponding
positions(tin 3.30and 3.51 ppm), which carry two additional hydroxyl groug$us, the 3,&lihydro-2H-

pyran moiety was substituted by a tetrahydrbpyran3,4-diol motif. Compound3.12was determined as
5-(2,3-dihydroxypentyl)tetrahydr@H-pyran3,4-diol.

O OH NN O
3 6 ‘\(8 9\} 11 Lvu 1 \b)
OH
3.17 3.18

Figure 3-6 Structures 0B8.17and3.18 key COSY (bold) and HMBC (arroveprrelations.

A racemic mixture of compouri17was isolated as a colorless oil. The molecular formula was determined
to be GsHs0s based on HRESIMS datanfz 327.2171 [MH]", calculated for @Hs:0s 327.2177),
corresponding to three degreesuabaturatior(Figure S 83). The*C NMR spectrum oB.17reveals 18
carbon resonances including one signal for a carbigylcarbon {c 174.5 ppm), four signals for $p
methines {ic 129.47 131.0 ppm), one methyl groufic(10.2 ppm), eight shielded $methyleneslic 23.2

i 36.5 ppm) and three signals for deshieldetinsgthines {ic 69.97 73.8 ppm), which are linked to a
hydroxy group. The aforementioned functionalities suggest a fatty acid. COSY correlations betiieen H
and theolefinic protons (H9, H10, H12 and H13), together with the COSY correlation betweef Bind

H-8 and H8 and H7 showed that the two double bounds (C9/10@h2/13) are separated by a methylene
group (G11) and that two hydroxy groups are in direct neighborhood of the double bo@AtD)ICCOSY
correlation from H18 to H17 and from HL7 to H16, allowed the localization of the third hydroxy group
at positionC-16. Based on above mentioned analy$égure S84 1 Figure S 89) the structure 08.17

was determined to be 7,8:thydroxyoctadec®,12dienoic acid. The compound contains three
stereogenic centers at the positiong,8 and-16. The'H NMR spectrum 08.17showed a pseudoquartet
for the methylene group at position1@ caused by the overlap of two triplets due to a slight change in
chemical shift resulting from the different stereochemistry of the enantiomether, this also makes it
likely that a stereo center in close proximity (positiof7 ©r G8) to position €11 occurs in diffeent
configurations. The absolute configuration of the molecule was not determined.

Compound.18purified as a colorless oil, had the molecular formukile;O,, asdeduced from HRESIMS
data (Wz311.2224 [MH], calculated for ¢H31047, 311.2228)Figure S90). This suggests th&8t18lacks

a hydroxyl group compared ®.17. Detailed 1D and 2D NMR studig&igure S 917 Figure S 95)
confirmed thaB.18is a derivative of octadecadienoic acid. In comparison @it the structure 08.18
differs in the location of the hydroxyl groups as well as the position of the double boundsl NIMR
spectrum displ ays fyb5.36ppmdEisdt) 29, U@ Hz, K8i) g 519 ppsm (1&lt U
t,J=11.0 Hz, H9 ) 4 6.3% ppm (1H, dd)=11.1,15.2Hz, HL 0 ) &5r68ppma (1H, dd)=6.2, 15.2

Hz, H-11). Based on the coupling constants the configuration of double bonds was determinetiainde 8
10E. On the basis of the above analysis, the structur8.18 was determined as Z8.0E)-12,17
dihydroxyoctadec&,10-dienoic acid.

3.3.2 Pyrrolidinone derivatives

Compounds with pyrrolidone moiety but bearing different side chains have been isolated pretivosly.
examples are the colletotrilactams A and B isolated f@utetotrichum gleoeospades[29] and the
berkeleyamide A isolated frofenicillium rubrum(Figure 3-7). [30] These compoundshare the same
pyrrolidone moiety connected to different side chains.
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A R,=H, R,=OH
B: R,=OH, R,=H

colletotrilactam A and B berkeleyamide A

Figure 3-7 Structures otolletotrilactam A and B [@] and berkeleyamide A3

Tetramicacid (pyrrolidine-2,4-dione)derivativescould be isolated from a variety of marine and terrestrial
organisms Examples of these are fusaridione A isolated flumariumheterosporuni31], tenuazonic
acid fromAlternaria alternata[32] or aminotenuazonic acid frotraccaria bicolor [33]

Osig 3 HO._ 4 3
2 = \2

0O &= (@]
SN SN
H H

Figure 3-8 Core structure of tetramic acid derivatives3][

However, these compounds also carry an additional OH or carbony! gromgikttautomers) at position
C-4. Mainly, position G3 is substituted by acyl groups, substitution & Gsually derives from amino
acids. B4] The biosynthesi®f tetramic acid derivatives mostly takes place via hybrid polyketide synthase
(PKS) and nonribosomal peptide synthetase (NRPS) machineries and is illustFitadar3-9-A by the
example ofaspyridone. Adeeperlook inside reveals the close structural similarity between the pre
aspyridone and compoun8.1(/b. The formation of aspyridonetarts with the modification of
phenylalanine, it can be suggested thatfif.la/b and3.10a/b the modification process starts on alanine.
[34; 35] After wateris cleavedoff, a further reduction stagsults in the formation &.10a/b. For example,

this would be possible with an associated reductase domain. Such motifs are known from liverworts such
as Marchantia paleaceand their conversion of prelutaric acid to lmularic acid. B6] A proposed
modified biosynthetic pathway is shownkigure 3-9-B.

A
ApdA

HO

S. 10}
ApdC oo 9

|::> HiCo A NH
& o o
OH . .
pre-aspyridone aspyridone
NG HO O 0
CH CH; <
HsC NHT eH, T HC O —— , Hc CH;
HN CH; CH; N CH, CH
5 o ) 0

Figure 3-9 A: Biosynthetic pathway of aspyridone. Domain abbreviations: KS, ketosynthase; AT, acyltransferase; DH,
dehydratase; MT, methyltransferase; ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein; C, condensation; A,
adenylation; PCP, peptidyl car protein; DKC, Dieckmann cyclas&4]; B: proposed biosynthetic pathway 210

Tetramic acid derivativdsave attracted considerable attention for their diverse promising bioactikies
antimicrobial, antitumoral or antiviral propertie®7{ 38] Tenuazonic acid and aminotenuazonic acid
exhibit phytotoxic activity. B3] Unfortunately, during the structural elucidation of compo8rida/h the
compoundwas degradedbased on several changes of deuterated soJvantsno further testing was
thereforepossible
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Phytotoxic activity

compound 50 mM 20 mM 10 mM
3-(6-hydroxy-2,6-dimethyt
octanoyl}5-methylpyrrolidin2- + (+) -
one @.1a/b

3-(2,6-dimethyloctanoyh5s-
methylpyrrolidin2-one @.10a/h)

+ formation of chlorosis/necrosis observedp effect;n.t. not tested

n.t. n.t. n.t.

The tested compound.la/b showed a phytotoxic activity up 20 mM in the lept assay or.

thalianaCol-0. The relatively low phytotoxicity a8.1a/b is relativized by the large amount produced by
the fungus. The compoungd@sla/b and3.10/b belong to the major metabolites produced in HMG medium
(see Chapter 8). Therefore, the compound seems to be important for the pathogenicity of the fungus.

3.3.3 2,5Diketopiperazines (DKPs)

In summary eight known 2,5liketopiperazines were isolated from the culture filtrat€ ofjraminicola
Four compounds3(2 3.4, 3.5and3.9) have been previously isolatédm Colletotrichumspp. [39i 45]
The DKPs3.6, 3.7, 3.8and3.15were identified for the first time in the genslletotrichum

DKPs and natural products comprising a DKP scaffold are widely spread in nature and show a huge variety
of biological activities, including antibacterial, antifungal, herbicidal, anticancer and anthelmintic
properties. [9; 42i 45] Especially prolinebased DKPs are common in nature. Prebiased DKPs have
special characteristics due to the DK®&e is connected witthe pyrrolidine ring, resulting in higher
rigidity, structural stability and increased bioactivig5]46]

Five (3.2, 3.4, 3.5, 3.9, 3.1®ut of eightisolatedDKPs contain proline. Additionally, strong biological
properties are reported for several of thefd; f7i 50] For instance, Kumaaind ceworkersreported high
antifungal activity ofcycloL-LewL-Pro @3.2) againstPenicillium expansunwith MIC of 4 pg/ mL
compared to the standard fungicide Bavistin with MIC of 50 ug/[#d] Further, Castaldind ceworkers

have demonstrated thaycloL-Val-L-Pro @.4) has strong antibacterial effects similar to the positive
control chloramphenicol[48] Castaldiand ceworkers observed astrong influence of the absolute
configuration on the properties of the compouiidg, acycloL-ProL-Tyr showed a 50 60 times higher
activity thancyclo-D-Pro-L-Tyr. [48] This alsodemonstrateshat studies without specification of the
absolute configuration are not very comparahtdeasfour isomer forms can exist for the simplest DKP
based on two amino acids.

Absolute configuration

Each of the isolated DKP8.@, 3.47 3.9 and3.15 possess two chiral centers at positiol3 @nd C6,
which corresponds to four possible stereocisomers.

By comparison of the experimental ECD spedaifé3.2 and 3.4 with the published ECD specirthe
compounds were identified agcloL-Leu-L-Pro 3.2 andcyclo-L-Val-L-Pro @.4). [51]

For the DKPs3.57 3.9 the absolute configuration was determined by comparison of the experimental
spectra with calculated ECD spectsae3.2.69. This is shown as an example for compo8r&in Figure

3-10. The comparative analysis of the calculated and experimental ECD spectra indicated the stereocisomer
with the configuratiorp-L as the most suitable fit with a similarity factor (S = 0.973, sigma 0.3 eV and a
shift of 21 nm).Therefore 3.7 was unambiguously determined@glo-D-lle-L-Pra. All other spectra can

be found in the append{¥igure S24, Figure S30, Figure S37, Figure S43).
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Figure 3-10 Calculated ECDsectra of compound.7in comparison with the experimental one (blacdkdnethanal Red =cyclo
D-lle-L-Ala, green =cyclo-L-lle-L-Ala, blue =cyclo-D-lle-p-Ala, purple =cyclo-L-lle-D-Ala. Best similarity factor found fop-L
(red) with 0.973For sigma = 0.3 eV

On this basis, the DKPs were identifiedcgsloL-Ala-L-Pro 3.5), cycloL-Ala-D-Val (3.6), cycloL-Ala-

D-lle (3.7), cycloD-Ala-D-Leu 3.8), cycloL-Trp-D-Pro 3.9). For cyclolle-Pro @3.195 the absolute
configuration was not determinethterestingly, numerous amino acideLltine, aanine valine and
proline) occur in bothconfigurations making it essential to determine the absolute configuration of the
molecules.

Phytotoxic activity
Table 3-1 Results of the leagpot bioassay asolatedDKP.

compound 100 mM 50 mM 20 mM 10 mM
cycloL-LeuL-Pro 3.2 + + + -
cycloL-Val-L-Pro @.4) n.t. + - n.t
cycloL-Ala-L-Pro 3.5 n.t. + - -
cycloL-Ala-D-Val (3.6) + - - n.t.
cycloL-Ala-D-lle (3.7) + + - -
cyclo-D-Ala-D-Leu (3.8) - - - -
cycloL-Trp-D-Pro 3.9 n.t. + (+) -
cyclolle-Pro 3.15 + n.t. n.t n.t.

+ formation of chlorosis/necrosis observedp effect;n.t. not tested

The isolatedKPs (3.2, 3.41 3.9and3.15 were tested in a modified leapot assapn A. thalianaCol-0

in different concentrations (10, 20, 50 and 1@M).[7] Due to the low yieldof isolated DKP,some
compounds could not be tested in the highest concentration of 100 mM. Abowiel &ll DKPs showed
phytotoxic activity withind8 h, excep3.8, which showed no phytotoxic activity at &t 20 mM, only the
two compounds$.2 and 3.9 causedhecrosis or chlorosis withia8 hours However, the observed effects
were only very weak. Athe lowest concentration of 10 mM, none of thstedcompounds showed any
effectanymore.

The phytotoxic activity of three compoundsZ 3.4and3.15 has already been described in the literature
however without specifying the bioassay and the concentrations[@8k¢th contrast to this, Song et al.
observed thatyclo-L-Leu-L-Pro(3.2) had only minor inhibiting effects on the root (5.6 + 2.3 %) and shoot
(3.7 £ 2.1%) growth ofolium perenneat a concentration of 2qipm. p2]

Guo et al. (2007) demonstrate the phytotoxic activitgyafio-Val-Pro on black pineseedlings. At a test
concentration of 20 pg/ mL 96% of the treated seedlings were wilted after an incubation time @98 h. [
No information was given on the absolute configuration of the compound. Interestingly, in the bimassay
A. thalianaCol-0, cycloL-Val-L-Pro 3.4) showed only very weak activity (100 mM).
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In 2016 Weiarnd co-workers reportethat Brevianamide FcgcloL-Trp-L-Pro) has strong inhibitory effect
(inhibition > 60%) on the root growth of radish seedlings at a concentration pph@0r he inhibition rate
was comparable to that of the positive control glyphosate (55%)The stereocisomayclo-L-Trp-D-Pro
(3.9), however, only showed weak phytotoxic activity up to concentration of 20 mM in thepebassay.

Considering the results of the leaf spot bioassay, all @sfedshow phytotoxic effectat relatively high
concentrations. However, it must be considered that the bioaasaysot comparable as they were
performed on diffegnt plants and, moreover, on different organs of the plasttheleafspot assaysed

is performed on fully expanded leaves without prior wounding, the leaf catiald hindethe penetration
of the quite polar compounds (I&gbetween 0.25 and 1.50; consensusRazplculatedoy SwissADME
webtool).b3]

3.3.4 Acetamides

In total, three known acetamid€3.3 3.13 3.14 could be identifiedfrom the culture filtrate ofC.
graminicola.N-phenethylacetamide&(3) andN-acetyltyramine §.14) have been previously reported from
C. fioriniae [54] andC. truncatum[24], respectively, whereds-[2-(2-hydroxyphenyBethyl]-acetamide
(3.13)could be detected for the first time in the ge@odietotrichum

Phytotoxic activity
Table 3-2 Results of the leagpot bioassay aicetamides3.3, 3.13and3.14

compound 100 mM 50 mM 20 mM 10 mM

N-phenethylacetamid&(3) n.t. + + -

N-[2-(2-hydroxyphenyhethyl]-

acetamide3.13

N-acetyltyramine 3.14) - - n.t. n.t.
+ formation of chlorosis/necrosis observedp effect;n.t. not tested

n.t. - - n.t.

Phytotoxic activity ofN-phenethylacetamide3(3) was previously demonstrated by &nd ceworkers
obsening a growth inhibition of about 20 %6r themacroalgdJlva prolifera. [55] The phytotoxic activity
of the compoun@®.3was confirmed by the leadpot assaysed resulting in necrosip o a concentration
of 20 mM. Masiand ceworkersreported a phytotoxic activity ™-acetyltyramine 3.14) by inhibiting the
germinationof the ®ybeanseed root$29%) and a slight antifungal activity (20%) agaikstcrophomina
phaseolinaboth at a concentration of 2.5 x3@ol/ L. [24] In opposite, nophytotoxic activityof N-
acetyltyramine .14)could ke observed in the leafpot assay used.

3.3.5 Further compounds

Phytotoxic activity
Table 3-3 Results of the leagpot bioassay

compound 100 mM 50 mM 20 mM 10 mM
1-(3,6-dihydro-2H-pyran3-yl)pentane )

2,3diol (3.11) (+) ) n.t
5-(2,3-dihydroxypentyl)tetrahydr@H-

pyran3,4-diol (3.12) n.t. n.t. n.t. n.t.
lumichrome(3.16 n.t. n.t. n.t. n.t.
7,8,16trihydroxyoctadec#®,12dienoic nt + + i
acid 3.17 "

(82,10E)-12,1 #dihydroxyoctadecs,10 Nt + ) i

dienoic acid 8.19
uracil 3.19 n.t. - n.t. n.t.
+ formation of chlorosis/necrosis observedp effect;n.t. not tested

Lumichrome 8.16 has previously been isolated from various plant and fungal sources, including
Colletotrichum gloeosporiodefd6]. This is not surprising as lumichrome a degradation product of
vitamin B2 (riboflavin), which is ubiquitous ithe plant and fungl kingdom [57; 58] Due to the low
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isolated amounbf 3.16 no bioassaysould beperformed.7,8,16trihydroxyoctadec#®,12dienoic acid

(3.17 and (&,106)-12,1#dihydroxyoctadec®,10-dienoic acid 8.18 could be recognized as two
previously unknown oxylipins. Oxylipins originate from the oxidation or further conversion of
polyunsaturated fatty acids and their production is widespread in the fungal kingdhn&Q[5The
oxidation itself can be either spontaneous in the presence of reactive oxygen species or catalyzed by
enzymes [61] Oxylipins play a versatile role as modulators of various metabolic pathways such as the
induction of spore formation and the regulation of toxin productid®. §3; 62 Moreover, a potential
crosskingdom communication by oxylipins is suggestéll] [Both compounds3.17 and 3.18 showed
phytotoxic effects orA. thalianaCol-0. Theobservedhytotoxiceffectcould bebasedon the abiity of

fatty acids to penetrate and destabilize plasma membr&3e64] Uracil (3.19 is a pyrimidine base and

is one of the four nucleic acids of the ribonucleic acid (RNAgclil itself showed no phytotoxic activity,

but there is a group of substitutegintheticuracil herbicides. These include, for exampldyrémo3-
isopropyt6-methyluracil, which acts as a photosynthesis inhibi&;, ¢6].

3.4 Conclusion

In summary, the bioassayuided fractionation ofrude extracts from the culture filtrate and mycelium of

C. graminicolacultivatedon HMG mediumled to the isolation of 19 compounds. Among thesix
previously undescribed compourfdsm different compound classés1, 3.101 3.12 3.17and3.18), eight
diketopiperazines3(2, 3.47 3.9and3.15 and three acetamide3.8, 3.131 3.14) could be recognized 1

out of 16 tested compounds showed a phytotoxic activitydomhalianain the modifiedleaf-spot assay
However, the activities could only be observed at
already mentioned, it must be taken into account that the bioasgathalianaCol-0 wasonly carried out

on the leaf surface without prior wounding. Thus, the hydrophobic cuticle impedes the penetration of polar
substances. In addition, the pH value of the test substances was not adjusted. It can therefore not be ruled
out that the tested batances were present in charged form. This would also maké&g@igon into the plant

more difficult. 53] Therefore, other test systems would also have to be used to obtain detailed information
on the phytotoxicity of the compounds.
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4  Isolation of phytotoxic compounds from Colletotrichum
graminicola cultivated in CM medium

Abstract

From cultures ofColletotrichum graminicolagrown in CM medium (complete medium}L3
compoundgould be isolated according to their phytotoxic activgplatedcompoundsomprise
the new dehydropyranonederivative named graminolactone 4.2), the new anthraquinone
derivativenamed Schloro-colletoquinone A4.4), besidethree hexanoic acid derivatives new to
nature 4.9, 4.11and4.13, as well agheeight known compounds, traashydremevalonic acid
(4.1, colletoquinone A4.3), colletoquinone B4.5), azelaic acid4.6), (E)-dec2-enedioic acid
(4.7), cycloAla-Pro @.8), cycloL-Pheb-Pro (4.10 andN-5-hydroxypentylacetamidet(12. The
structures were determined bytenseNMR spectroscopic analysis, EBRMS measurements
and Xray crystallography In addition, the absolute configuration gfaminolactone4.2) and
cycloL-PheD-Pro (4.10 were established by quantum chemical CD calculation. The phytotoxic
activity was tested using a leaf spot testwabidopsis thalianaol-0 at concentrations between
100 and 10 mMNine out oftwelve compound®xhibit phytotoxic activity
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4.1 Introduction

This chapter describes the bioasgayded isolation and structure elucidation of five previously unknown
compoundgomprising thenthraguinone derivative nameaBloro-colletoquinone A4.4) andthreenew
hexanoic acid derivatives new to natuded(4.11and4.13, together withthe known compoundfans
anhydremevalonic acid4.1), colletoquinone A4.3), colletoquinone B4.5), azelaic acid (4.6) H)-dec
2-enedioic acid 4.7), cyclo-Ala-Pro @.8), cycloL-PheD-Pro @.10 and N-5-hydroxypentylacetamide
(4.12. from C. graminicolagrown onCM medium. All isolated compounds were tested for their phytotoxic
activity using a leabpot assay oArabidopsis thalianaol-0.

The Complée Medium CM) is a medium, which consist of casein hydrolysate, yeast extract, calcium
nitrate, glucose with additional minerals (K, Na, Mg, Cl, P, S). Casising family of related
phosphoproteinsn mammalianmilk that precipita¢ at pH = 4.6. [1] Smaller peptides arising from
hydrolysisof caseinare used as a source of amino acids in culture media. Also, the yeast extract serves as
a source of amino acidgeptidesand watesrsoluble vitamins[2] In addition, the glucose (carbohydrates)
provides a rich source ofairbon, while the calcium nitrate is an additional source of nitrogen. Thus, the
CM medium covers all the necessary nutrients for the fundaation

4.2 Experimental

4.2.1 General experimental procedures

Column chromatography was performed on polyamidé@€ (Macherey Nagel, Germajsilica gel 60
silanized (0.063 0.200 mm, Merck, Germany) and Sephadex2MHFluka, Germany), whereas analytical
TLC was performed on preoated silica gel % aluminum sheets (Merck,Germany).

HPLC

The analytical and serprreparative HPLC were performed on a Shimadzu prominence s{Skemadzu
Europe, Germanyyhich consists of a CBM0OA communication bus module, a SRI20A diode array
detector, a FRQOA fraction collector, a DGt20A5R degassing unit, a LZOAT liquid chromatograph
and a SIE20A HT autosampler. Following columns were used: @D&lumnl (5 uM, 120 A, 150 x 4.6
mm 1D, YMC Europe, Germany), an OBScolumn 2(5 pM, 120 A, 150 x 10.0 mm ID, YMC Europe)
and a Zorbax Eclipse XDB colun®(5 pM, 80 A, 250 x 9.4 mm ID, Agilent, Germany).

Thesolvent systems 40 + 0.1 % FA (A) and CECN + 0.1 % FA (B) (solvent system |) or® (A) and
methanol (B) (solvent system Were ugd for the HPLC separati@i target compounds.

High-resolution masspectrometry
The highresolution mass spectrometry was either performed from an Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific, Germany) or from a QTOF MS instrument (TripleTOF 6600, Sciex, Canada).

UHPLC-ESFHRMS Orbitrap Elite massspectrometer

The positive ion highiesolution ESI mass spectma/grange 102000) were obtained from an Orbitrap

Elite mass spectrometer (Thermo Fisher Scientific, Germany) equipped with a heated electrospray ion
source (spray voltage 4 kV, capillary temperature 325 °C, source heater temperature 300 °C, FTMS
resolutionFull scan 30.000, MS/MS 15.000). Nitrogen was used as a sheath and auxiliary gas. The MS
system was coupled to an uHmah-performance liquid chromatography (UHPLC) system (Dionex
UltiMate 3000, Thermo Fisher ScientifiGermany, equipped with a RR8 column (particle size 1.7 pm,

50 x 2.1 mm ID, BEHC18, WatersGermany;column temperature 40 °C) connected with a C18 guard
column (particle size 1.7 um, 5 x 2.1 mm ID, BEH S8, WatersGermany. The mobile phases were®

(A; MilliQ -system Barnstead GenPure Pro (from Thermo Scientiermany) and CHCN (B;
Chromasolv, for LEMS, Honeywell Riedel de Haé Germany with 0.1% formic acid (additive for LC

MS, LiChropur, Merck Germany. Chiomatographic separation was realized using a gradient system
starting from 5% B (isocratic for 1 min) increasing to 95% B within 10 min, followed by further 3 min at
95% B (flow rate 0.4 mL/min, injection volume 3 pL). Theaguilibration time of the coan was set to

3.5 min at 5% BThe wavelength range of the PDA measurements was set-60090m.The CID mass
spectra (buffer gas: helium) using data dependent acquisition were recorded using a normalized collision
energy (NCE) of 35%. The instrument was externally calibrated by the Pierce ESI positive ion calibration
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solution (product no. 88323) from Thermo Fisher Scienfiliermany) The data were evaluated using the
software Xcalibur 2.2 SP1.

Direct injection via autosampleOrbitrap Elite mass spectrometer

Thenegativeion high resolution ESI mass spectra were obtained from a Orbitrap Elite mass spectrometer
(Thermofisher Scientific, Germany) equipped with a HESI electrospray ion soegaiyespray voltage

4 kV, capillary temperature 325°C, source heater temperature 80 °C, FTMS resolution 60.000). Nitrogen
was used as sheath gas. The sample solutions were injected through the autosampler (injection volume 5
pL) without chromatographic semtion.The instrument was externally calibrated by the Pierce® ESI
negative ion calibration solution (product number 88324) from Thermofatientific, USA. The data

were evaluated by the Xcalibur software 2.2 SP1.

UHPLC-ESFHRMS + SWATHTripleTOF 6600, Sciex

The UHPLC separation was performed using an Acquity UPLC system (Waters, Germany), configured in
binary high pressure gradient mode. Eluent A consisted of ultrapure water (A,-84i8i®mn Barnstead
GenPure Pro (from Thermo Scientjfiéermany) and CHCN (B; Chromasolv, for LEMS, Honeywell

Riedel de HaénGermany with 0.1% formic acid (additive for L&S, LiChropur, MerckGermany. The

gradient profile for eluent B was as follows: {006 min 10%; 0.64.3 min increase to 95%; 4.3.7 min

hold at 95%; 4.774.8 min decrease to 10%. Forequilibration of the UHPLC column, the gradient was

set to 10% eluent B for 0.5 min. The column oven was set at 40°C and the autosampler was cooled at 10°C.
The flowratewak e pt constant at 0.4 mL/min. A volume of
RP-C18 column (50 mm I 2.1 mm i . d.anaddpyuardedsitha@l8r t i c | e
guard column (2.0 mm i.d. x 4.0 mm; Phenomenex). Mass spectromegatialetvas performed using a

QTOF MS instrument (TripleTOF 6600, Sciex, Canada) equipped with aD&sSpraylon-Source and

a resolving power (full width at hathaximum, fwhm, am/z 400) set of 30,000 in MS and 30,000 in
Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH) MS/MS (high resolution mode).
The automated calibration device system performed an external calibration approximately every hour. The
Turbo V iondrive source equipped withstainlesssteele | e ¢ t r o dirgernél didm@terrwas operated

with the following MS conditions: gas 1, nitrogen (40 psi); gas 2, nitrogen (40 psi); ion spray voltage,
550 0 V ( p o s45Q0V (negatimeandde)on-source temperature, 450°C; curtain gas, nitrogen (35
psi); collision energy, 10 eV. The MS was operated in the SWATH acquisition mode, where one complete
cycle consists of a survey scan and a Q1 isolation strategy. The survey scan covered a enaésitang

100 to 1000 with an accumulation time of 100 ms. The Q1 isalstimtegy covered a mass rangendd

100 to 650 with a 23 Da SWATH window for Q1 isolation (overlap 1 u). In each SWATH window, a
collision energy of 35 eV with a spread of £15 eV and an accumulation time of about 50 ms-in high
resolution mode was used. The total cycle time was 1.4 s. Advineters were controlled by AnalystTF

1.7 Software (SciexCanada

Direct injection via autosamplefripleTOF 6600, Sciex

The mass spectrometric detection in positive ion mode was performed using a QT@BtM®ent
(TripleTOF 6600, Sciex, Canada) equipped with anB&Spraylon-Source and a resolving power (full
width at halfmaximum, fwhm, am/z400) set of 30,000 in MS. The automated calibration device system
performed an external calibration. The Turbo V ion drive source equipped with a stsietdsdectrode

(100 em internal di amet er ) wa s :gasplenitregendad psiy,igasB, t he
nitrogen (70 psi); i on s pr squrcestemperaugdd0°C; Guath@as,y ( po s
nitrogen (55 psi); collision energy 10 V. The TOF

mass range ofn/z 100 to 2500The sample solutions were injected through the autosampler (injection
volume 5pL) without chromatographic separation

NMR

NMR spectra were obtained from an Agilent DBR0 spectrometefAgilent, Germanylusing a smm
inverse detection cryoprobe. The spectra were recorded at 39891an¢@ 100.570%¢C), respectively.

2D NMR spectra were recorded using standard CHEMPACK 8.1 pulse implemented in Varian VNMRJ
4.2 spectrometer softwaréor samples with low concentrations, NMR spectra were recorded on a Bruker
Avance Neo 500 NMR spectromet@ruker, Germanyat 500.234 and 125.797 MHz, respectively, using

a 5 mm prodigy probe with TopSpin 4.0.7 spectrometer softzdremical shifts are reported relative to
TMS.
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CD
CD spectra were recorded on a Jas8d% CDspectrophotometer (Jasco, Germany).

4.2.2 Cultivation

The strainColletotrichum graminicolaM1.001wasprovided by Prof. Dr. Deising, Institute of Agricultural

and Nutritional Sciences, Martiouther University HalleWittenberg C. graminicolawas cultivatedas
semisolid culturesn Erlenmeyeflasks (1L) containing 4g cotton wool and 20L CM medium (10 g/

L glucose, 1 g/ L Ca(Né¢k, 1 g/ L yeast extract, 1 g/ L casein hydrolysate, 0.2 g/ LRC4 0.25 g/ L

MgSQy, 0.05 g/ L NaCl) at 23°C for 13 days without agitation. In total, 200 flask&Y4@ere grown.
Subsequently, the mycelium and the cotton wool were separated from the culture broth by vacuum filtration.
The mycelium was frozen a&0°C prior to extraction.

4.2.3 Extraction

The culture filtrate was extractdéy partitionfirst with ethyl acetate (3 x IL) followed byn-butanol (3 x
0.75 L) to obtain two crude extracts (ethyl acetat, n-butanol =2). The ethyl acetate phases were
combined andlehydrated byaddinganhydrous sodium diate (NaSQs).

The myceliumtogether with the cotton woelas exhaustively extracted with ethyl acetate (6% B an
ultrasound bath for 15 minutes. The organic phases were comloiekgdrated by adding anhydrous
sodium sulfat§Na,SQy), filteredand concentrated under reduced pressure to dhiadthyl acetate crude
extract3. Both ethyl acetate crude extracisand 3) were combined based on their TLC pattern and
subsequently subjected to a ligliiguid partition with acetonitriléextract4) andn-hexangextracts).

4.2.4 lIsolation

Then-butanol crude extra@was separated by size exclusion chromatography on Sephad28 (39 x

4.5cm) eluting with water. methanol (1:1v/v) Y me tTwelve frattions (each approximately
150mL, A17 A12) were collected. Based on their phytotoxic actitabp. thalianaCol-0 the fractions A5

i A9 (2.8g) were combined and further separated on silanized silica (41 x 3.1 cm) using a chloroform
met hanol gradient (15: 1 Y/ %®lowed by aédifidd mgthaBol. Ih totél, 1 : 1
22 fractions a 80 mL were collected and combined based on their TLC pattern to afford five fractions (B1
i B5).

Fraction B1 (300 mg) wasurther separated on silanized siligaolumn size 41 x 3.1 cm) using a
chloroform: met hanol gradient (100: 1 YviBfd@lowedbYyacitlified 1 VY
methanol.Thirty fractions each 150 mL were collected and subsequently combined into six fractions (C1

I C6) according tahe TLC patternSubsequently, fraction C5 (110 mg) was separated on Sephadex LH

20 (86 x 2.1 cm) using methanol as eluent. 130 fractions (each 10 mL) were collected and combined into
10 fractions (D1 D10). Finalisolation of 4.1 (tr= 7.7 min, 1.1 mg) was achieved by analytical HPIEC o
fraction D5 (12.1 mg) using column 1 wilblvent system | (0.8 mL/min;i220 min, 5i 100 % B).

Fraction B3 (10 mg) wasirther separately semipreparative HPLC using column 2 with solvent system

[ (3.0 mL/min; 21 15 min; 10i 50 % B) toafford 4.2 (tr= 10.2min, 2.3 mg).

The acetonitrile extraet (2.5 g)was separated on a polyamide G&&column (80 x 2.5m) eluting with

nhexane et hyl acetate (W¥: 1Y Yet3nyll Yac2e:tiadetenelft:196)t hy |
Y acetastene Y met hanolvv( 2Y1m&t Hadol to @§EIMeFromen fr
fraction E6compound4.3 precipitatedn form of crystals. The crystals were separated amalyzedy X-

ray crystallographysee4.2.5.

Fraction E7 (27@ng) was subjected to column chromatography on silanized silica (7Ccr2&sing the

gradient system-hexane et hyl acet atve (Y2:elt h¥ | Imalt bYa a0b:bdv)( 1: 1
followed by acidified methanol to afford seven fractions {F7) each fractiorBOOmL.

Fraction F1 (67 mg) was further separated on Sephade20LH0 x 2.5 cm) eluting first with ethyl acetate

and changing to ethyl acetatmethanol (1:1y/v) to afford four fractions (G1 G4, each fractiod0OmL).

Fraction G2 was purified by semieparative HPLC using column 3 with solvent system Il (1.8 mL/min

27 12 min 807 100% B) toafford 4.3 (tr=10.7min, 4.5 mq, 4.4 (tr= 12.4 min,4.7 mg and4.5;(tr=

14.0 3.2 mg. Compound4.4 precipitatedn form of crystals from the fractiarThe crysals were separated

and analyzed b¥-ray crystallography
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HPLC separatiorof fraction G3 using the same conditiassdescribed fdB2 afforded4.6 (tr= 16.8min,
2.1 mg and4.7 (tr= 18.9min, 1.8 mg.

Semtipreparative HPLC of fraction F6 using column 3 with solvent system Il (1.8 mL&iiir2Z3 min, 5
i 100 % B) yielded compound4.8 (tr=15.6min, 0.9 mg, 4.9 (tr= 21.7min, 1.6 mg, and4.10 (tr =
22.4min, 1.1 mg)

HPLC separatiorof fraction F7 using column 3 with solvent system Il (1.8 mL/mih;2Z8min, 57 100%
B) resulted in the isolation af.11 (tr=15.8 min, 1.3 mg), 4.10 (tr= 16.4min, 1.2 mg, and4.13(tr =
21.8min, 1.3 mg.

trans-Anhydromevalonic acid (4.1): colorless oil'H NMR (400 MHz, methaned,) U 5. 7J=2 ( 1H,
13Hz,H2),4 2. 37J=623Hz, H4YU4 3. 70J=6.23Hz,H5t),, 0 2 J4B3H¢HH, d,
6); °C NMR (100 MHz, methaned,) U0 1-2)00. 51 1(92),0 { &£73),0 4 £4)5 (6@®-. 5 (C
5,0 1 8-6)8HRESIMSmM/z129.0560 [MH]", calculated for HsOs, 129.0557(Figure S1011 Figure

S105).

Graminolactone (4.2): colorless oiltH NMR (400 MHz,methanold,) (15.87 (1H, dJ= 15.6 Hz, H3), U
6.84 (1H, ddJ = 8.2, 15.6 Hz, H4), (. 3.08 (1H, qJ = 8.3 Hz, H4), (1 3.60 (1H, tJ = 8.2 Hz, H5a), U
3.92 (1H, tJ=8.2 Hz, H5b), 12.15 (1H, m, H1 6,&)}.74 (1H, dtJ=9.4, 12.4 Hz, HL 6, 3.84 (1H,
dt,J=5.7,9.2 Hz, ® $93.51 (1H, dddJ=3.8,5.2,9.0 Hz, ¥ 6)1.33 (1H, m, H4 6,& }).57 (1H,
m, H4 6, 0.97 (3H, tJ= 7.4 Hz, H5 6 C;NMR (100 MHz, methanetls) (i 170.0 (G2), 1 123.5 (G
3), 1 149.7 (C4),1043.9 (CG5),173.2 (G6),0134.5(C1 6Y84.2(CG2 6975.4 (C3 6027.6 (C4 0§
106 (C50) ; H Rz $9B.06890 [MH]", calculated for @H1504199.0976(Figure S10671 Figure
S110.

Colletoquinone A (4.3): orange needledH NMR (400 MHz, DMSQdg) 11 7.35 (1H, s, H2), i 7.54 (1H,
d,J=1.6 Hz, H4),07.03 (1H, s, Fb), 0 13.45 (1H, s, 8H), 01 3.95 (3H, s, HL1), (12.46 (3H, s, HL2),
03.85 (3H, s, HL3);3C NMR (100 MHz, methanedls) Ui 156.4 (G1), (i119.4 (G2), 1145.9 (G3),1i119.9
(C-4),0134.6 (G4a), 1110.9 (G5), U 156.8 (CG6), U 140.0 (C7), 4 160.5 (C8), 11 107.5 (G8a), 1 186.7
(C-9), 01117.6 (G9a), 0 181.6 (G10), U 127.9 (Cl0a) U 56.4 (CG11), t 21.7 (G12), G 59.9 (C13),
HRESIMSmM/z 313.071§[M-H]", calculated for GH130¢", 313.0707)(Figure S1117 Figure S114).

5-Chloro-colletoquinone A(4.4): orange solid®H NMR (600 MHz,DMSO-dg) i17.36 (1H, s, H2), 1 7.55

(AH, d,J=1.5 Hz, H4), 1 11.15 (1H, br, 60H), 01 14.18 (1H, s, 80H), 013.95 (3H, s, HL1), 01 2.48 (3H,
s, H12),13.87 (3H, s, HL3); 1*C NMR (125MHz, DMSO-dg)2 11 160.1 (G1), 1 118.7 (G2), (i 146.4 (G

3),0119.9 (G4), 1 147.3 (G4a), 1139.8 (G7), 1 155.8 (G8), 11110.9 (G8a), i 181.2 (G10), 0 116.9 (C

9a) U 56.4 (G11), u 21.9 (C12), U 59.8 (C13); HRESIMS m/z 347.0327 [MH]", calculated for
C17H12ClOs, 347.03282 1°C shiftsobtained from HSQC and HMBC

(Figure S1157 Figure S119).

Colletoquinone B(4.5): orange solid!H NMR (400 MHz, DMSQde) Ui 7.46 (1H, sH-2), i 7.64 (1H, d))

= 1.5 Hz, H4), 17.33 (1H, s, FB), 11 13.25 (1H, s, 8H), 113.97 (3H, s, HL1), i 2.50 (3H, m, H12), ii

3.99 (3H, s, H13), 1 3.85 (3H, s, H14); 13C NMR (100 MHz, DMSGdg) Ui 160.7 (G1), 1119.6 (G2), U

147.4 (G3), 1 120.0 (G4), U 134.5 (CG4a), 1 102.7 (G5), 0 157.3 (G6), U1 141.3 (G7), G 155.8 (C8), U

112.5 (G8a), 1187.1 (G9), 1117.5 (G9a), 1181.5 (C10),1127.9 (G10a) U156.5 (G11), 421.7 (C12),

0 56.3 (G13), 11 60.2 (G14); HRESIMS m/z 329.1039 ([M+H], calculated for @H17Os", 329.1020).
(Figure S1207 Figure S124).

Azelaic acid (4.6): pale yellow needlesH NMR (400 MHz, methanet,) U 2. 2% 7.4 HzH t,
2/8)0 1.61 (J&WH4HzgHB/r)it ,1. 35 {4/6/6);1°C MMR (180 MHz, methaneds) U
177.8 (G1/9),0 3 5-2/8,u ( € 6-3/D,U ( 8 0-4/86); HRESIMS1z189.1144 [M+H], calculated

for CoH330,7189.1121(Figure S12571 Figure S129).

(E)-dec-2-enedioic acid(4.7): colorless oil;*H NMR (500 MHz,methanold,) U 1 %.827/IH, dtJ=
16,156 Hz, F2),0 6. 9 3 J{7I0OHD5.6 HztH3), U 2. 22 J€2&I70Hg, ¢M), 0 1. 48 ( 2H,
m,H5),0 1. 36 -©/A)H, 1m,6 0H-B)AH,2 .n2,7]H7.2 1z, HIX *C NMR (150 MHz,
methanolds) U0 1-1)00. 61 2(22),8 {(¥03),9® 3 Z4)3 (2@-50 (2E®-6/B,u( 5. 9
(C8),04 34990 ( L7 7-108 HRESIMS m/z 201.1143 ([M+H] calculated for @H1704",
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201.1121)(Figure S130i Figure S134).

Cyclo-Ala-Pro (4.8): white solid;*H NMR (500 MHz, methanetls) 0 4.18 (1H, m, H3), i1 4.25 (1H, m,
H-6), 1 2.30 (1H, m, H7a), t2.00 (1H, m7b), t1.93 (1H, m, H3a), i 2.00 (1H, m, H8b), 0 3.51 (2H, m,
H-9), i 1.38 (3H, dJ = 6.9 Hz, H10);*C NMR (125MHz, methanolds)? i 169.4 (G2), 152.3 (G3), U
172.8 (G5), U 60.7 (G6), 129.3 (G7), 123.7 (C8), i46.5 (G9), U 15.7 (G10); HRESIMSM/z 169.0976
([IM+H]*, calculated for €H13N.O,", 169.0972}.13C shifts obtained from HSQC and HMBC

(Figure S1357 Figure S139).

Methyl-6-acetamidohexanoaté¢4.9): white solid;'H NMR (400 MHz, methanet;) U 2. 327.4( 2 H,
Hz,H2),0 1. 62J=75Hz, H3),0 1. 35 ¥)20H,1.m,9 H)AH,3 .mM,3J+H/2H, t,
Hz, H6),0 1. 91 -2 &MH,3 .s64 I BY,NMR (100 MHz, methaned,) G 1-2)50 8 ( C
34.6 (G2),0 25-3)a0 (2-H4 (BO-50 (4O-6)A (1T 316 (2R;-28Y (X1- 9 (C
36) ; H Rz 388282 ([M+H], calculated for @HisNO3*, 188.1281) HRESIMS/MS 156.1025

(30), 146.1175 (8), 114.0942 (10Qfigure S1407 Figure S145.

CycloL-PheD-Pro (4.10: white solid;'"H NMR (500 MHz,methanold) U 4 . D84.8(Ht, H3), t ,

d 2. 60 J€4a5%110.7HAKE), 0 1. 63 -fa)H, 2 .m0 3 HLL ¥, 1 m6 3 HBa) WH, m,
1.89(AH, m,H8b), i 3. 31 PaAH, 3 m52 HOM, &, 2 m9 7 HE ALK 13.6 ta 1@), U

3.19 (1H, ddJ=4.7,13.6 Hz, HIOb) U 7 . 18 {1218) 0 nm;7.3AHBH, m, H13/14/15);**C

NMR (125MHz, methanolds) U 1@)M4. 45 930 (1T 15),8 % &©6)1 (20@-7)d@ (2Q . 4
(C8),0 46-910 (4@W-1W U ( C3 61170 (1CG r12/26) U C1 2 913/65) ( C1 28145 ( C
HRESIMSm/z 245.1282 [M+H]Y, calculated for @H1/N20O,*, 245.1285)(Figure S1461 Figure S151).

6-Acetamidohexanamid(4.11): colorless oilH NMR (400 MHz,methanold,) G 2. 1#97.0H2,H, t ,
H-2),0 1. 60J=7BHz, H3u 1. 37 4)20H,1.n5,0 H520H,3 .nm,5]J+H7.BHz, t ,
H-6),0 1. 92 -7 &;NMR (100 MHz, methaneds) U 1-1)90U. 03 6(-220 (2G-3)50 ( C
275 (G4),0 3 0-5p0 (40-6)30 (17 31 A (2@-25) ( C H Rz $73.0283 ([M+H],
calculated for @HisN.0,*, 173.1281) HRESIMS/MS 156.1017 (8), 114.0924 (10QfFigure S 1527

Figure S157).

N-(5-hydroxypentyl)acetamide(4.12: colorless oilH NMR (400 MHz, methanet;) G 3. 15 ( 2H,
70Hz,H1),0 1.51 L)20H,1.n8,7 H3)220H,1 .n5, 3 HA)2H,3 .5, 4J+H6.83Hz, H t ,

5,0 1. 91 -7 &;NMRS(100 MHz, methaned,) U 410,04 3 0-©W (2&-3)2A1 (3B . 2
(C4),u 62570 (LC731@) (2229 ) ( C HREZI4A6NEFI(M+H]*, calculated for
C/H16NO;*, 146.1176)HRESIMS/MS 128.1059 (100), 114.0924 (2Rigure S158i Figure S163).

6-Pentanamidohexanamid(4.13: white solid;'H NMR (400 MHz, methanetl) G 2. 202),(2H, n
163 (2H, m, H3), 0 1. 35 4)20H,1 .n5 1 HS5)20H,3 .nL,5 HE)2UH,2 .ni,6 HB)2UH, m,
156 (2H, m, H9), i 1. 36 @ &, 0 m9 3JH (7.3 Hfz, H11);3C NMR (100 MHz, methanel

d) 0 1-1)90. 13 6(2FA (2G-3)a0 (20-4H)E (3@-5W (40@-6)A1 (1T 67),8 B €. 9
(C8), 0 29-93uU (Z3-10), 4 ( A 4-11); HRESIMSm/z 215.1760 ([M+H}, calculated for
C11H23N205", 215.1754)HRESIMS/MS 114.0930 (100jFigure S16471 Figure S169).

4.2.5 X-ray crystallography

Crystals of sufficient quality enabledrdy structural analysis of compou#Adand4.4. A suitable crystal

of each compoundasselected and mounted on a STOE IPDS 2 diffractometer. The crystal was kept at
170 K during data collection. Using Olex2 [3], the structure was solved with the ShelXT [4] structure
solution program using Intrinsic Phasing and refined with the ShelXL fiseraent package using Least
Squares minimizationCrystallographic data fo4.3 and 4.4 have been deposited with the Cambridge
Crystallographic Dat&entre 4.3: CCDC 234822; 4.4: CCDC 234829). Copies of these data can be
obtained free of charge from the Cambridge Crystallographic Data Centre on application to the Director,
CCDC, 12, Union Road, Cambridge CB2 1 EZ, (émail: deposit@ccdc.cam.uk).
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Crystal data

4.3 C17H1406 (M =314.28 g/mol): monoclinic system, space group RdR a = 7.5723 (5}, b = 14.4127

(10)A, c = 12.7547 (9R, V = 1385.58(17A3, Z = 4, d = 1.507 g/chcrystal size: 0.36 x 0.09 %08

mm?, number of i ndependent reflections = 277Me8, R(ir
final R1 was 0.0559 (I >1)) and wR2 was 0.1630 (all datglrigure S114).

4.4 Ci7H13Cl0s, C:HeOS (M= 426.85 g/mol): triclinic system, space grouglPa = 7.2720(5R, b =

10.6557 (7) A, ¢ = 12.5971 (8) A, v = 913.75 (1B & = 2, d = 1.551 g/chcrystal size: 0.49 x 0.217 x

0.03 mm, number of i ndependent reflections: 499.9 7 , R(i
The final R1 was 0.0511 (I >l@)) and wR2 was 0.1085 (all datgfFigure S119).

4.2.6 Calculation of CD spectra

Graminolactonet.2

All possiblefour stereo isomerswithS5onf i gur ati on (S2¢6, S3db4h2werd SR) , (
constructedisingMOE (MolecularOperatingenvironmenj software [6] Subsequently a conformational
search was performed. The resulting most stable conformation of each isomer was optimized by applying
the density functional theory (DFT) using the B3LYP functional with the SV (P) basisr7isHl] [
implemented in thab initio ORCA 3.0.3 program packagel]1The influence of the experimentally used
methanol solvent waincluded in the DFT calculations using the condultker polarizable continuum

model, CPCM. [2] For the quantum chemical simulations of the CD spectra the first 30 excited triplet
states of the struates were calculated by applying the lemagpge corrected hybrid function TD B3LYP/G

with SV (P) basis set. The CD spectra of the corresponding four enantiomers vaitmfiRfuration were
obtained by mirroring from the calculated spectra witkc88figuraton. The CD curves were visualized

and compared witthe experimental spectra with the help of the software SpecDis 134. [1

Diketopiperazinet.10

The molecular geometries ttie molecule, including all possible stereocisomers, were obtained using a
python script which transforms SMILES structures to SDF files with the RDKit python package. Based on
these SDF files, gaussian input files were generated with the same script. Tharedruwere then
optimized with density functional theory (DTF) using CABBLYP/6-31+G(d,p)L4-17] level of theory

and the conductdike polarizable continuum model (CPCM) solvent field for methd#limplemented

in the Gaussian1@8] program packageElectronic Circular Dichroism (ECD) calculation was performed

for each optimized compound and conformation usingDHX calculations at the CANB3LYP/6-
31+G(d,p) level and CPCM model, investigating the first 40 excited states. The calculated spectra were
then compared with experimental data using the SpecDis software (versioflB]Ak)th a Gaussian

o

distribution functionatahath and wi dt h of U = 0.3 eV afB8@nmman all owe

4.2.7 Leaf-spot bioassay

A modified leafspot bioassay by Evidente et al. (199%)] jras usedor all fractions and pure compounds

tested fotheir phytotoxigproperties The samples were dissolved in methanol/ water yAland droplets

of 5uL were placed on the leaf surface of undetached and fully expanded young leAvabidbpsis
thalianaCol-0. Fractions were tested at concentrationsiot8 pg/ pL; pure compounds at concentrations

from 5 mM7 100 mM. Plants were incubated in the greenhouse (19 °C, day/night cycle)ifof2ds

Paraquat (100 uM, dissolved in methanol/ water W\, was used as a positive control. The pure solvent
mixture of methanol/water (1:¥/v) served as the negative control. Aftertvtheplants were observed for

the formation of necrosis. Images were taken with CAMAG TLC visuali2am@ag Switzerland). Only
thedamage to the leaf in the form of chlorosis or necrosis was evaluated. The extent of the damage was not
considered.

4.3 Results and discussion

4.3.1 Isolation and structure elucidation

Repeated column chromatography of @egraminicolacrude extracts on polyamide CEA8, Sephadex
LH-20, silanized silica in combination with seprieparative HPLC yieldethe compounds4.17 4.13
(Figure 4-1).

54



Isolation of phytotoxic compounds fro@olletotrichum graminicolaultivatedin CM medium

(0]
OH O  OCH; OH O  OCH; OH ©  OCH;

(o] CH; 0

3 H,CO H;CO H;CO
0P NP 4908 4999 990
H; HO CH; H;CO CH;
0 1 0

HO HO
o]

4.1 42 43 44 45
o 0 0 0 . o
HOJ\/\/\/\/U\OH ”O)k/\/\/\/ﬁ‘/(m HiC N HiC N\/\/\)ko/cn3
(o] HN 0
)
4.6 4.7 4.8 4.9
@ H @ H;C E OH g H
HiC N\/\/\)j\ ’ T NN J\/\/\/
N NH, HN CH;
H
]
4.10 4.11 4.12 4.13

Figure 4-1 Structure of compounds1-4.13

The spectral data (MS arttil and**C NMR spectra) of compoundkl, 4571 4.8, 4.10and4.12were
identical to those reported in the previous literature. Accordingly, their structures were identified as
trans-anhydromevalonic acidd(1) [20], colletoquinone B4.5) [21], azelaic acid4.6) [22], (E)-dec2-
enedioic acid 4.7) [23], cyclo-Ala-Pro [24] (4.8), cycloPhePro @.10 [25] and N-(5-hydroxy
pentyl)acetamide4(12. [26] Besides these known compounds, several new secondary metabolites could
be isolated.

Compound4.2was isolated as a white solid. Its molecular formula eetermined to be gH1604, based

on HRESIMS data of the molecular ion ratz 199.0990 ([MH]-, calculated for @H1504 199.0976)

(Figure S106). The*C NMR spectrum oft.2reveals ten carbon signals, classified as one methyl group

(Uc 10.6 ppm) three aliphatic methylene&(27.6, 34.5 and 73.2 ppirfjve methines (two olefini¢ Uc

123.5 and 149.7 ppiinand three aliphati¢ Uc 43.9, 75.4 and 84.2 ppm) and a carbdikd carbon {c

170.0 ppm) Intense analysis of the COSXhibitsthe presence of a pentaBg&-diol moiety connected to

a 5,6dihydro-2H-pyran2-one moiety. This scaffold is confirmed by HMBC correlations fro+& té G2,

C-4 and G5 and from H4 to G2, G-3, G5, G6 and C1 dFigure S107i Figure S110 Compoun4.2

contains three stereogenic centers & C2 6 adhd@, Ccorresponding to eight
order to figure out the absolute configuratio®d, the experimental electronic circular dichroism (ECD)
spectrum was compared with the ECDs for the possible isomers calculated by quantum chemical methods.
The isomer with 5, SZB ®configurations was found to fit best with the experimental spectrum showing

a similarity factor of 0.9448 (sigma = 0.3 eV, shift = 3 niif)e isomer with 5, S2 &RITdnfigurations

shows a similarity factor of 0.8911 (sigma = 0.3 eV, shift = 9 nm). On the basis of the analysis, the structure
of compound4.2was suggested to bé&S(2S3S-dihydroxypentyl)5,6-dihydro-2H-pyran2-one and

trivially namedgraminolactoneRigure 4-2).
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Figure 4-2 A: Calculated CD spectra of th&2'S,3'Sisomer (red) of compound.2 in comparison with the experimental one
(black line);similarity factor = 0.9448 (sigma = 0.3 eV, shift = 3 nBn)Calculated CD spectra of th&5 & 6R Somer (red) of
compound4.2in comparison with the experimental one (black life$911 (sigma = 0.3 eV, shift =9 nm.

Compoundd.3was identified as colletoquinone A by comparisoito$pectral data with publish&tRMS
and NMR data.Z1] Since the compound.3 precipitated in large quantities as crystals frm@thanolic
solutions during isolatioprocedure additional Xray crystallographic analysis wasarried out, which
clearly confirmed the proposed structure.

Figure 4-3 Molecular structuref colletoquinone A4.3).

Compound4.4was isolated as a yellearange solidOn the TLCA4.4 showeda reversible bathochromic
shift fromorangeto red when treated with ammonia vaggased on HRESIMS the molecular formula was
determined to be £H13ClOs (M2 347.0327 [MH]", calculated for GH12ClOs, 347.0328)The occurrence
of chlorine in4.4is supported by the presence of an isotope peakz@49.0298 with an intensity of 3%

in the MS spectrur{Figure S115). Further structural elucidation was perforniigdntenseNMR analysis.
However, the yield of4.4 was too low to record &C spectum. Therefore, all**C shifts were only
determined indirectly through HSQC and HMBC experiments. TFh&lMR spectrum of4.4 revealed
seven proton resonances including tresonance®f hydroxyl groups(Ux 11.1 and 14.1 ppm)two
resonancesf aromatic protongtx 7.55 and 7.4@pm), two resonancesf methoxy groupgt 3.95 and
3.87 ppm)and one of a methyl groyx 2.48 ppm) Both aromatic protongig 7.55 and7.40ppm) showed

a coupling constant of 1.5 Hz and are thus in megition to each other. Together with the HMBC
correlations of H2 to G1, G4, G9, G9a and C12 and H4 to G2, G9, G9a and C12 the substitution
pattern of the €ing was determined indicaty a 1,3 substitution. Further, one of the hydroxgreals (U
14.18 pm) showed a shaginglet whereas théydroxy signal atis 11.15 ppm showed a broaahglet.
On the basis of thEMR experimentgFigure S1167

Figure S 118 compound 4.4 was determined to be -Bhloro-6,8-dihydroxy-1,7-dimethoxy3-
methylanthracen8,10dione (anthraquinone numberinglrystals of sufficient qualityof the new
compounds namedd&hloro-colletoquinone A4.4) verified the proposed structure throughray analysis
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Figure 4-4 Molecular structure fob-chloro-colletoquinone A.

The isolated &£hloro-colletoquinone A(4.4) can beinterpretated athe oxidized form of colletoanthrone
(4.14, whichwas previously recognized by Horbach andnakers. 1] Colletoanthrondelongs to the
chemical class of oxanthrones. Oxanthrones and their tautomeniatamioquinones are generally quite
labile intermediates and are easily oxidized to the stable anthraquif@fjes

5-chloro-colletoquinone A (4.4) colletoanthrone (4.14)

Figure 4-5 Structures of &£hloro-colletoquinone A4.4) and colletoanthronet(14).

Compoundt.9was isolated aswhite solid. The molecular formula was determined to $& 8lOs, based

on HRESIMS data of the molecular ionratz 188.1278 ([M+H]J, calculated for gH1gNOs", 188.1281),
corresponding to two degrees of unsaturagfégure S 140). The*C NMR analysis revealed the presence

of nine carbon atoms, classified as two carbdikg@ carbons {c 173.2 and 175.8pm), five aliphatic
methyleneslc 25.61 40.3 ppm), one methyl groufi(22.5 ppm) and a methoxy grouj: 61.9 ppm).

Intense NMR analysis revealed the presence of an acetamide moiety, characterized by the HMBC
correlation of G2 6 1d @nd-6forCAm. CAddi t i o wmaréldtion fromaC3 thl @B C
indicated the presence of a carboxylic acid ester, which was supported by HRESIMS/MS measurements,
as the first fragmentation observed is the cleavage of the methoxy group. By detailed analysis of the COSY
spectra the compouri9 could be determineds metll-6-acetamidohexanoat¢Figure S14171 Figure

S145).

Compound4.11, purified as a white solid, was determinedCald14N20. as deduced from HRESIMS data
(IM+H] " atm/z173.1283, calculated for calculated faHzNO.", 173.1185)Figure S152). The NMR
spectroscopic dat@Figure S 15371 Figure S 157) of 4.11 were closely resemble that 4f9, with the
exception that @arboxamidas present instead of a methyl carboxyldtberefore, compound.11lwas
delermined as @cetamidohexanamide.

Compound4.13 obtained as a white solid, had the molecular forn@lad,,N-O,, as deduced from
HRESIMS datarfvz215.1760 ([M+H] calculated for GH23N-0,", 215.1754)Figure S164). The NMR
data(Figure S1657 Figure S169 showed similarity to those @9, 4.11and4.12 The!*C NMR spectra
revealed 11 carbon r esonaasgXredand lralgpm), drie methyltgmups c a r
( ¢14.1 ppm) and eight aliphatic methyler{@s23.41 40.2 ppm) Intensive investigations of the COSY

and HMBC spectreexhibit the presence of a hexanamide and a pentanamaety. The HMBC
correlations frontC-6 to C-7 and fromC-8 to C-7 show that the two structural elements are conndxsted

the nitrogen of the pentanamidéerefore, compound.13was identifiedas 6pentanamidohexanamid.
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Absolute configuration of diketopiperazines

The isolated DKRI.8and4.10eachpossess two chiral centers at positieB &d C6, which corresponds

to four possible stereocisomeidie yield of compound.8was too low to measure sufficient ECD spectra
(data not shownYyesulting inpoor similarity factorsTherefore, the absolute configuratiordo8 could not

be determined.

For the4.10the absolute configuration was determined by comparison of the experimental spectra with
calculated ECD spect(aee3.2.6 as shown irFigure 4-6. The most suitable fit with a similarity factor of
0.973 (sigma 0.3 eV, shif28 nm) was found for the stereocisomer with configuration.Thus,4.10was
identified ascycloL-PheD-Pro, which is in accordance with the literatufa8g]

24140
— LD
— Exp.
DL
12070 DD
— LL
@ \K
"g 0 c=03eV
8 shift:
curve 1 =-28 nm
-12070 4 curve 3 =-28 nm
curve 4 = -28 nm
curve 5 = -28 nm
-24140 T

200 250
wavelength A [nm]

Figure 4-6 Calculated ECD spectra of compouhdOin comparison with the experimental difdack). Red =yclo-L-Pheb-Pro,
green =cyclo-p-PheL-Pro, blue =cyclo-b-Phe-D-Pro, purple =cyclo-L-PheL-Pro. Best similarity factor found far, b (red) with
0.%59for sigma = 0.3 eV

4.3.2 Hexanoic acids 4.9, 4.114.13
A total of four (partially) newto-naturehexanoic acid derivativegd 9, 4.111 4.13 were isolated from the
crude extract o€. graminicola Compoundt.12 was previously reportess a natural product isolated from
the fungusNeodidymelliopsis sf26] The isolatest9, 4.11 and 4.13 have not yet been reported from
naturalsources. Structural, the isolated compounds exhibit a high similarity with polyamide monomers
(Figure 4-7).

0]

© mo 2 HC{IH 1 I
o, H-\N\/M - N
NH o oH

n
e-caprolactam e-aminocaproic acid polyeaprolactam (polyamide 6)

Figure 4-7 Synthesis of polyamide. 6

Sincepolyamide 6Ac was used in the isolation processydisinvestigatedif the isolated compounds are
degradation products of polyamideA&. Therefore, the native occurrence of the isolated compou8ds
4117 4.13in the crude extragprior to its column chromatographic processings verified by LC
HRESIMS measurements (comparison of retention time andrégghution mass).
Compoundgt.9and4.12could be detected in the crude extractilevho signal was obtained fdr11land

4.13 It can therefore be assumed th&tand4.12are secondary metabolites of the fundgdiswever, it is
likely that4.11and4.13are alsaativenatural products, as they are structurally closely related. The lack
of signals could be due to numerous factors, such as ion suppression, poor ionizabiitgwrcontent

in the extract, g. the highest amount @& hexanoic acidierivatives isolated from the crude extract was
only 19 mg from 200 flasks (40 | culture filtraté)r compound.9.
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4.3.3 Natural occurrence and biological activity

4.3.3.1 Phytotoxic activity

All isolated compounds were tested for their phytotoxic activity in adpaf bioassay oA. thalianaCol-
0 in concentrations of 100, 50, 28d 10 mM Compound4.3was additionally tested at 5 mM.

Table 4-1 Results of the leagpot assay.

Compound 100 mM 50 mM 20 mM 10 mM 5mM
trans-Anhydro mevalonic acid4(1) n.t. n.t. n.t. n.t. n.t.
Graminolactone4.2) + n.t. n.t. n.t. n.t.
Colletoquinone A4.3 + + + + -
5-Chloro-colletoquinone A4.4) n.t. - - - n.t.
Colletoquinone B4.5 - - - - n.t.
Azelaic acid 4.6 + + + - n.t.
(E)-dec2-enedioic acid4.7) + + + - n.t.
cyclo-Ala-Pro @4.8) n.t. - n.t. n.t. n.t.
Methyl-6-acetamidohexanoaté.Q) + - - - n.t.
cycloL-PheD-Pro @.10 - - - - n.t.
6-Acetamidohexanamidd(11) + - - n.t.
N-5-hydroxypentylacetamidd(12 + - - - n.t.
6-Pentanamidohexanamid.(3 + - - - n.t.

+ formation of chlorosis/necrosis observedjo effectn.t. not tested.

Transanhydromevalonic acif#t.1) has been described from many fungal soulikesPhaeosphaeriap.
[29], Trichodermapolysporuni30] andXylaria sp. 31]. The compound.lis a derivative oinevalonate
which act asa building block of several siderophores like fusarinines and copro@2n84] Coprogens
were also identified if©. graminicolaand exhibitphytotoxic effects.21] Kamoand ceworkers describe
a weak antifungal activityof transanhydromevalonic acid4(l) againstPythium iwayamadgsnow rot
pathogel, but so far there is rwint regardingohytotoxiceffects [30] Due to the low amount isolatedl 1
could not be tested for phytotoxic activity

Graminolactone4.2) showed a strong phytotoxic effect at a concentration of 100 mM. Unfortunately, no
further tests at lower concentrations were possible due to the \@eldIbf the isdlatedcompound4.2
Phytotoxic effects have already been described in the literatuttefoelated compoun@)-5,6-dihydro-
6-pentyl2H-pyran2-one(4.15 Figure 4-8). In a wheat coleoptile test, the compodntisshowed activity

up to a concentration of M. [35]

0

1

Figure 4-8 Structure of R)-5-pentyt5,6-dihydro-2H-pyran2-one(4.15).

Anthraquinones are a large and ubiquitous family of aromatic polykaticiesringin fungi, bacteria,
plants and animals with diverse biological activities including antibacterial, antiviral, anticancer and
antioxidative activities[36] There are also some examples for phytotoxic anthraquinones, like catenarin
[37] and lentisong38]. Also, colletoquinone A4.3) was found teexhibit a phytotoxic activity up to 10

mM on A. thaliana Cal0. Previously, Horbactand ceworkers had tested coltequinone A(4.3 for
phytotoxic activity withoutpositive results[21] However,they tested the compound at much lower
concentrations (5 pL with a concentratidrilpg/pL). [2]] Interestingly 4.4 bearingan additional chlorine
atomat position G5, showed no phytotoxic activity.

Further for colletoquinone B4.5) with an additional methoxy groupn G3, instead of a hydroxy group

no more phytotoxic activitycould be observedThe presence of phenolic OH groupsvhich are
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characterized by their aciditytherefore appears to be important for the bioactivity. Phenolic herbicides
inhibit photosynthetic electron transport by binding to the QB site of the D1 protein of photosystem Il (see
2.2.2). [39] Further, they can act as uncouplers of photophosphorylation. This activity is due to a
protonophoric property that allows protons to be transported across the thylakoid membrane. It has also
been shown that anthraquinones can act as inhibitors of phetosiygt40] This mode of etioncould also

explain the observation by Andolind ceworkerswho recognizedhat lentisong4.16 only exhibitsa
phytotoxic effect irdaylight. [38] For4.3, a further test in the dark would also show whether the compound
attacksphotosystem landthus acts according to the same mode of action as other anthraquinones.

OH O OH

Figure 4-9 Structure of lentisonet(16). [37]

From the two testediketopiperazine$4.8 and4.10) noneshowed phytotoxic activity oA. thaliana For
4.8 no phytotoxic activity vasreported so farhoweverthe stereocisomer cyclb-Ala-L-Pro (Chapter 3),
showed phytotoxic activity up to a concentration of 50 n@ddmpoundcyclo-L-PheL-Pro(4.10 did not
show any effects in thieaf-spot assay. Interestingly, isserecisomecycloL-PhelL-Pro also known as
maculosin2 was shown to have a breagectrum herbicidal activity41; 42] This result once again
underlines the importance of determining the absolute configumatisnlated natural compounds

Azelaic acid ¢.6) has been describém numerous plants such @sticum durum|[43] andChaenomeles
sinensig[44] in response to biotic and abiotic stress conditions. Furthéis also known from fungal
sources includingylacrophomina phaseolin@5] and for itsbacteriostatic antdactericidal proprties [46]
However, to the best of our knowledge, no phytotoxic activity has been described for azelgdpsal
far. Compoundt.6 causs necrosisn the leafspot assagn A. thalianaup to a concentration of 20 mM.

(E)-dec2-enedioic acid4.7) has been reported from several natural sodilceg\spergillus rugulos§4 7]
andMorchella sextelatd48] but could not be detected i@olletotrichumspp. so farAlso, a phytotoxic
activity was previously not described.

All isolatedhexanoic acid derivatived.9, 4.117 4.13 showed phytotoxic activity at the highest test
concentration of 100 mM. The strongest activity was observe@-soetamidohexanamidd(11), which
causedip to 50 mMnecrosis

4.4 Conclusion

Bioactivity-guided isolation of crude extracts ©f graminicolagrown in CM medium led to isolation of

13 compounds. The compounds included five previously undescribed compounds, including a
dihydropyranone derivativel(2), an anthraquinon& (4) and three hexanoic acid derivativds)(4.11and

4.13), besides eight known compounésut of 12 compounds showed phytotoxic activity in the lepbt

assay onA. thaliana Col-0. The highest phytotoxic activity was observed for the anthraquinone
colletoquinone A4.3), which caused strong necrosis eaefh0 mM. According to initial assumption$.3

could act by inhibition of the photosystem Il. However, further testeegessary for conformation
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Chapter 5

5  Phytotoxic sulfonamide from Colletotrichum graminicola
isolation and synthesis

Abstract

From crudeextracts ofColletotrichum graminicolagrown in complete medium (CMN\-(4-
hydroxybutyl)benzenesulfonamidg.{) could be recognized by bioactiviguided isolationTo
our knowledge, this is the first time th&tl has been isolated from natural sourdsdg4-
hydroxybutyl)benzenesulfonamid®.{) and four derivativeS.21 5.5 which differ in the length
of the alkyl chain (C2 C6)could be successfully synthesizecin@pounds.17 5.5were tested
for their phytotoxicpotentialin a leafspot bioassay and a noestructive leaf disc assay on
Arabidopsis thalianaCol-0. Based on the results, first structaivity relationships were
determined, showing that the phytotoxic activity increases avittancement of thalkyl chains.
The phytotoxic activity could be increased from 20 mM of the natural pr&dit up to 5 mM
by the synthesized compouBdb.
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5.1 Introduction

Due to the rapidlyncreasinghumber of resistances to commercial herbicides, there is an urgent need in the
development of herbicides with new mode of actidii3] In this context, phytopathogenic fungi are
increasingly becoming focus of research as a source of new phytttoiican be either directly used in
bio-compatible weed management or indirectly as templates for the development of new hefbjciges.

5]

Several studies have already focused on the isolation of phytotoxins of theCgdptatrichum [61 8] The
genusColletotrichum(Glomerellales Sordariomycetes) comprises around 250 currently accepted species
among them numerous economically important plant pathod@nslO] One important member is
Colletotrichum graminicolavhich causes ledflight and stalk rot of maizg11; 12] A large number of
secondary metabolites of various classes are already knownCadletotrichum, including pyrones,
phenols sterols, terpenes, amides and many more. Nomleesk natural produgteowever, contains an
nitrogensulfur bond. [13; 14]

In nature, only relatively few compounds are known to contain a nitregjéur (N-S) bond.To date, only

about 100 naturatompoundscontaining a nitrogesulfur (N-S) bondare known. Most of them, about
75%, are sulfamates@-SOx-NH2). Sulfonamidescharacterized by a hexacoordinated sulfur (oxidation
state: +1V),are less common with 8 natural products known to th&é.

Compounds that contairg a nitrogenrsulfur (N-S) bond have diverse biological activities, nmgkthem

of greatindustrialimportance. Their applications include herbicides, insecticides, pharmaceuticals and
antimicrobials[16i 18]

According to the Herbicide Ristance Action Committee (HRAC) classification of mode of acti®j, a

total of 46 compoundsontaina nitrogensulfur (N-S) bond The vast majority of this compounds belongs

to the compound classes of sulfonylureas (34), triazolopyrimidines (7) and sulfonanilides (2), which all act
as acetolactate synthase (ALS) inhibit@samples for each chemical class are showkFignre5-1. ALS

is a key enzyme in the biosynthetic pathway of the branchash amino acids valine, leucine and
isoleucine [20] Symptoms caused by this type of herbicides usually occur several days after application
and include a slowing of plant growth and the formation of chlorosis or a purple coloration of the leaves.
Thesetype ofherbicides are systemic and reslective[21; 22]

Furtherrepresentativesontaining anitrogensulfur (N-S) bondare the herbicideasulamand bensulide
(Figure 5-1). Asulamacts as an inhibitor of the dihydropteroate synthase, an enzyme involved ilathe fo
metabolism in plants, bacteria and furjgD] Thus, the antibacterial effect of numerous sulfonamides can
also be explained by this mechanigi] Herbicidal symptoms develop slowly and include chlorosis
formation and stunned growth of new tissuAsulam isa systemic and selective herbicide with its
selectivity based on different metabolic degradation proc¢24ghe organophosphabensulidenhibits

root growth and cell division. However, the exact mechanism of action is not yet kBensulide is
applied before the plants emerge and thus prevents weeds from germ[2aiing.

Additionally, a new herbicidedimesulfaze(Figure 5-1), is currently under development. The compound
belongs to trifluoromethansulfonanilides and is assumed to act biofymthesis of very long chain fatty
acid (VLCFA)in plants The same mechanism is known framfluidide.[25; 26] VLCFA are fatty acids
consisting of more than 20 carbon atoms. They are essential for the vitality of plants since they serve as
precursors of cuticle wasand as components of sphingmd phospholipid§25; 27] Symptomscaused

by dimesulfazeinclude decreased growth and leaf curlifa]
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Figure 5-1 Examples of herbicides containingidrogensulphurbond.

This chapter descrilsethe bioassayguidedisolation and structure determination Nf(4-hydroxybutyl}
benzenesulfonamid®.(l) from Colletotrichum graminicolaTo the best of our knowdige, this is the first
time thatN-(4-hydroxybutyl}benzenesulfonamidé& (1) has been reported as a natural product. Further the
synthesis ob.1as well aof four derivatives%.21 5.5) differing in alkyl chain lengthto get first insights

into the structurd activity relationship is presentedThe phytotoxic activity of all compounds was
evaluated using two different test systeimsluding a leaspotassayand a nordestructive leaf disk assay

In addition, the compounds1i 5.5 were tested for their antibacterial, antifungal and anticarcinogenic
properties.

5.2 Experimental

5.2.1 General experimental procedures

Column chromatography was performed on polyamide @€ @acherey Nagel, Germany), silica gel 60
silanized (0.063 0.200 mm, Merck, Germany), whereas analytical TLC was performed ecoated
silica gel kssaluminium sheets (Merck, Germany). The compound spots were ddigcheir absorbance
at & = 254 nm.

The analytical HPLC was performed on a Shimadzu prominence syStemadzu Europe, Germany)
which consists of a CBAM0A communication bus modul, a SRIR0A diode array detector, a FRIDA
fraction collector, a DGtROA5SR degassing unit, a LZOAT liquid chromatograph and a SA0A HT
autosampler using an OBScolumn 6 pM, 120 A 150 x 4.6 mm ID, YMC Europe, Germany).

Direct injection via autosampler, Orbitrap Elite mass spectrometer

The negative ion high resolution ESI mass spectra were obtained from a Orbitrap Elite mass spectrometer
(ThermofishelScientific, Germany) equipped with a HESI electrospray ion sounegmfive spray voltage

3.7 kV, capillary temperature 325°C, source heater temperature 80 °C, FTMS resolutioh 60taiEn

was used as sheath gas. The sample solutions were injected through the autosampler \({oiljeutob

pL) without chromatographic separatidtO (A; MilliQ -system Barnstead GenPure Pro (from Thermo
Scientific Germany) and CHCN (B; Chromasolv, for LEMS, Honeywell Riedel de Haémiermany

with 0.1% formic acid &dditive for LGMS, LiChropur, Merck Germany were used as elueni§he
instrument was externally calibrated by ®ierce ESI negative ion calibration solution (product number
88324) from Thermofisher Scientific, Rockford, IL, 61105 USAe data were evaluated by the Xcalibur
software 2.2 SP1The collision induced dissociation (CID) MSn measurements were performed using the
relative collision energies given the appendix.
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H and**C NMR spectra were recorded on an Agilent DD2 400 NM&lent, Germany)jpectrometer at
399.917 and 10870MHz, respectivelyThe 2D NMR spectra were recorded using standard CHEMPACK
8.1 pulse sequences implemented in Varian VNMRJ 4.2 spectrometer sof@hamical shifts are
reported relative to TMS.

Delayed fluorescence was measured with a NightShade LB 985 fluorescence imaging instrument (Berthold
Technologies, Germany). Samples were irradiated for 10 minutes with a halogen lamp. Subsequently, the
light was turned off for 3 before the delayed fluescence measurement started. The camera (Peltier/air
cooled slow scan CCD camera, resolution: 1024 x 1024 pik8l6 pum) was set in high scan mode with
(x-binning: 2, ybinning: 2). Background correction and cosmic suppression were enabled. Delayed
fluorescence was measured for 60 s. The photo was taken with an illumination intensity of 10%. The sample
was exposed for 04 for the photo. The sample size corresponded to the dimensions-ofedl éate (w=

130 mm, h= 15 mm).

5.2.2 Fungal material and cultivation conditions

Colletotrichum graminicolgstrain M1.001 provided by Prof. Dr. Deisindnstitute of Agriculturaland
Nutritional Sciences, MartihutherUniversity HalleWittenberg was cultivatedas semisolid culturesn
Erlenmeyer flasks (L) containing 4g cotton wool and 20thL CM medium (10 g/ L glucose, 1 g/ L
Ca(NQ)2, 1 g/ L yeast extract, 1 g/ L casein hydrolysate, 0.2 g/ LR 0.25 g/ L MgS@ 0.05 g/ L
NaCl) at 23°C for 13 days without agitation. In total, 260 flasksL{5&ere grown. Subsequently, the
mycelium and the cotton wool were separated from the culture broth by vacuum filtfomycelium
was frozen at20°C prior to extraction.

5.2.3 Extraction and isolation

The culture filtrate wa extracted by partitiowith ethyl acetate (3 x IL) and subsequently dehydrated by
anhydrous sodium sulfate (p&0), filtered and evaporated to drynésvacuo.

The myceliumwith cottonwool was exhaustively extracted with ethyl acetate (82 & ultrasound bath

for 15 minutesdehydrates by anhydrous sodium sulfate.8@), filtered, and evaporated to dryness

vacua Both ethyl acetate crude extracts were combined based on their TLC pattern and subsequently
subjected to a liquidiquid partition with acetonitrile and-hexane.

The acetonitrile extract (2d) was subjected to a polyamide C&6 column (2.5 x 80 cm) eluting with
nhexane et hyl acetate ,vd: 1Y Yet3h:yl Yac2e:tiadetenelit: et hy |
Y acetone: Ymatbhaook (2:1 Y 1: 1nLw¥re colededand amhinedFr a c
based on their TLC patteto give ten fractions (AL A10). Fraction A4 was further separated by column
chromatography on silanized silica (35 x 2cm) eluting with chloroformet han o | (ofbrm0 : 1) Y
methanol (1:1). In total, 26 fractions (each 10 mL) were colleamedombinetbased on their TLC pattern

to obtain ten fractions (Bl B10). Fractions B6 and B7 were finakbgparatedy analytical HPLC with

H20 (A) andmethanol (B) as solvents (222 min, 51 100% B) to affordb.1a(tr =17.3 min, 0.5 mg).

N-(4-hydroxybutyl)benzenesulfonamidela): colorless oilRq= 0.27 (SiOHn-hexane/ethyl acetate, 1:1);
H-NMR (400 MHz,methanold,) G 7.84 (m, 2H, H2/6), (i 7.56 (m, 2H, H3/5), i 7.61 (m, 1H, H4), 12.86
(m, 2H, H7), G1.50 (m, 2H, H8), ti1.50 (m, 2H, HI), i3.49 (m, 2H, H10); *C-NMR (100 MHz,
Mmethanolds) 0 141.9 (G1), 0 127.7 (C2/6), U1 129.9 (CG3/5), Ui 133.2 (C6), i 43.6 (G7), 126.9 (C8),
130.3 (G9), i62.1 (C10). HRESIMSm/z 228.0696][M-H]", calculated for @H1sNOsS m/z 228.0639.
(Figure S1717 Figure S178).

5.2.4 Synthesis

o1 TEA
0 DCM 0
g// + HQN/\H: 1.5 ——* s// oI
4 g
(')/ O/ ﬁ/\ﬂj— 1-5

Figure 5-2 Synthesis scheme of 5.115.5; TEA= triethylamine, DCM= dichloromethane
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Figure 5-3 Structure of compounfl.L

N-(4-hydroxybutyl)benzenesulfonamidg.{b): Thesynthesis was carried out according to Schafroth et al.
[28] 0.184mL (2 mmol) 4hydroxybutylamine were solved in 0L dichloromethane. The solution was
cooled to OC and 0.28nL (2 mmol) triethylamine followed by .@56mL benzenesulfonyl chloride

(2 mmol) were added. The reaction mixture was allowed to warm to room temperature and was stirred until
consumption of the educts. The reaction was tracked by TLC on silican\witRanedthyl acetat€l1:1)

under UMl i g b 254{manda= 366 nm).The compound was obtained as a colorless oil (3§41.72

mmol, 86%).

Rf =0,27 (SitH, n-hexare/ethyl acetag, 1:1);'H-NMR (400 MHz, methanolds) 784 (m, 2H, H2/6),

07.58 (m, 2H, H3/5) , 7.58 (m, 1H, H4) , 2.86 (m, 2H, H7 ) 1.50(m, 2HH-8 ) 1.504m, 2H, HI),

03.49 (m, 2H, H10) );*3C (100 MHz methanold,) G 141.9 (G1),1127.9 (G2/6) , 13Qi2 (G3/5) , 13315
(C-4) ,43.8(C7) 27.10C8 ) 30.6G9 ) 62.3(C10)HRESIMSmM/z228.06% [M-H]", calculated
for CioH14NOsS myz 228.0689. (Figure S17971 Figure S183).

All spectroscopic data are in accordance with those of the natural pBotlact

O
Q\//
S

S OH
4 \N/\/
0O

Figure 5-4 Structure of compoun8.2

N-(2-hydroxyethyl)benzenesulfonamid®.2): The synthesis was performed as described above using
0.120mL of ethanolaminénstead ol hydroxybutylamineThetarget ompound was obtained as colorless
oil (395 mg 1.95mmol, 98%).

Rf =0,40(SiOH, n-hexare/ethyl acetag, 1:4);*H (400 MHz, methanedl) G 7.86 (m, 2H, H2/6), Ui 7.55 (m,

2H, H-3/5), G 7.59 (m, 1H, H4), (1 2.95 (t,J = 6.0Hz, 2H, H7), (i3.53 (t,J = 5.9Hz, 2H, H8); 3C (400
MHz, methanolds) G141.8 (G1), 1127.9 (G2/6), 1130.2 (G3/5), (1133.6 (G4), 146.2 (G7),061.8 (C

8); HRESIMSm/z 200.0386 [MH]", calculated for gH10NOsS 200.0387 (Figure S1841 Figure S188).

@\/fo

S
ZONTN"on
O H
Figure 5-5 Structure of compoun8.3.

N-(3-hydroxypropyl)benzenesulfonamidé.3): The synthesis was performed as described above using
0.152mL of 3-amino-1-propanolinstead of4 hydroxybutylamine Thetargetcompound wasbtained as
colorless oil (377 mgl.75 mmol, 87%).

R;=0,43(SiOH, n-hexare/ethyl acetag, 1:4);*H (400 MHz, methanedls) G 7.84 (m, 2H, H2/6), i 7.57 (m,

2H, H-3/5), 0 7.61 (m, 1H, H4), 12.93 (t,J= 7.0 Hz, 2H, H7), 1 1.65 (m, 2H, HB), 1 3.55 (t,J = 6.2Hz,

2H, H-9);1%C (400 MHz, methaned) U 141.8 (G1), 1127.9 (G2/6), 11130.1 (G3/5), 1133.5 (G4), 141.2
(C-7),033.4 (G8),160.1 (G9); HRESIMSm/z 214.0543 [MH]", calculated for gH1:NOsS 214.0543
(Figure S1897 Figure S193).

Figure 5-6 Structure of compoun8.4.

N-(5-hydroxypenty)benzenesulfonamidés.4): The synthesis was performed as described above using
0.217mL of 5-amina1-pentanolinstead of4 hydroxybutylamine Thetargetcompound was obtained as
colorless oil (340 mgl.40mmol, 70%).
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R:=0,45(SiOH, n-hexare/ethyl acetag, 1:4);'H (400 MHz, methanetl,) G 7.84 (m, 2H, H2/6), (i 7.56 (m,
2H, H-3/5), 4 7.59 (m, 1H, H4), 12.84 (t,J=6.9Hz, 2H, H7),11.45 (m, 2H, H8), 1 1.34 (m, 2H, HI),
U1.45 (m, 2H, H10), 1 3.49 (t,J= 6.5Hz, 2H, H11), *C (400 MHz, methaned.) i 142.0 (G1), i 127.9
(C-2/6), 1130.1 (C3/5), 1133.5 (G4), 143.9 (C7),130.4 (C8),1123.9 (G9),133.0 (GC10),062.6 (C
11); HRESIMSm/z 242.0858 [MH]", calculated for GH1sNOsS 242.0856.(Figure S 1947 Figure S
198).

¥
S

N OH
/2 VN
d H
Figure 5-7 Structure of compoun8.5.

N-(6-hydroxyhexyhbenzenesulfonamidé.5): The synthesis was performed as described above using
0.234g of 6-amincl-hexanolinstead of4 hydroxybutylamine The targetcompound was obtained as
colorless oil (317 mg, 1.23 mma@2%).

R¢ =0,50(SiOH, n-hexare/ethyl acetag, 1:4);*H (400 MHz, methanetly) Ui 7.84 (m, 2H, H2/6), (i 7.56 (m,

2H, H-3/5), 0 7.59 (m, 1H, H4), 1 2.84 (t,J= 7.0Hz, 2H, H7),U 1.44 (m, 2H, H8), 1 1.29 (m, 2H, HI),
01.29 (m, 2H, H10),0 1.47 (m, 2H, H11),0 350 (t,J = 6.6 Hz, 2H, H12);**C (400 MHz, methaned)
0142.1 (G1), 4 127.9 (G2/6), 1130.1 (G3/5), U133.5 (G4), 143.9 (G7), U30.6 (C8), Ui27.4 (G9),
026.4 (G10),133.4 (G11),1062.8(C-12); HRESIMSm/z 256.1012 [MH], calculated for GH1sNOsS
256.1013(Figure S1997 Figure S203).

5.2.5 Leaf-spot bioassay

A modified leafspot bioassay [29] was used to test fractions and pure compounds forhfietoxic
activity. The samples were dissolved in methawedter (1:1yv/v) and droplets of fiL were placed on the

leaf surface of undetached and fully expanded young leaveasbidopsis thalianaCol-0. Fractions were
tested at concentrations of 5.0 pg/ yL, pure compounds at concentrations from 1 in&D mM. Plants

were incubated in the greenhouse (19 °C, day/night cycle) forr2s. Paraquat (100 pM, dissolved in
methanot water 1:1y/v) was used as a positive control. The pure solvent mixture of methanol/water (1:1,
v/iV) served as the negative control. Everyh2the plants were observed for the formation of necrosis.
Images were taken with CAMAG TLC visualizer (Muttenz, Switzerland).

5.2.6 Non-destructive leaf disk assay

A modified nondestructive leaf disk ass§$0] was used to determine the phytotoxic activity of the pure
compoundsAs test organismrabidopsis thalianaol-0 was usedThe assay was performed in awéll

plate (cat. no. 92096, 96F, TPP Techno Plastic Products AG, Trasadingen, Switzerland), each well
containing 20QuL of test solution consisting of a leaf disk buffer and stock solutions of the test substances.
The leaf dsk buffercontainsl mM MES and 1 g/L sucrosadjusted t@H = 6.5. Stock solutionef the test
substances were prepared in methanol. The concensrafitiese stock solutions were selected in such a
way that a maximum of 5 pL per well had to be added to achieve the desired concentration. The maximum
concentration of methanol was therefore 2.5% per well. The pure solvent (methanol) served as tlee negativ
control; Paraquat (5 pM) was chosen as positive control.

Leaf punches were taken from fully unfolded green leaves usimgy Biopsy punches with plunger system
(WellTech RapidCore 5.0mm). The leaves were placed on the surface of the test solution, the adaxial
surface facing upwards. The-9ll plate was incubated in the greenhouse for 48 h, every 24 h delayed
fluorescence was measured. Before measurement, the plates were wrappedhunalfoil and adapted

to darkness for 20 miaylight images were taken with CAMAG TLC visualiz&amag Switzerland).

5.3 Results and discussion

5.3.1 Isolation and synthesis

The crude ethyl acetate extract prepared from the myceli@ngrminicolacaused severe necrosiben
appled to leaves ofA. thalianaCol-0 and was accordingly subjected to bioasgaigled fractionation.
Liquid-liquid extraction followed by repeated column chromatography on polyamide -&€ d&hd
silanized silica in combination with analytical HPLC resulted in the isolation Naf4-
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hydroxybutyl)benzenesulfonamidg.{a).
Compound5.1la was isolated as colorless oil. Its molecular formula was determined GalHeNOsS,
based on the molecular ionz 228.0696 [M-H], calculated for @H1sNOsS nmvz 228.0639.

The presence of sulfur Bilais confirmed by the isotopic pattern,®4S has a relative abundance of 4.21%.
(Figure S171) HRESIMS analysis Figure S1721 Figure S174) in negativeion mode displayed three
fragment ions at/z 210 [M-H-H20]", m/z 156 [M-H-C4HgO] andm/z 141 [M-H-CsHoNO]". Furthermore,
the MS spectrum of theN1-H-C4HsO] ion showsa characteristic fragmeratt nVz 92 [M-H-CsHsO- SO,]°

. In the MS of the [M-H-C4HgNQ] three fragments at/z 93 [M-H-CsHNO-SQ|", mVz 77 [M-H-CsHoNO-
SO and [M-H-C4sHsNO-CgH5]". The proposed fragmentation pattershewn inFigure 5-8.

s// o

miz 228
MS?
J -H,0 l - C,HNO J - C,H;0
u - Qy
Q\S{/\ Q\S% J o
YA N Vi 0// NH
0
m/z210 m/z 141 mlz 156
| MS? M53
j SO SO, { - C¢Hs - S0,
/0
yi
E) © O// e
0 NH
m/z 93 m/z 77 m/z 63 m/z 92

Figure 5-8 Proposed fragmentation patternSofa

The structure 05.1a was further determined on the basis of 1D and 2D NMi® NMR data agreed with
data described in literatur®1]

To verify the structure dd.1a and to obtain sufficient amounts for further biological studfessynthesis
wasperformedand named.1b. In addition further fourderivatives5.2 i 5.5 differing in chain lengtlof

the alkyl chairwere synthesized to obtainftial insights into structuractivity relationships. The synthesis
was performed according Schafrottand ceworkers[28] and is shown schematically Figure 5-2. The
reaction follows a nucleophilic substitutiasthe aminaalcohol act as nucleophile Compounds.2[32],
5.3and5.4[33], and5.5[34] were already described in the literature. However, NMR spectroscopic data
were only available f05.2[32]

This is the first time that isolatiasf 5.1a from natural sources has been described. In the context of natural
products5.1awas previously known only as a transformation product. In 2013, Yamada et al. showed that
Streptomycesp. are able to transforiitbenzenesulfonylpyrrolidines into the corresponding amino alcohol

by addingto the culture brotH31]

Ly Ly

S OH S

O

5.1 5.6
Figure 5-9 Structures 06.1and NBBS(5.6).
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Therearehowever some studies describing the isolatiorNatbutylbenzenesulfonamide (NBBS5.6) from

various natural sources, includigeudomonasp.[35], Angelicasinensig36] and Pygeum africanum

[37; 38] NBBS (5.6) is structurally very similar to compouridl, lacking only the hydroxgroupatthe

alkyl chain(Figure 5-9). In this context, it should be noted that NBEY) is frequently used in industry

as a plasticizgi89] and in the synthesis of sulfonyl carbamate herbic{@@Furthermore, it is very stable

in the environment, so that at the current state of research it cannot be ruled out that it has solely
accumulated in organisms as a contamirjast.40]

Therefore a new batch of cultures was grown under the same conditions as before. Contact with plastics
was avoided as much as possible during cultivation and extrgmtimessesThe culture filtrate was
separated and extracted with ethyl acetate as dedabim/e. The compourilawas detected biC-
HRESIMS bycomparing retention time artugh-resolutionmassspectrometric datdT could clearly
demonstrate, thaiN-(4-hydroxybutylpenzenesulfonamide5.(a) is a nativeand not a xenobiotic
constituent ofZ. graminicola

5.3.2 Phytotoxic activity
Two different test systems were use@t@luate th@hytotoxicproperties of compoundsla/bi 5.5

5.3.2.1 Leaf-spot assay

Usinga modified leaf spot te§29], the dissolved test substaneeereapplied directly to the leaf surface.
The evaluatiorwaspurely visual based on the formation of necrtiseét were characterized laylight to
slightly brownish discolorationf the kaves at the application site.

Conc. | 5.1(C4) 52(C2) 53(C3) 54(C5) 55(C6) | Control Blank
£ ‘ﬁ &
R
25 mM ¥ &y . .
d ‘
$
17} W
50 mM Kfi ._
| { \ \

Figure 5-10Leafspot biossapf the synthesized compourid b- 5.5after an incubation period of 72 h; positive control: paraquat
(100 uM in methanol/water 1¥v; negative control: methanol: water /4.

All compounds were tested in two different concentrations: 25 and 5CPicMiresof treated leaves after

an incubation period of 72 hours are showFRigure5-10.

At a concentration of 50 mM, atéstedsubstances showed phytotoxic activity. The intensity of necrosis
increased with increasing chain length. The@npound5.2 with C2-alkyl side chairformed only very
small, barely visible necrotic areas, whilg6-hydroxyhexyl)benzenesulfonamid®.6) with C6 alkyl side
chain causegery strong brownish necrosis. At a concentration of 25 mM, fanlihe derivative$.1a/b,
5.4and5.5an effect was recognizedherebystronger necras wereobserved with increasing length of
the alkyl side chain.

Additionally, it wasrecognizedthat the formation of necrosis in the leaf spot test was limited to the
application sites even with longer exposure duratio® Weeks). This indicates that the compounds act as
contact herbicides and are not distributed in the plant.
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Daylighti t=0h

If only gray leaf diks are visible, the plant is no longer performing

photosynthesis, i.¢he plant isdlead All compounds were tested at two different concentrations (10 and 15
Delayed fluorescendet =0 h

mM) in four biological replicates eachigure 5-11 shows themeasurement of DF attOh and t= 48 h

photosystem I(see 2.2.6)Due to the high sensitivity of photosynthesis to environmental factors, DF can
as well asn daylight

Themodified nondestructive leaf disc teased ihased on the measurement of delayed fluorescence (DF)
be used as a stress parameter for plgaidA high photosynthetic rates associated with a strong DF,

and was originally éscribecoy Wuand ceworkers[30] for the identification oherbicidetolerant plants.

represented by a red to yellayeencolor of the leaf disksA low DF is indicated by a blupurple

DF is a weak light emitted by chigphyll a (P680) in the light harvesting antenna, associated with
coloration of the leaf dis.

5.3.2.2 Non-destructive leafdisk assay
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Figure 5-11 Non-destructive leaflisk assay of synthesized compoubdkbi 5.5att=0h and t =48 h.
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The dependence of the alkyl chain lengittb.1a/b i 5.5 on the phytotoxic activitypbserved in the leaf

spot assawas confirmed by the nedestructive leaf disk test. Here, compouBdkand5.5showed strong
phytotoxic effects o\. thalianaCol-0 at a concentration of 15 mM, leading to plant death indicated by
gray leafdiscs. Only compoun8.5showed a phytotoxic effect even at 10 nlBbmpounds.1a/bi 5.4

do not affect the photosynthetic activis still a rather higkialue ofDF could be observedHowever, it

is worthful to mention that the ledfscs show at time point zero a decreased rate of DF, which is based on
the stress reaction of the plant causedudting of the leaf discs

On the one han&nhancement of thalkyl chainlengthmay increase the activity of the molecuiethe
leaf-spot assabpy facilitating penetration into and through the hydrophplaatcuticle.[42] On the otler

hand, the results of the nalestructive leaf diskssay suggest that the nonpolar character is also required
to cause phytotoxicityasthe cuticle does not have to be crossed wherdisls are usedf the ability to
penetrate through the cuticle were the only reason, the shorter chainidesiiate nondestructive leaf

disk assay should have significantly highactivity compared to the leapot assayHowever, this
phenomenomvas not observable.

Regardinghe mode of action to known herbicides wiitrogersuffur bondsas structural featuresome
mechanisms of action can already be exclddedhe tested compoundsla/bi 5.5. It canbe excluded
that compounds.la/bi 5.5act as ALS inhibitors, abhdr phytotoxic effect is observable after some days
asit is typical forsystemic herbicided his is supported by the fact, thaparple coloration of the leaves
due to the accumulation of anthocyanins was not obsd2@®2] Inhibition of dihydropteroate synthase
camot be assumed either, as the phytotoxic effects would also only be visible after a feWwadayeof
this hypothesisantibacterial tests should be carriedlmetause itydropteroate synthaseatsopresent in
bacteria[20; 23]

VLCFA inhibitors are mainly absorbdaly plantsvia the soil and lead to an arrest of cell division. The
symptoms are growth arrest, curled leaves and dehydration of the plagkidtirg tissue is often not
affected. Since compoundsla/b i 5.5 only have ardirect effect on existing tissue and orily direct
contact, it cannot be assumed that they act as VLCFA inhibkionsever, all these assumptions need to
be confirmed by further experiments. Molecular docldhgdiescould also providénsightson the target

of the compounds.

5.4 Conclusion and outlook

The phytotoxicN-(4-hydroxybutyl)benzenesulfonamidela could be isolated from the mycelium and
culture filtrate ofColletotrichum graminicoleéby a bioactivityguided approachlhis compound anis
derivativeg(5.1b 7 5.5) weresubsequently synthesizadd biologically evaluated by means of a ispbt
assay and a nettestructive leaflisk assayn orderto identify initial structural activity relationshipsiere,
theactivity was found to increase wigmhancement of the alkghain length of the moleculBy comparing

the symptoms, clear deviations from those of known herbicideswittgensulphur bonds in the structure
were observedwhich indicates thathe compound¢5.1a/b i 5.5 could have a different mechanism of
action. Whether this is the case or to what extent these compounds have a previously unknown mode of
action must be investigated in further studies.

Further derivatives are to be synthesized in follow up vimirder to further increase the activity and to
gain more detailed insights into the structaotivity relationships of the compounds, e.g. derivatives with
longer alkyl chains will be synthesized to see at which point the activity decreases again.
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Chapter 6

6  Studies on quantitative structureactivity relationship (QSAR)
of phytotoxic sulfonamides

Abstract

Based orthe natural produdtl-(4-hydroxybutyl)benzenesulfonamidé.{-c), previously isolated

from the phytopathogenic fungu@olletotrichum graminicolaa total of 127 derivatives were
synthesized and tested for their phytotoxic activity to gain insight into the stractiviy

relationship. The phytotoxic activity was determined using adestructive leatlisk assay with
Arabidopsis thalian&ol-0 andSecale cerealas test organisms. The QSAR study is based on the
evaluation of the bioactivity as a function of various physiochemical parameters. The parameters
include nolecular weight i), partition coefficient log?, parachor Pc), molar refractivity ),

density {), molecularvolume\(n) , Taft 0s sEp)er iChapdamanestamte( i ¢ [
the substituent hydrophobicity parameter (Han
by the partition coefficient lod?, and the molecular weight were identified as variables that
influences the phytotoxicity. In addition, an increase phytotoxicactivity was observed in the

presence of sterically hindering substituents. However, it should also be mentioned that the molar
refractive indexA), the paracho(Pc) and the molar volumé/y) are linearly dependent dhe

partition coefficiemlog P and therefore cannot be considered individudigreover, the observed

activities could not be explained by these three variables alone. The highest phytotoxic activity

was achieved at a mean value of R8.80 and302.4 g/mol. The sterically demanding substituents
tert-butyl and cyclohexane showed the best results. Overall, the bioactivity of 20 mM of the natural
substanceg1-c) was increased to 0.4 mM.(0-b, 6.11-¢, 6.12e and6.13a-€).
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6.1 Introduction

The structure activityelationship (SAR) is defined as the relationship between the chemical structure of a
molecule and its bioactivity. SAR agto identify structural characteristics, which are associated with the
activity. Therefore, SARis an important tool in drug discovery, from primary screening to lead
optimization.[1] SAR studies can be carried out either qualitatively or quantitatively. Qualitative SAR
studies are based exclusively on binary information. This means that a distinction is only made between the
presence of bioactivity and its absence. This approachsatlsvidentification of structural elements that

are essential for bioactivity2] Quantitative SAR (QSAR) studies on the other hand, are used to find a
mathematical correlation between the biological activity and quantitative chemical attributestiegihaef
properties of the analyzed molecules. These physicochemical descriptors include parameters that account
for hydrophobicity, topology, electronic parameters, and steric effects and are determined empirically by
computationamethods. 3;4]

A quantitative structuractivity relationship (SAR) analysis based on several physicochemical descriptors
was applied to find a correlation between the chemical structures of 127 sulfonamide derivatives and their
respective phytotoxic activitpgynthesizeda@mpounds.1i 6.32were provided by Prof. Dr. Csuk andco
worker Toni Denner, Institute of Chemistiy Organic Chemistry, Martiuther University Halle
Wittenberg.

Methodology

The physicochemical descriptors used in this study are molecular wiighta(tition coefficient (lod?),
molar refractivity A), parachorRc), density {) and molar volume\{,). The partition coefficient and the
molar refractivity were obtained by the web té@wissADMED [5], all other properties werebtained
usingfiChemsketcl2018.2.%5. [6]

Partition coefficient ipg P)

The partition coefficient betweanoctanol and water (I0Bow) is a classical descriptor for the lipophilicity
of a molecule. Several methods for the estimation odPlagralues- with diverse performances on different
chemical sets were developed. For this study consensusHggobtained from SwissADMHE5] was
chosen to increase the prediction accuracy. The consens®s.dg the arithmetic mean of the values
predicted by the following five methods: XLOGP3 (atomistic method and knowleaspsd method)7],
WLOGP (purely atomistienethod implemented from Wildman and Cripp&) MLOGP (topological
method implemented from Morgucl$;[10]), SILICOSIT (hybrid fragmental/topological methof)1]
and iLOGP (physicbased method implemented from Daamad ceworkers [12]

Molar refractivity (A)
Molar refractivity is related to the polarizability of a mole of a substance calculated by the-Lorenz
formula:

. & p O
0 3 e
€ q
WhereM is the molecular weighthi s t he refraction index and } the

temperature, pressure and the wave longitude of the light used to measure the refraction index. For radiation
with infinite wavelength, the molar refractivity can be used to measuredh&alume of the molecules.

Further molar refractivity is related to the London dispersive forces that are important foeckptpr
interactions. 3; 13; 14]

77



Chapter 6

Parachor (Pc)

The parachor is a parameter introduced by Sugtiginrelated to thesurface tension and the molecular
volume of a molecule. It is defined by the following equitation as the product of the molar volume and the
fourth root of the surface tension:

0

-a 7

0 ®
WhereMi s t he mol ecul ar wileeisgface tensipnl¢ptlle densi ty and 0
Density (1) i
®
Wherem is the mass and is the volume.

Molar volume

:|C:

WhereM is the molar mass ands the density.

Taftdés steric parameter

The Taft equation allows the correlation of steric parameter with the reaction rate. The equation reflects the
steric influence of substituents on the hydrolysis rate, wkdeethe rate of ester hydrolysis for a given
substrate and) is the methyl acetate hydrolysis rate, which is used a staridlard proportionality
constant, which is a measure of sensitiity3-20] The usedEsvalues werdaken from Sigmamnd ce

workers [20]

S o)
10 17 &=

Chartondéds steric parameter

Charton's steric parameter is a modification of the Taft parameter. Charton correl&gadthes with the
corresponding van der Waals radii of the groups in order to eliminate inductive and resonancee@ffects |
21] The usedrvalues werdaken fom Sigmarand ceworkers.[20]

CH]TF‘F

Where the log of the relativeraf®(Q ) i s proportional to the product
3 i s t hkRvalaedbpsedsoh thadvan der Waals radii.

Hansch parameter

Hansch andrujita [22] introduceda new hydrophobic scal e, with °~ as
substituent, which is defined by the following equation:
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.. 0
“* I I %
WherePy is the partition coefficient of the parent compound Bxis the value for the derivative2Z; 23]

val ues wer e cal culf@Ca&ldcudsaitngont o veulbstobblent
(https://bitly.com/getsigmas|24]

6.2 Experimental

6.2.1 General experimental procedures

Delayed fluorescence was measured with a NightShB®S5 fluorescence imaging instrument (Berthold
Technologies, Germany). Samples were irradiated for 10 minutes with a halogen lamp. Subsequently, the
light was turned off for 3 s before the delayed fluorescence measurement started. The camerar(Peltier/ai
cooled slow scan CCD camera, resolution: 1024 x 1024 pixels, 13.6 pm) was set in high scan mode with
(x-binning: 2, ybinning: 2). Background correction and cosmic suppression were enabled. Delayed
fluorescence was measured for 60 s. The photo wasuattean illumination intensity of 10%. The sample

was exposed for 0.1 s for the photo. The sample size corresponded to the dimensionseif pl&e (w=

130 mm, h= 15 mm).

6.2.2 Non-destructive leaf disk assay

A modified nondestructive leaf disk assfigb] was used to determine the phytotoxic activity of the pure
compounds. The assay was performed Withbidopsis thalianaol-0 as a dicotyledonous plant anith

Secale cerealas a monocotyledonous plaithe assay was performed in aW6ll plate (cat. no. 92096,

96F, TPP Techno Plastic Products AG, Switzerland), each well containingL260 test solution
consisting of a leaf disk buffer and stock solutions of the test substances. The leaf disk Isufiietlevap

with 1mM MES and 1 g/L sucrose with a pH of 6.5. Stock solutions of the test substances were prepared
in methanol. The concentration of these stock soluticassselected in such a way that a maximum of 5

pL per well had to be added to achieve the desired concentration. The maximum concentration of methanol
was therefore 2.% per well. The pure solvent (methanol) served as the negative control; Paraquat (5 uM)
was chosen as the positive control.

Leaf punches were taken from fully unfolded green leaves usimg biopsy punches with plunger system
(WellTech RapidCore 5.0 mm). The leaves were placed on the surface of the test solution, the adaxial
surface facing pwards. The 94vell plate was incubated in the greenhouse for 48 h, every 24 h delayed
fluorescencgDF) was measured. Before measurement, the plates were wrapped in aluminum foil and
adapted to darkness for 20 mibaylight images were taken with CAMAG TLC visualizéZamag,
Switzerland).

A high photosynthetic ratis associated with a strong DF, represented by a red to ygtlen coloof the
leaf disks A low DF is indicated by a blupurple coloration of the leaf dis. Only grey leaf discs are
visible when the plant is no longeerformingphotosynthesis, i.e. when it is dead.

Each compound was tested in four replicates per concentration. The compounds were classified as active
"+" if all four replicates died during the observation period (only grey leaf discs vidgilennot all four
replicateqbut at least two replicated)ed and the others showed only a weak DF, the activity was rated as

(o8
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6.3 Results and discussion

6.3.1 Phytotoxicity tests of all derivatives

Table 6-1 Phytotoxic activity of derivative6.1- 6.32in the nordestructiveleaf-disk assay.

Legend: + = all replicates showed no DF; (+) = at least two replicates showed no mereraphytotoxicactivity; n.t. = not
tested.

. - 5 2 1
No sturucture + identifier mM mM mM 0.4 mM
a n=2 - - n.t. n.t.
b n=3 - - n.t. n.t.
C n=4 - - n.t. n.t.
d n=>5 - - n.t. n.t.
O\\Q/NHHOH e n==6 + - n.t. n.t.
6.1 ©/L\\ n=2-12 f n=7 + + - -
0]
g n=238 + + - -
h n=9 1 - n.t. n.t.
i n=10 - - n.t. n.t.
j n=11 - - n.t. n.t.
k n=12 - - n.t. n.t.
a n=2 - - n.t. n.t.
\\ NH ot b n=3 - - n.t. n.t.
6.2 /©/ \\ n=2-6 c n=4 - - n.t. n.t.
d n=5 - - n.t. n.t.
\O e n==6 i - n.t. n.t.
a n=2 - - n.t. n.t.
\\ ANH oH b n=3 - - n.t. n.t.
6.3 2-6 C n=4 - - n.t. n.t.
d n=>5 - - n.t. n.t.
F e n==6 - - n.t. n.t.
a n=2 - - n.t. n.t.
L 0 B I YA Y
6.4 /©/ n-2-8 d| n=5 (+) (+) n.t. nt.
e n==6 + + - -
f n=7 + + - -
g n=8 + + (+) -
a n=2 - - n.t. n.t.
b n=3 - - n.t. n.t.
\\ NHHOH C n=4 - - n.t. n.t.
6.5 \\ n=2-8 d n=>5 (+) (+) n.t. n.t.
0 e n==6 + + - -
f n=7 aF + - -
g n=8 -+ + (+) -
a n=2 - - n.t. n.t.
b n=3 - - n.t. n.t.
O\\g/NH\{\/]’OH C n=4 - - n.t. n.t.
6.6 \©/L\\O n=2-8 d n=>5 (+) ) n.t. n.t.
e n==6 + + - -
f n=7 + + - _
g n=8 -+ + (+) -
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O\\/NHHOH a| n=7 + + *) _
6.7 b\\ .
o b n=28 + +) ) i
a n=2 + - n.t. n.t
R b n=3 + - n.t. n.t
OH
\\S/NIIH c — - : n n
6.8 i\ n=2-8 d n=5 - + - :
o e n==6 r + ot _
f n=7 r + ot _
g n=238 + + _ N
a n=2 i - n.t. n.t
h /NHHOH b | n=3 + - n.t. n.t
NN Uos Feln=a e 1@ e [
6.9 | 0 i =z = : : _
/ e n= 6 + + (+) ;
f n=7 ki + n.t. n.t
g n=8 + () n.t. n.t
3 /NHH()II
010 X S\\ n=5-7 b n==6 + + . +
@)
| / C n=7 + + _ _
a | n=2 * (+) n.t. i
o\\(Nn HOH 2 " 2431 : ) n.t. nt
- L\\O noees d| n=5 + = + )
e n==6 aF + + T
f n=7 + (+) n.t. n.t.
g n-8 (+) () n.t. nit.
a n=2 & + n.t. n.t.
b n=3 & + n.t. n.t.
A /NHHOH c| n=4 + T : -
S\\ n=2-10 d n=>5 + n N =
6.12 0O o P - . : :
f n=7 + (+) n.t. n.t.
9 n=8 (*) (+) n.t n.t.
h n=9 - - n.t. n.t.
| | n=10 - - n.t. n.t.
a n=2 + + + .
(_) b n= 3 + + T -
\\S/NIIHOII c| n=4 T " - "
\\0 n=2-10 d = " . : &
6.13 - o - = : : (+)
f n=7s + (+) n.t. n.t.
9 n=8 + (+) n.t. n.t.
h n=9 - - n.t. n.t.
| | n=10 - - n.t. n.t.
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\\\/NH\P]'OH al| n=8 - - n.t. n.t.
“\\ n=28-10
6.14 0 b n=9 - - n.t. n.t.
o] n=10 - - n.t. n.t.
a n=2 - - n.t. n.t.
S I = e o e e
6.15 | XN n=2-8 d| n=5 - - n.t. n.t.
e n==6 - - n.t. n.t.
F f n=7 - - n.t. n.t.
g n=38 - - n.t. n.t.
a n=2 - - n.t. n.t.
0 b n=3 - - n.t. n.t.
3\ ,NHHOH c| n=4 - - n.t. n.t.
6.16 S\\ n=2-8 d n=>5 - - n.t. n.t.
V/ ¢} e n==6 - - n.t. n.t.
f n=7 - - n.t. n.t.
g n=3 - - n.t. n.t.
a n=2 (+) - n.t. n.t.
@) b n=3 (+) - n.t. n.t.
OH
\\S/NHH C n=4 + - n.t. n.t.
6.17 X \\O n=2-8 d n=5 + - n.t. n.t.
e n==6 - - n.t. n.t.
f n=7 - - n.t. n.t.
g n=38 - - n.t. n.t.
\S//O a n=>5 - - n.t. n.t.
6.18 ~ H\
o// E n95H8 b n=28 - - n.t. n.t.
619 \S//O H\ O\\S/ a n=>5 - - n.t. n.t.
O/ ﬁ nos,s\o b n=8 * + * )
O\\q NI,
6.20 AY &) : : : : nt. n.t.
OH
O\\S/NII
6.21 *\\O ® - - - - n.t. n.t.
OH
O
\ NH OH
- - 1 (+) n.t. n.t.

S (R
\
o2 ©/ %
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6.23 - - ¥ (+) n.t n.t
6.24 - - - - n.t. n.t
6.25 - - - - n.t. n.t
6.26 - - + (+) n.t n.t
6.27 - - + (+) n.t n.t
6.28 - - 4 (+) n.t n.t
6.29 - - + + . ;
6.30 HO (R) - - (+) - n.t. n.t.
0
\_NH
\
o)
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6.31 HO Y] - R (+) - n.t. n.t.

O
6.32 : \.\s’N“\/\)\OH - - + ] n.t. n.t.

Based orthe naturaproductN-(4-hydroxybutyl)benzenesulfonamid@.1¢), a total of 127 derivatives were
obtained by convergent synthesis indsteps gyntheses performed by Toni Denrestitute of Chemistry
T Organic Chemistry, Prof. Dr. Csuk, MarimutherUniversity HalleWittenberg data not shown All
synthesizedlerivatives were first tested for their phytotoxic activity in a-destructive leaf disk test on
A. thalianaCol-0 (Figure S 205 andS. cerealgdata not shownat a concentration & mM and 2 mM
The selectedtwo testorganism were chosen in order to determine differences in the effect on
monocotyledonous and dicotyledonous plants. Howevee nbthe substances sheaany preference for
a representative of th@ant classTherefore, only resulfsom the nordestructive leaf disk assayith A.
thalianaCol-0 are shown iTable 6-1. Derivatives thaexhibitedphytotoxic activity at 2 mM were tested
in afollow-up leaf diskassay at concentrations of 1 mM and 0.4 mM. Struatatieity relationships were
deduced from thachievedesults.

Derivatives 6.1 ai k

In a first approach, 11 derivativés.1la-b, 6.d-k) including the natural produét 1cwith different chain
lengths (n = 212) were synthesized. In Chapter 5 it was alredgiponstratethat thephytotoxicactivity
increases with growinglkyl chain length from n = 2 to n = 6. In addition, it has now been found that the
highest activity (2 mM) was achieved at a chain length of #82With increasing chain length (n =12),

the activity decreases again.

2,5

— — [\]
=] (5 (=
L L L

phytotoxic activity

o
W
L

0,0 v : . ’

n

Figure 6-1 Plotting of phytotoxic activity as a function of chain length n; phytotoxic activity, where 0 = no actiwifyyiM and
2=2mM.
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Derivatives 6.2i 6.14
A total of 78 derivatives with differemstubstitdions at thebenzenenoietywere testedPhytotoxic activity
was found to increase as follows:

-F (6.2 <-OMe (6.3) <-Me (6.471 6.6) <-iPr 6.77 6.9) <-tBu (6.107 6.12 = -cyclohexane@.13 >
-adamantanes(14)

At first sight,bioactivity appears to depend on the size of the substituent (steric effects) and the lipophilicity
of the molecule. These relationships are examined in more detail below based on various physiochemical
descriptorof the molecules.

At the same time, the position of the substitusrthe benzene moiegppears to be less relevant for the
activity. The tests carried out did not reveal a preferred posdjondr p) of the substituent cimebenzene

moiety. Only the derivatives witanisopropyl substituentq.7 - 6.9) exhibited a higher activitypy insertion

atthe metaposition compared to the orthand pargposition.

Derivatives 6.15/ 6.16
Substitution of the benzene ring by pyridine or cyclopropaselts ina complete loss ogbhytotoxic
activity.

Derivatives 6.17

The insertion of a double bond between the benrpawiety and the sulfonamideore structurded to a
drastic decrease iphytotoxic activity. Only the derivative$.17ad showed a phytotoxic effect up to a
maximum of 5mM. In comparison, derivatives1f-g showed a phytotoxic effect up to 2 mM.

Derivatives 6.18- 6.19

Theeliminationof the benzene ringnd substitution witla methyl grouf6.18a/b)led to a complete loss
of phytotoxicactivity. However, thdormation of the methanesulfonic ethés19adb) showedphytotoxic
activity upto 1 mM

Derivatives 6.20i 6.31
A total of twelve derivative$.207 6.31with the benzene sulfonamidere structurdinked to different
proteinogenic amino acids were synthesized.

Table 6-2 Amino acid derivative$.207 6.31

derivative amino acid derivative amino acid
6.20 D-alanine 6.26 D-valine
6.21 L-alanine 6.27 L-valine
6.22 D-leucine 6.28 L-phenylalanine
6.23 L-leucine 6.29 L-isoleucine
6.24 D-proline 6.30 D-tryptophane
6.25 L-proline 6.31 L-tryptophane

Above the synthesized amino acid derivativeshighest phytotoxi@ctivity was achievedy the L-
phenylalanine derivativé.29 which showed activity up to 2 mM.
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Derivative 6.32

The carboxylic acid derivative5.32 based onthe alcoholic natural product(6.19 showed a higher
phytotoxic activity (5 mM)than6.1c Sincecompounds bearing @arboxylicacid moiety are more water
solubleand enable salt formationwhich would be of interest for feeld application- further derivatives
with an acid function are to be synthesized and tested.

6.3.2 Studies on structureactivity correlations

To confirm the firsideasthat the bioactivity of the molecules is related to the lipophilicity and the size of

the substituents, the following physiochemical parameters were investigated in more detail: molecular
weight (M), partition coefficientiog P, molecular refractivity &) , parachor (Pc), densi
volume V).

Those parameters refer to the entire molecule and were calculated using various programs (see
Methodology). All values are given iifable 6-3.

Table 6-3 Physiochemical descriptors of derivativie$ - 6.32
Legend: n.ai no value could be generated by Chemsketch.

Structural A Pc ! Vm
No identifier Mlg/mol] | logP | roha | emd [glem?] [/ mol]
a n=2 201.24 0.53 48.3 408.6 1.306 154.0
b n=3 215.27 0.85 53.1 448.7 1.262 170.5
c n=4 229.29 1.16 57.9 488.8 1.225 187.0
d n=5 243.32 1.52 62.7 528.9 1.195 203.5
e n==6 257.35 1.81 67.5 568.9 1.169 220.0
6.1 f n=7 271.38 2.19 72.3 609.0 1.147 236.5
g n=8 285.39 2.54 77.2 649.1 1.127 253.0
h n=9 299.43 2.91 82.0 689.2 1.110 269.5
i n=10 313.46 3.27 86.8 729.2 1.095 286.0
i n=11 327.48 3.66 91.6 769.3 1.082 302.6
k n=12 341.51 4.02 96.4 n.a. n.a. n.a.
a n=2 231.27 0.51 54.8 467.2 1.298 178.0
b n=3 245.30 0.84 59.6 507.3 1.260 194.5
6.2 c n=4 259.32 1.19 64.4 547.4 1.228 211.0
d n=5 273.35 1.51 69.2 587.5 1.201 227.5
e n==6 287.38 1.85 74.0 627.5 1.177 244.0
a n=2 219.23 0.78 48.3 416.0 1.385 158.2
b n=3 233.26 1.19 53.1 456.1 1.334 174.7
6.3 c n=4 247.29 1.48 57.9 496.1 1.292 191.2
d n=5 261.31 1.78 62.7 536.2 1.257 207.7
e n==6 275.34 2.25 67.5 576.3 1.227 224.2
a n=2 215.27 0.86 53.3 446.9 1.263 170.3
b n=3 229.29 1.20 58.1 487.0 1.227 186.8
c n=4 243.32 1.52 62.9 527.1 1.196 203.3
6.4 d n=5 257.35 1.82 67.7 567.1 1.170 219.8
e n==6 271.38 2.18 72.5 607.2 1.148 236.3
f n=7 285.39 2.54 77.3 647.3 1.128 252.8
g n=28 299.43 2.91 82.1 687.4 1.111 269.3
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. ip A Pc ! Vm
No Structural identifier M [g/mol] logP [cmd] [cmd] [g/cm?] [cm¥mol]
a n=2 215.27 0.88 53.3 446.9 1.263 170.3
b n=3 229.29 1.17 58.1 487.0 1.227 186.8
C n=4 243.32 1.50 62.9 527.1 1.196 203.3
6.5 d n=>5 257.35 1.95 67.7 567.1 1.170 219.8
e n==6 271.38 2.16 72.5 607.2 1.148 236.3
f n=7 285.39 2.54 77.3 647.3 1.128 252.8
g n=28 299.43 2.90 82.1 687.4 1.111 269.3
a n=2 215.27 0.86 53.3 446.9 1.263 170.3
b n=3 229.29 1.18 58.1 487.0 1.227 186.8
c n=4 243.32 1.50 62.9 527.1 1.196 203.3
6.6 d n=>5 257.35 1.83 67.7 567.1 1.170 219.8
e n==6 271.38 2.17 72.5 607.2 1.148 236.3
f n=7 285.39 2.55 77.3 647.3 1.128 252.8
g n=38 299.43 2.78 82.1 687.4 1111 269.3
6.7 a n=7 313.46 3.16 86.9 725.4 1.093 286.6
' b n=38 327.48 3.54 91.7 765.5 1.080 303.1
a n=2 243.32 1.56 62.9 525.0 1.192 204.1
b n=3 257.35 1.83 67.7 565.1 1.166 220.6
c n=4 271.38 2.21 72.5 605.2 1.144 237.1
6.8 d n=5 285.40 2.53 77.3 645.2 1.125 253.6
e n==6 299.43 2.85 82.1 685.3 1.108 270.1
f n=7 313.46 3.20 86.9 725.4 1.093 286.6
g n=38 327.48 3.52 91.7 765.5 1.080 303.1
a n=2 243.32 1.49 62.9 525.0 1.192 204.1
b n=3 257.35 1.80 67.7 565.1 1.166 220.6
c n=4 271.38 2.16 72.5 605.2 1.144 237.1
6.9 d n=5 285.40 2.48 77.3 645.2 1.125 253.6
e n==6 299.43 2.80 82.1 685.3 1.108 270.1
f n=7 313.46 3.13 86.9 725.4 1.093 286.6
g n=38 327.48 3.54 91.7 765.5 1.080 303.1
a n=>5 299.43 2.74 82.0 683.6 1.107 270.2
6.10 b n==6 313.46 3.06 86.8 723.7 1.093 286.7
C n=7 327.48 3.47 91.6 763.8 1.079 303.2
a n=2 257.35 1.76 67.6 563.4 1.165 220.7
b n=3 271.38 2.08 72.4 603.5 1.143 237.2
C n=4 285.40 2.42 77.2 643.5 1.124 253.7
6.11 d n=5 299.43 2.68 82.0 683.6 1.107 270.2
e n==6 313.46 3.02 86.8 723.7 1.093 286.7
f n=7 327.48 3.29 91.6 763.8 1.079 303.2
g n=28 341.51 3.84 96.4 803.8 1.067 319.7
a n=2 257.35 1.76 67.6 563.4 1.165 220.7
b n=3 271.38 2.15 72.4 603.5 1.143 237.2
C n=4 285.40 241 77.2 643.5 1.124 253.7
d n=5 299.43 2.75 82.0 683.6 1.107 270.2
6.12 e n==6 313.46 2.98 86.8 723.7 1.093 286.7
f n=7 327.48 3.44 91.6 763.8 1.079 303.2
g n=28 341.51 3.74 96.4 803.8 1.067 319.7
h n=9 355.54 4.14 101.2 843.9 1.057 336.2
i n=10 369.56 452 106.0 884.0 1.047 352.7
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Structural A Pc Vm
No identifier M [g/mol] logP [cm?] [cm?] [g/cm?] [cm¥mol]
a n=2 283.39 2.34 75.2 615.8 1.204 235.2
b n=3 29741 2.57 80.0 655.8 1.181 251.7
c n=4 311.44 2.90 84.8 695.9 1.160 268.2
d n=5 325.47 3.25 89.6 736.0 1.142 284.7
6.13 e n==6 339.49 3.58 94.4 776.1 1.126 301.2
f n=7 353.52 3.92 99.2 816.1 1.112 317.7
g n=8 367.55 4.26 104.0 856.2 1.099 334.2
h n=9 381.57 4.64 108.8 896.3 1.087 350.7
i n=10 395.60 4.95 113.7 936.4 1.077 367.2
a n=238 419.62 4.60 119.0 949.4 1.142 367.2
6.14 b n=9 433.65 5.07 123.8 989.4 1.129 383.7
c n=10 447.67 5.46 128.7 1029.5 1.118 400.2
a n=2 202.23 -0.24 46.1 404.2 1.373 147.2
b n=3 216.26 0.10 50.9 444.3 1.320 163.7
c n=4 230.28 0.43 55.7 484.3 1.277 180.2
6.15 d n=5 244.31 0.75 60.5 524.4 1.241 196.7
e n==6 258.34 1.03 65.3 564.5 1.211 2134
f n="7 272.36 1.40 70.1 604.6 1.185 229.7
g n=238 286.39 1.76 74.9 644.6 1.162 246.3
a n=2 165.21 -0.30 37.0 323.5 1.39 118.7
b n=3 179.24 0.01 41.8 363.6 1.32 135.3
c n=4 193.26 0.28 46.6 403.6 1.27 151.7
6.16 d n=5 207.29 0.62 51.4 443.7 1.23 168.2
e n==6 221.32 0.97 56.2 483.8 1.19 184.6
f n="7 235.34 1.32 61.0 523.9 1.17 200.9
g n=238 249.37 1.72 65.8 563.9 1.14 217.3
a n=2 227.28 0.93 59.1 477.8 1.304 174.2
b n=3 241.31 1.27 63.9 517.6 1.264 190.7
c n=4 255.33 1.54 68.7 557.4 1.231 207.2
6.17 d n=5 269.36 1.94 73.5 597.2 1.203 223.7
e n==6 283.39 2.26 78.3 637.0 1.179 240.2
f n=7 297.41 2.59 83.1 676.8 1.158 256.8
g n=238 311.44 2.92 87.9 716.6 1.139 273.3
6.18 a n=>5 181.25 0.13 43.9 398.7 1.169 154.9
b n=38 223.33 1.24 58.3 518.0 1.092 204.4
6.19 a n=>5 259.34 0.45 57.6 524.6 1.288 201.3
b n=238 301.42 1.47 71.4 644.0 1.201 250.8
6.20 - 215.27 0.81 53.1 446.7 1.259 170.9
6.21 - - 215.27 0.84 53.1 446.7 1.259 170.9
6.22 - 257.35 1.68 67.5 564.8 1.165 220.8
6.23 - - 257.35 1.83 67.5 564.8 1.165 220.8
6.24 - - 241.31 1.15 64.6 495.4 1.300 185.6
6.25 - - 241.31 1.13 64.6 495.4 1.300 185.6
6.26 - - 243.32 1.48 62.7 524.8 1.190 204.3
6.27 - - 243.32 1.50 62.7 524.8 1.190 204.3
6.28 - - 257.35 1.76 67.5 564.8 1.165 220.8
6.29 - - 323.43 1.94 85.2 620.5 1.257 231.6
6.30 - - 330.40 2.24 89.5 686.8 1.353 244.0
6.31 - - 330.40 2.18 89.5 686.8 1.353 244.0
6.32 - - 243.28 0.96 58.5 439.9 1.320 184.1
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To recognizecorrelations between a physiochemical parameter arhtjtetoxicactivity, all observe

bioactivity ratesof the tested sulfonamide derivativgd1 6.32were plotted against the corresponding

values of the given parametérsnolecularweight (M), partition coefficient log®, molecular refractivity

(A), parachorR®.), density {) and molecular volumé/y). In Figure6-2e ach dot (A) represe
compoundThe phytotoxic activity was expressed in levels: no phytotoxic activityl (BBpresents

activity at 5 mM, 2 activity at 2 mM, 3 activity at 1 mM, and 4 activity atrM. If not all four

replicates, but at least two replicates, showmmoeDF, t he phytotoxic activity
Table6-land i ntermediate steps were used, e.g. i f a ¢c
concentration of 1 mM it was plotted as 2.5 (higher activity than 2 but lower than 3).

A = phytotoxic activity plotted against molecula B = phytotoxic activity plotted againphrtition

weightM coefficientlog P
4 L 4
z =
% 3 2 3
E‘ 2 % 2
14 14
Lo L JJ
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molecular weight [g/mol] log P
C = phytotoxic activity plotted against molecula D = phytotoxic activity plotted against parachc
refractivity A Pc
5 5
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:, :,
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40 60 80 100 120 400 600 800 1000
molar refractivity [cm’] parachor [em’]
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E = phytotoxic activity plotted against densjty F = phytotoxic activity plotted against molar
volumeVn
5 5
4 4 4

phytotoxic activity
phytotoxic activity

MRV 11 O 111 1 1

e » - -— "

1,05 1,10 1,15 1,20 1,25 1,30 1.35 1,40 100 150 200 250 300 350 400

density [g/cm’] molar volume [em*/mol]

Figure 6-2 Phytotoxic activityof all tested 127 substancésl i 6.32 plotted agains®A: molecular weigh{M), B: partition
coefficientlog P, C: molecular refractivity(A), D: paracho(P.), E: density(} ), F: molar volumgVm); € a ¢ h  ekaresents dng
substancephytotoxic activity, where 0 = no activity,A45mM, 2=2mM, 3 = 1 mM, 4 = 0.4 miwhen not all four replicates
(but at least two replicateshowed no more DRctivity wasa s s i g h e d Table 6-1 Kletedteps of M5 were used, e.g. if a
compound was assigned with A(+)0 at a concentration of

The plot of bioactivityof the sulfonamide derivativegainst the various paramet@figure 6-2) show a
correlation for five out ofselectedsix parametersvith the bioactivity which can be described by a
Gaussiarlike distribution. Only for thep a r a mdensigfy)o né correlation could be determined. At the
same time, however, the data also show that several vardablessponsible fahe observedioactivity.
For example, fronfrigure 6-2-B, it can beconcludedhat differentsulfonamidederivatives with the same
log P value nevertheless exhibit different levels of bioactivity.

In a following step, twoselectegparametersf the sulfonamide derivativegere plotted against each other
(Figure 6-3). The bioactivity- represented byhe coloration in Figure 6-3 - was considered as a third
parameter. If a cluster is formed between the parameders in accountheseparametersre significant
for the phytotoxic activity. The plot of molecular voluméVy), molar refractivity(A) and paracho(Pc)
againstpartition coefficientlog P (Figure 6-3A) showed a linear dependence, so #maindependent
consideration of these parametensagpossible Moreover no linear relationshipxistsbetween molecular
weight(M) andpartition coefficientog P (Figure 6-3B). Furthermoreclustering was observed depending
on the level ophytotoxicactivity.
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A= molar refractivity(A), parachofP;) andmolar B= molecular weigh{M) plotted againspartition

volume(Vy) plotted againspartition coefficient coefficientlog P
log P
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Figure 6-3 A: Plot of molar refractivity(A), parachor(Pc) and molar volumegVm) plotted againspartition coefficientiog P,
phytotoxic activity indicated by coloratipwhere grey = no activity (0), yellow =5 mM (1), orange =2 mM (2), red =1 mM (3),
purple = 0.4 mM (4)B: Plot of molecular weighM) againspartition coefficientog P, phytotoxic activity indicated by coloration
where grey = no activity (0), yellow =5 mM (1), orange = 2 mM (2), red =1 mM (3), purple = 0.4 mM (4).

To proofthis observation, the mean, the median and the 25% and 75% quatrtiles adtfaity intervals
(I1= no activity, 12 =5 mM, 13 = 2 mM and 14 = 0i41 mM) were calculated fahe partition coefficient
log P and molecular weightM) (Table 6-4). Sulfonamide derivatives showing the highphitotoxic
activity betweer0.4 mMand1l mM were combined iimterval I4.

Table 6-4 Median and quartiles (25 and 75%)paifrtition coefficientog P and molecular weighiv).

Phytotoxic 11 12 13 14
activity (no activity) (5 mM) (2 mM) (0.47 1mM)

median (logP) 1.19 1.83 2.54 2.88
25% quartile (log P) 0.83 1.68 2.19 2.70
75% quartile (log P) 1.77 2.24 2.91 3.03
mean 1.18 2.17 2.65 2.80
median (M) 261.3 3255 241.3 305.4
25% quartile (M) 243.3 299.4 216.3 299.4
75% quartile (M) 286.4 353.5 269.4 3135
mean 266.0 328.9 240.5 302.3

The highesphytotoxicactivity (14) of the sulfonamidederivatives6.17 6.32was mainly observed for
compounds with gartition coefficientog P between 2.88 and 3.03 and a molecular we(ightbetween
299.4 and 313.5 g/mdComparison of the derivatives activity intervall3 with thosdn intervall4 shows
that the median of the molecular wei@lt) andpartition coefficien{log P) are significantly lower (241.3
vs. 305.4 and 2.54 vs. 2.88). &utivity intenal 12, the molecular weight rangef the sulfonamide
derivatives6.11 6.32is comparable to that @lctivity interval ¥, but thepartition coefficient(log P) is
significantly lower. Howeverthe derivativesin activity interval 12 exhibit only moderatephytotoxic
activity, whichdemonstrate the importanoga certain degree dipophilicity for the phytotoxicactivity.
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Table 6-5 Sulfonamide drivatives with the highest phytotoxic activihytotoxic activity (based on DF), where 0 = no activity,
1 = activity at 5 mM, 2 = activity at 2 mM, 1 = activity at 1 mM, 4 = activity at 0.4 mM and intermediate steps (0.5) wakn no
four but at least two replicates showed no more DF.

No sturucture + identifier M log P phytotoxic
[g/mol] activity
)\ O\\S/NHHOH e| n=6 | 290.43| 2.85 3
6.8 X \\O n=67
| — f n=7 | 313.46| 3.20 3
\/O a| n=5 | 29943 | 274 35
\ _NH OH
6.10 S _
| X \\O n=56
b| n=6 | 313.46| 3.06 4
F
0\\ NH_[ loH d n=5 | 299.43| 2.68 35
6.11 S\< Hns 6
' O
e n==6 313.46| 3.02 4
A _NH[ JoH
Y- H d| n=5 | 299.43| 2.75 35
L\\ n=5,6
6.12 O
e n=6 | 313.46| 2.98 4
a n=2 283.39| 2.34 4
o b n=3 297.41| 2.57 4
A /NHHOH
S
N\ n=2-4
6.13 O)Q/ 0 c| n=4 | 311.44| 290 4
d n=5 | 325.47| 3.25 35
e n==6 339.49| 3.58 3
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On closeranalysisof Table 6-5 with the most active compoundsiows that molecular weiglii) and
partition coefficientlog P are not the only variables required for fbleytotoxic activity. For example,
compounds6.10b and 6.13a exhibit strong phytotoxic activity up to 0.4 mNI4). But the partition
coefficient(log P) and molecular weightéM) of the two compounds differ significantlg.(0b: 3.06 vs.
6.13a 2.34 andb.10b: 313.5 vs6.13a 289.4 g/moal). Thepartition coefficientlog P) of compound.13a
is also significantly lower than the median of the atiintervals B andl4 (Table 6-4), in other words,
such a high level of phytotoxic activity would not have been expected if these two pardietegsP)
had been the only ones to be taken into account.

Thereforethe steric effects of the substitueraithe benzenamoiety and thehydrophobicity parameteaf
thesubstituerd( H a n sitsdif aré glso considered the following

Table 6-6. The Taft (Es) and Chartor(v) steric parameters were taken from Sigman andaders. P0|
Hansch(") parameters were calculated withthewebifo®@al co bt Bahsti tuent Proper:
[24]

Table 6-6 Taft (Es) and Chartor{v) steric and Hanscl{" ) hydrophobicity parameter.

substituent Taft (Es) Charton (v) Hansch(")
-H -1.24 0 0.174
-Me 0 0.52 0.256
-iPr 0.47 0.76 0.995
-cyclohexane 0.79 0.87 2.162
-tBu 1.54 1.24 1.442
-adamantyl - 1.33 3.180

Steric effects of the substitusrgt the benzene sulfonamide moietgem to bessentiafor the observed
phytotoxicactivity of thetested compound&1i 6.32and can explain the observed increase in actiwity

the series-Me (6.41 6.6) <-iPr (6.77 6.9 <-tBu (6.107 6.12 = cyclohexaneg.13. However, the Taft

(E9) and Charton(v) parametercannot explain the equal activity of thert-butyl (6.107 6.12 and
cyclohexan€6.13 derivatives, as thiert-butyl substituents have significantly higher steric effects. On the
other hand, the cyclohexane substituahtthe benzene sulfonamidws a mch higherhydrophobic
character, which is expressed by a high@nsch( “parameterThismightalso be relevant for the activity.

All theseis speculative Further computeaided quantitative structwactivity relationships (QSAR) are
required to gain more precise insights into the influencing faftiothe observed phytotoxic activitiagd

to summarize all individual factors in a comprehensive model. For this purpose, the Hansch equation is
often used, which relatebiological activity to hydrophobic, steric and electronics paramdtetthis

context, additional attentioshould be giverio the Hammet parameters, which consider the electronic
effects of the substituent23; 26; 27] In addition, molecular docking studies can provide further insight
into compound requirements by revealing the interactions between the compound and the target enzyme.
[28; 29]

6.4 Conclusion

Startingwith thenatural producN-(4-hydroxybutyl)benzenesulfonami@@.10), a total of 12&ulfonamide
derivatives veretested for their phytotoxic activity in a nalestructive leatlisk assay o. thalianaCol-
0 (and S. cereale data not shown)The compoundshowedalmost identicallyactivity in species
representing botplant classesf Dicotyledons and Monocotyledanso only theA. thalianaCol-0 test
resultswereconsideredincreasing activity was observed for the following substitussries -F (6.2) < -
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OMe (6.3 <-Me (6.47 6.6) <-iPr (6.77 6.9 <-tBu (6.1071 6.12 =-cyclohexane®.13 > -adamantane
(6.14). By analyzing thehytotoxicactivity in correlation tahedifferentphysiochemical parameters, the
partitioncoefficient logP and the molecular weigli) wereidentified influencing th@hytotoxicactivity.

On average, the highest activity wastairedfrom compounds witla molecular weight of 305.4 g/mol and
a logP = 2.80. In addition, sterically hindering substituents were found to increase the activity. The best
results were obtained fdert-butyl (6.107 6.12 and cyclohexan€6.13) substituentsat the benzene
sulfonamide moietyHowever,it was not possible, to fully explain the relationship betweleserved
phytotoxicactivity and the chemical structura the basis dhe molecular weight\), partition coefficient

log P and steric parametergs(v). Furthercomputational works necessary to determine all parameters
that have an influence on the phytotoxic activitloreover, by derivatization of the natural prodiet4-
hydroxybutyl)benzenesulfonamidé.10), it wasalso possible to increase thRytotoxicactivity from 20
mM up to 0.4 mM 6.10h 6.11, 6.12eand6.13a-€) in the nondestructive leaf disk assay
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7 LC-HR-ESI-MS based comparisorof extracts of
Colletotrichum graminicolagrown in different cultivation media

Abstract

Colletotrichum graminicolavas grown in five differentultivationmedia, including three minimal
media and two complete media (CM, HMG). Tdadracts obtainedvere compared in terms of
theiryield, phytotoxicity and metabolite profiles using TLC and-HR-ESFMS measurements.
Fungal cultivationn the minimal media resulted in significantly lower yields compared to the full
media, with approximately 1 g of mycelium being obtained from one cuturining 200 mL
liquid culture mediumThe crude extracts of fungi grown in minimaédia showed significantly
higher effects in a leadpot assay omrabidopsis thalianaCol-0. Formation of necrosis was
observed dr 20 pgcrude extracperapplicationspot, whereas crude extracts of fungi grown in
complete media caused only weak necrosis even at 50 ug per spot.

TLC and LCHR-ESFMS measurements were used to study the chemical variances of the
metabolite profiles. Based on theassspectometricaldata PLSDA were performed to identify
major changes secondary metabolite pattern

97



Chapter 7

7.1 Introduction

Secondary metabolites have a broad spectrum of biological activities and are therefore of high interest for
the development of new drugs, agrochemicals, eié}][Fungi have the potential to produce several
metabolites from one single strain, however maihem are not characterized as thegtainsilent gene
clusters, which are not expressed urelandard abor at ory conditions. The OSN
T many compounds 0-paseddl appr@ach doudctivatésdantmetabolic pathways. [¥]
Numerous parameters such iagredients in cultivatiormedium, pH, temperature, light, and stress
influence on the production of secondary metabolites.i[11B

In general,cultivation media can be divided into minimal and complete media based on their nutrient
content. Minimal media only contain the minimum amount of nutrients required for gobhb strain
Complete media, on the other hand, contain complex components such as yeast extralcydrabaate

or malt extract. These components provide additional vitamins, growth factors and trace elements, which
results in higher growth rates. [1113]

Aim of this study was to investigate the influence of the medithe profile of secondary metabolites
produced byC. graminicola also with especto the phytotoxicityof the obtained crude extracts.

7.2 Experimental
7.2.1 General
7.2.2 Cultivation

Colletotrichum graminicolgstrain M1.001 provided by Prof. Dr. Deising, Institute of Agricultural and
Nutritional Sciences, Martihuther University HalleWittenberd was cultivated in five different media
(Table 7-1). Three replicates were prepared for each medium. Erlenmeyer flasks (1 L) with 200 ml medium
each were inoculated with two 1 émycelium plugs and incubated at 23°C for 13 days without agitation.

Table 7-1 Composition of media 15.

N o Na me Il ngredients per L

1 +N +G1 ¢ 1nk stock solution A, 10 mL st

2 +N -GI| ¢ 10 mL stock solution A, 10 mL

3 -N +GI ¢ 10 mL stock solution B, 10 g ¢

4 CM 10 g glucos)e, 11 gg yea(shO extrac
0.2 BQKHO. 25,403. Mg SO Na Cl

5 HMG 10 g glucose, 10 g malt extrac

Stock solution A: 50 g Ca(NQ@).
ad 500 ml aqua dest.

Stock solution B: 10 g KHPQ,
12.5 g MgSQ
2.7 g NaCl
ad 500 mL
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7.2.3 Sample preparation

Mycelium

The mycelia were separated by filtration from the culture filtrateimndediately frozen at20°C. After
lyophilization (72 h) and weighing, three stainless steel balls (5 mm) were added and all samples were
powdered using a ball mill (RetscBermany. The samples were grinded four times for 30 s with 30 Hz.

A break of 15 s in between avoided heating of the samples.

For the production of a representative quality control sample (QC), fungal material of all cultures was mixed
in equal parts. The QC samples was extracted as describgddn

Culture filtrate

The culture filtrate were evaporateth vacuoto dryness and immediately frozen2®°C.Prior to the LG
HRESIMS measurement, a SPEnL, C18ec, MacheriNagel, Germanyyas carried out to enrich the
methanolsoluble secondary metabolites and to remove sugateins, etc.The cartridges were activated

with methanol and rinsed with 3.0 mL water. The dried samples were dissolved in 4.0 mL water in
ultrasonic bath for 3 minutes and subsequently centrifuged for 5 min at 14.000 rpm (Eppendorf, Germany)
to separate the insolubtesidue. The supernatant was applied on the activated SPE cartridge and washed
with 3.0 mL HO. The eluate was discarded. In patatlee insoluble residues were extracted with 1.0 mL
methanol. After mixing the samples for 30 s watliortex an extraction in ultrasonic bétilowed for 3

minutes. The samples were centrifuged for 5 minutes at 14.000 rpm to remove insoluble residues and the
supernatant was applied to the SPE previously used. The SPE was rinsed with 3.0 mL methanol and the
obtained eluates were evaporated to dryness.

7.2.4 Thin-layer chromatography (TLC)

From each cultivars0 mg powdered fungal material waixed with 2 mL distilled methanol. Aftelrief

mixing on a vortexsamples were sonicated for 15 minufefowed by centrifugatiorior 10 minutesat

14 000 rpm (Eppendarf Germany) The supernatant was used for TLC analysis.

From each sample, 10 pL extract was appliegrercoated silica gel 54 aluminum sheets (0.0630.200

mm, Merck, Germany)lhe analysis was performed with a mobile phase contaioingrte: ethyl formate

: formic acid (10:5:3y/viN). Documendtion images were taken with CAMAG TLC visualizeZgmag
Switzerland) at daylight, & = 254 nm, & = -366 nm
sulfuric acid).

7.2.5 Leaf-spot bioassay

A modified leafspot bioassay by Evidente et al. (1995) [14] was used to test the crude extracts for their
phytotoxic activity. The samples were dissolved in methanol/ watery{)land droplets of fiL were

placed on the leaf surface of undetached and fully expanded young le@rabidbpsis thalianaCol-0.
Fractions were tested at concentrations 0fl0 pg/pL. Plants were incubated in the greenhouse (19 °C,
day/night cycle) for 7. Paraquat (100 pM, dissolved in methanol/ water\y} was used@s a positive
control. The pure solvent mixture of methanol/water (#/\),served as the negative control. After 72 h the
plants were observed for the formation of necrosis. Images were taken with CAMAG TLC visualizer
(Muttenz, Switzerland). Only damage to the leaf in the form of chlorosis or necrosis was evaluated. The
extentof the damage was not considered.

7.2.6 UHPLC-ESI-HRMS

For UHPLGESKFHRMS of the mycelium 20 mg of powdered fungal material was mixed with 1 mL LC

MS grade methanoHoneywell Riedel de Haén, GermanAfter brief mixing for 30 s on a vortewere
sonicated for 15 minutesSubsequently, the samples were centrifuged for 10 minutes at 14.000 rpm
(Eppendorf, Germany). The supernatant was diluted to a final concentration of 15 mg extract per mL
methanol and@plied to UHPLGESIHRMS. The injection volume was 2 pL.

99



Chapter 7

For UHPLGESIHRMS of the culture filtrates the samples were dissolved irMSCgrade methanol
(Honeywell Riedel de Haén, Germanywater (1:1y/v) and the concentration was adjusted to 1 mg/ mL.
For the production of a representative quality control sample, ({B0)pL of each sample were combined.

The MS system was coupled to an uligh-performance liquid chromatography (UHPLC) system
(Dionex UltiMate 3000, Thermo ScientifiGermany, fitted with a RPC18 column (1,2m; 50 x 2.1 mm;

column temperature: 40 °C). For UHPLC separation a water: acetonitrile gradient solvent system (each
containing 0.1% formic acid) at a flow rate of 4@8min was applied (95:5 for 1 min, 10 min gradient to

a ratio of 0:100, hold for 5 min, returning to 95:5 in 1 min, isocratic hold for 4 min).

Positive ion higkresolution ESI mass spectra were obtained from an Orbitrap Elite mass spectrometer
(Thermofister Scientific, Germany) equipped with a HESI electrospray ion source (spray
voltage 4.0 kV; source heater temperature: 300 °C; capillary temperature 325 °C; FTMS
resolution 15.000). Nitrogen was used as sheath and auxiliary gas. The CID mass spectra (buffe
gas: helium) were recorded in data dependent acquisition mode (dda) using normalized collision
energies (NCE) of 35%. The data were evaluated with the Xcalibur software 2.7 SP1 (Thermo Fisher
Germany.

7.2.7 Processing of the acquired LEESI-HRMS data

Data processing was performed using-Mi@l (Version 4.90) [15] and included (1) determination of
monoisotopic mass. The mass of a peak was determined when at least two adduct ions matched the adduct
dictionary, that was defined as: [M+H][M+Na]*, [M+K]*, [M-HO+H]", [2M+H]*. (2) Peak list
alignment. The MS tolerance was set as 0.01 Da, the minimum peak height was set 4saha th@

maximum charge was set to 3) Gapfilling. The statistical interpretation of the acquired data relied on
Metaboanalgt 5.0 [16] The aligned data were uploaded to Metaboanalyst, normalized by sum and auto
scaled. The data wheamalyzedwith partiatHeastsquare discriminant analysis (RIC3\).

7.3 Results and discussion

7.3.1 General observations

To investigate the influence of the medium on the secondary metahmdigernof C. graminicola the

fungus was cultivatedn five different media, each with three replicatébe media comprised three
minimal media including one with a nitrogen and carbon souroedium1l), one with a nitrogen source

only (medium2) and one with a carbon sourcegdium3) only- as well as two full medianfedium4 and
medium5). The pH value of the media was not adjusted; the pH values of the individual media are given
in Table 7-2. The extent to which differencéspH valuesinfluence the (secondary) metabolisannot be
assesseinh this experiment. Overall, however, it is noticeable that the pH value of the minimumiedia

3 tested, with a pH value of approximately 5, is significantly more acidic than that of the full 4naaiib

5, which have pH values between 6 and 6.5.

Table 7-2 pH values of media 15.

Medi um pH valu

1 4 . 8
2 4 . 7
3 4.9
4 6.0
5 6.5
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Figure 7-1 shows the optical differences between the media befdrar(d after incubatio(il3 days)B).

Media 1- 3 are clear, colorless liquids, medium 4 (CM) shows a slight yellow coloration and medium 5
(HMG) a strong yellow coloration. After incubatitime (13 days)there are clear differences between all
media. Particularly noticeable is culture filtrate 3, which shows a strong red coloration, while all others
show a yellowish to slightly orange coloration in various intensiesprisingly, the red coloration of
medium 3 is not stabléfter 24 h a color change of culture filtrate 3 from red to yellow can be observed.

A B

0

Figure 7-1 Optical comparison of the mediA) and the culture filtrate after 13 days of incubatiBj (

In addition, the fungal mycelium was balanced after lyophilizatiable 7-3) As expected, the fungi
cultivated in the complete mediaand 5CM and HMG)had the highesteights The weights differed by
nearly one gram compared to the minimal mdda

Table 7-3 Average balances of fungal mycelium grown in different media.

Medi ur Average bal
1 0.20
2 0. 36
3 0.17
4 1.01
5 1.32
7.3.2 TLC

To get a first impression of the effects of the different growing conditions, a TLC ofralydéialextracts

was preparedHigure 7-2). In daylight, the raw extracts show only a few faint yellowish and orange spots.
Medium 3 also shows a striking purple spgt£ 0.53) associated with the red coloration of the extract,
which is also faintly visible in medium Qbserving thel L C a t nra-and &tér @lerivatization with
vanillin-sulfuric acid, numerous spots are visit#¢ first glance, the chromatograms of the extracts do not
seem to differ too much from each other. However, medium 3 shows some additional spots in comparison,
e s peci a36bnmFarthercbaracteristic differences are the spotRat0.3in media 1, 2 and 5 at

= 254nm, which are barely visible in media 3 and 4, the spd&=a0.17 (a-= 366 nn), which are mainly

visible in full media 4 and 5, as well as the spotR:at0.38 (derivatized) which aremost prominent in
medium 5.
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Figure 7-2 TLC of C. graminicolagrown in five different media (15); A: daylight B: &= 305 6 &/ m;206 daylightm;
after cerivatizationwith vanillin-sulfuric acd.

7.3.3 Phytotoxic activity

The phytotoxic activity of all crude extracts of the mycelia was evaluated using a modifisgdeassay

[14] onA. thalianaCol-0 to determingossibledifferences in activity levels. The concentrations of 4 pg/uL

(= 20 pg per spot) and 10 pg/pL (= 50 ug per spot) were chosen relativelydspecially in comparison

to the tested concentrations of the isolated pure compagedschapter 3 5). For example, a test
concentration of 20 mM at a molecular weight of 300 g/mol corresponds to an absolute amount of 30 ug
per spot or 6 ug/uL. Moreover, out of 21 isolated compounds, only 9 showed activity at a concentration of
20 mM (see chapter B5).

Figure 7-3 shows the leavesf A. thalianaCol-0 after an incubation time of 72 h. In both concentrations
tested, it is noticeable that the fungustivatedin medium 1 causes the strongest necrosis. The fungus
cultivatedon the other minimal media (2 and 3) showed significantly weaker necrosis formation. The
presence of both a nitrogen and a carbon sonnceedium Imaybe important for the formation dighly
activephytotoxic metabolite, whereas a nitrogen and carbon deficiency in minimal media 2 und 3 leads to
reduced phytotoxic activityzurther, the fungscultivated in complete media 4 and 5 show only very weak
activity. Even in the higher concentratiohthe applied extracho necrosis is visible, only yellowing of

the leaves. While a minimal medium only provides the essential nutrients, the complete medium often
contains several nitrogen and carbon sources el a8 numerous neessential compounds that the
organism can produce itself. The growth rates of the organism in the complete medium are therefore higher.
[11;13] Kim and Kim showed foiEscherichia coliand Saccharomyces cerevisidleat in the minimal
medium energystoring metabolites such as fatty acids, sugars and sugar alcohols were formed
predominantly, while amino acids, essential for protein synthesis and rapid cell growth, were highly
abundant in the complete medium. [11] Toeer activity of extrats 4 and 5 can probably be explained

by the lower proportion of phytotoxic substances in the total extract, which would be consistent with the
significantly different yields of the extractdowever, it should be noted that in chapter$ 3he fungus

102



LC-HR-ESIMS based comparisdbolletotrichum graminicolayrown in different growth media

was cultivated on the complete media 4 and 5 (despite the lower phytotoxicity), because the yield from the
cultures in minimal media were significantly lower.

A
. A
5 &2 wf f\
A &‘N g o g) o
Q N
1 2 3 4 5
B

1 2 3 4 5
Figure 7-3 Leaf-spot assay of crude extradts 5 frommycelium after 72 h of incubatios: 20 ug per spot3: 50 pg per spot.

LC-ESI-HRMS

LC-ESIFHRMS measurements were performed to gain further insight into the chemical composition of the
fungal crudeextractsli 5. The high sensitivity enables the detection of compounds with low concentrations
with respect to their ionization properties.

Mycelium

Figure 7-4 shows the chromatogram of the QC samyfilehe mycelium Peaks (R) were tentatively
assigned by their accurate mass and MS/MS fragmentation, alsmparison with the previously isolated
compounds (Chapteri35). The results are listed Trable 7-4.
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Figure 7-4 (+)-HR-ESI-MS chromatogram (base peak) of the &(pleof themycelium
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Table 7-4 Peak tabl®f compound¢Pwv) annotatedn the QC samplémycelium)of C. graminicola.

No [ M+H] Rt Mol ecu pppnFragments ( Annot ati o
(mi for mul Compound
Pl 175. 1 0. 1 CeHiNO -0.2158.0920 (1 Arginine
(42), 116.0
P2 258.10. 2 CH.NQP 0.6 104.1067 (1 Glyecero
phosphoc
Pv3 104.10. 2 CHiNO -1.3 87.0439 (1CCholine
(55)
Pvd 268. 1 0. 3 Cyi1NsOy -1.3 136.0615 (1Adenosin
Pv5 132.10. 3 CHiNQ -0 . 86. 0961 (10 (l-poLeuc
Pv6 166. 00. 6 CHiINQ -0 . 120.0805 (1 Phenyl al
Pu7 72768 4. 6 CHssNgOis 4. 64709. 3757 (1 Unknown
(62), 615.3
597.3195 (9
(34), 355.1
243.1322 (1
P8 270.26.6 CGHNQ -0.1 252.1954 (1 3(dydrdx
(68) di me-t hyl
octanbny
met hyl py
2o0ne
3.)10
P9 285.07. 2 Ciki16s 3.2 267.0650 (5 Unknown
(100), 239 Ant hraqu
Pvl10195. 17. 4 CiHi6s 0.5 163.0751 (2 Colletop
(42), 135.01][17
107.08&81Q0)
Pul1315.07.5 Ciii6e -0.2 300.0624 (1 Colletogq
(94) 4.3
Pul2365. 07. 9 CHi9Cl -0.9'334.0600 (1CMonordgn
Pv13319.08. 1CH®O®CI -1.6!301.0258 (1(Unknown
(82 3.0310
Pl 4567. 18. 3 CoHi &N -0.4.552.1047 (2¢Unknown
(100)
Pul1 5329.18. 4 Ciki©0s -1.4.314.0780 (4(Coll etoqg
(100), 285.(¢@4.)5
268. 0726 (6:¢
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No [ M+H] Rt Mol ecu ggppmr Fragments (lAnnot alt i c

(mi for mul Compound
Cl ass
Pl 6254. 29. 2 CHNQ -1.9.236.2002 (1C3( 2-d6me-t
9.2 (9) octanbeny
met hyl py
2on@B .1
Pul7254.29. 2 CHNQ -1.9.236.2002 (1C3( 2-d6me-t
9.2 (9) octanbeny
met hyl py
2on@B .1
Pu18520.39.6 CHsaON;, -0.1:502.3283 (6:Unknown
(100)
Pv191009. 9. 7 CGH/O1N12-0.3.979.5211 (2CUnknown
(11)
Pv20391.29. 9 CHsONs -3.31373.2340 (2<Unknown
(100), 279. 1
149. 0231 (8)
Pv21454.210. CHs®ONs 0.87436.2819 (1l(Unknown
(5), 313.27:
Pu22496. 310. CokHsOsNs -0. 0:478.328H484.1AUnknown
(33)
Pu23933.610. CiHsO1Ne -0.8!915.6158 (5:Unknown
(40), 803.5¢Peptide
677.3860 (6)
(41), 548. 3(
Pv24277.210. CH0 -0.9!259. 2056 (8¢Unknown
(100), 151. 1
Pv251018. 10. CskH/1Ns 0.231000.5165 (IUnknown
CsH/O1N10 0. 23888. 4643 (4:
(30), 489. 27
Pv26277.210. Gk -0.5.259.2056 (8¢Unknown
(100), 151.71
P2 7524. 311. CHs®ONs 1.80506.3594 (1(Unknown
(28)
Pi28889.511. CiH/O1Ng -1.3:855.5584 (1(Unknown
(54), 647. 4(Peptide
613.4170 (7¢
(22)
Pv29481.211. CHsO/N, 0.39355.2240 (1CUnknown
Pu30292. 2 12. CiH:ON -0. 3 - Unknown
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Further, chemometric tools weunsed to reveal patterns in the profile changes. Therefore DRL& was
chosen as a supervised method and the different me8jaxére defined as a responsible variable.

The chemical variance @&. graminicolagrown in different media is described in the PDA& (Figure
7-5). The first three components explain only 49.2 % of the total variamitie component 2 already
showing a variance of only 1098. This shows that the samples do not differ fundamentally fagh
other.However, this is also to be expecteditaestungal strainvas always the same

Scores Plot Loadings Plot
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Figure 7-5 PLS-DA analysis of LEESFHRMS ofthe mycelium ofC. graminicolagrownon differentmedia(1-5); A: scores
plot, B: loadings plot.

Nevertheless, the PL®A shows a clear separation between the minimal med®) éhd the complete
media (45) in component 1 (28.5 %). The minimal media are located in the negative direction of component
1, whereas the complete media are located in disitige direction, with medium 4 and 5 also clearly
separated from each othdt.closer look at the chromatograms of the crude extrac@. gframinicola

grown in the different medigigure 7-6) showsthat thecompound composition during tkiene span 1D

to 124 minutes differs significantly between the minimal medie8)land the full media ). In the
completemedia, no resolution into individual peaks can be observedihgrarticular peptide compounds

like Pu28 are present.

Component 2 (10 %) mainly separates medium 4 from the other four media. While medioredted
in the negative direction, all other media are mainly located in the positive dirdesipecially the time
span between %5 minutes is responsible for this separation. During this period, several comghitads
thatare uniqguan medium 4.
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Figure 7-6 (+)-HR-ESFMS chromatogram (base pealdf C. graminicolacrude extracts (mycelium) grown in five different
media: black lind medium 1, red liné medium 2, green lineé medium 3, blue liné medium 4, yellow liné medium 5.

A closer look at thepeak table Figure S 208) of fungal extracts cultivated iminimal medium 3 showed
that chlorinated compounds such @lletoanthroneS 216P9 [17] and monordenS 210P12) [18], as
well asS 210P13, are particularly preseirt this mediumWhile colletoanthrong(§ 210P9) has also been
detected in other media, monordéh210P12 andS 216P13 are unique for medium Bor monorden
(Table 7-4 Py12/ S 210P12, Wicklow and ceworkersdemonstrated a phytotoxic effect in the form of
necrosis formation on maize plantsiteaf punctureassayat 10 g per spot. [18]

In addition, medium 3 showed a characteristic red colorgtiabably caused by anthraquinones or
anthroness already indicated by the TL@dlet on the DC, R= 0.53. The red coloration may be caused

by a pH shift of the medium to basic due to the formation of mesomerically stabilized phenolate anions.
Colletoquinone ARvw11,4.3), for example, showed a yellow coloration in acidic/neutral medium and a red
coloration in the basic mediurithe pH value of the culture filtrat@&fter incubation (13 daysyas no
measured. However, the fact that the red coloration was degraded after a sn@« tiyseiggests that not

(only) a pH shift is responsible for the colout an oxidation process of the responsible compourius
presence of red anthrones, whichaxiglized to the yellow anthraquinones, could explain this color change.

In general, astrong red coloration of anthraquinones/ anthronas be observed by introducing
auxochromic groups (such as Nét OH) especially in position 1, 4, 5 or[89]

A deeper look at the chromatograms of medium 5 also shows that numerous compounds of the same mass
- i.e. stereoisomer@igure S210) 1 are found in this medium. This was also shown in Chapter e

isolation of the pyrrolidone derivativés1a/b and 3.10a/h The reason for the apparent formation of
isomers in this medium is unknown.
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Culture filtrate

Figure 7-7 shows the chromatogram of the QC sangfléhe culture filtrate Peaks (B) were tentatively
assigned by their accurate mass and MS/MS fragmentation, alsmparison with the previously isolated
compounds (Chapteri35). The results are listed rable 7-6.
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Figure 7-7 (+)-ESIFHR-MS chromatogram (base peak) of the QC sample of the culture filtrates.

Comparing the two chromatograms of the QC sam(pliegire 7-4 andFigure 7-7), it is noticeable that
significantly fewer peaks were detected in the culture filtrate than in the mycelium.

Considering the corresponding masses, it can be seen that there are also numerous stereoisomers among
the peaksHc41 Pc8, Table 7-5).
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Table 7-6 Peak table compounds identified in the QC sample (culture filtrate) gfaminicola

No [ M+H] Rt Mol ecu qgppnFragments (lAnnothAtio
(mi for mul Compound
Pl 252.14. 1 CHiouN 2.47206.1170 (1CUnknown
(89)
P2 727 .43 4.6 CbsNgOsw 2. 9E5E709. 3745 (1CUnknown
(52), 597. 31
582.3116 (2¢
(34), 467.2¢
355.1948 (6¢C
Pc3 1 3 Ciki N2 0.31240.1044 (1CUnknown
Pc4 .1 4 CiH2 6N 7- Pyrrolidaoa
derivatiwv
P55 252.16.5 CHO:N 2. 7¢€- Pyrrolido
derivatiwv
P6 268.16. 6 CiH,sN 2.6€250.1792 (1'Pyrrolidaoa
(52), 208. 1l¢cderivatiwv
P7 252.16. 6 CHO:N 2. 7¢€- Pyrrolido
derivatiwv
P8 268.16. 7 CiH,sN 3.2E£250.1792 (1'Pyrrolida
(52), 208. 1l¢derivatiwv
P9 351.06.8 CGHi6CIl 2.7¢336.0384 (7:Coll etoan
(65), 333.0Et[17]
319.0356 (1cC
(65)
Pc10328 . 6 CiHs©OsN 1.98310.2006 (1CUnknown
Pl11272. 1 CiHz0:N 2.72254.2106 (1CPyrrolido
derivatiwv
Pcl2425.212. CoHsONs 4. 75- Unknown
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Figure 7-8 (+)-HR-ESFMS chromatograms (base peak)®fgraminicolacrude extractscllture filtratg grown in five different
media: black lind medium 1, red liné medium 2, green lineé medium 3, blue liné medium 4, yellow liné medium 5.

Analysis of the chromatograms of the individual culture filtrates shows that most of the peaks were detected
in medium 3.Moreover the substances detected in the medium and in the mycelium differ significantly
from each other. Only colletopyrori® 216P10, S 218°13)and colletoanthronés 216P9,S 215P11)

were detected in both the mycelium and the culture fil(feigure S208 Figure S213).

In contrast, all peaks in the culture filtratemedium 4 were also detected in the mycelium. In the culture
filtrate of medium 5, almost exclusively the metabolites present in the form of stereois@mesamably
derivatives of3.1a/b (Pu17) and3.10a/b (Pu8) as suggested by the fragmentation paftenere detected.

This occurrence of stereoisomeric compounds was already observed in the mycelium.

A common feature of all 5 culture filtrates is the feafliable 7.6P:12 at 12.02 minutes. Interestingly, it
was only detected in the culture filtrates and not in the mycelia.

However, it is also noteworthy that the chromatograms of the culture filtrate in medium 2 looked different
each time in the triplicate. This could possibly be due to the fact that medium 2 is a medium without a
carbon source, which means that stresdevel for the organism could be the highest.

7.4 Conclusion

The present study showed tiéatgraminicolaproduces different phytotoxic metabolites depending on the
growth medium. The fungus produced biologically active compounds both in minimal media with missing
carbon or nitrogen sources and in complete media. In addition, the investigations indicat€d that
graminicola has great potential for previously unknown compounds that could have other promising
biological activities in addition to possible phytotoxicity. It should be noted that onHRESIMS
measurerants in positive mode were performed in this study, as numerous nicog&ining compounds

were obtained during isolation. To achieve a more comprehensive image, negative measurements should
also be considered, as macrolides, fatty acids, terpeneateetetter ionized in negative mottawever,

studies in negative mode could not be performed in this study due to time constrains.
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These results could be the starting point for mordeipthanalyses, for more comprehensive OSMAC
studies on the media, but also on the influence of light, pH, temperature, etc. on the formation of secondary
metabolites or on phytotoxicity. Additionally, metabolomics tools such ag=M&er[20], MetFrag[21]

and GNPg22] should be used to better identify metabolites and substance classes. However, it must also
be taken into account that many of the signals cannati@ated as only few data for fungal metabolites

are available in databas§a3]

A similar study has already been perfornbgdRevegliaand ceworkersfor Colletotrichum truncaturand
Colletotrichum trifolii. [24] They found clear differences in the phytotoxicity of the extracts grown in
different media. Using the aboweentioned tools, they were able to tentatively assign numerous
metabolites. Thus, this approach could also be used in the future to find a pronading for subsequent
activity-guided isolation.
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Chapter 8

8 Conclusion

The aim of thiswork was the isolation of phytotoxic secondary metabolfesduced by thdungus
Colletotrichum graminicolaM1.001 The fungus was cultivated on two different complete media (HMG
(Chapter 3) and CM (Chapterahd 5) as semisolid culturesHMG andCM were chosen, as theye
established media from the working group of Prof. Dr. H. Deising (Institute of Agricultural and Nutritional
Sciences, Martiiuther University HalleWittenberg), who also provided the fungal strain

The isolatiorof phytotoxic secondary metabolitess carried outisingthe classical approach of activity
guidd isolation By this, atotal of 33 substances was purified and characteriZedle 8-1 andTable 8-2
show all isolated compoungsoduced byC. graminicolagrowing onthe two complete media HMG and
CM.

Table 8-1 Compounds isolated fro@. graminicolacultivated on HMG medium.

HMG medium (Chapter 3)
no. name structure

(0]
3-(6-hydroxy-2,6-dimethyloctanoyh5- g
3.1 o
methylpyrrolidin2-one N on
O
H
3.2 cycloL-Lew L-Pro I]N)Kb
/ks\“’"’KH/N
O
N
3.3 N-phenethylacetamide @A/ \([r
(0]
H
D
34 cycloL-Val-L-Pro K’rw
(6]
O
I

3.5 cycloL-Ala-L-Pro NH‘/N

3.6 cycloL-Ala-D-Val \h/w
O
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HMG medium (Chapter 3) - continued

no. name structure
O .
IINJ\f-------
3.7 cycloL-Ala-D-lle /ﬁNll
0O
(0]
H
H\'Jﬁ*’—-
3.8 cyclo-D-Ala-D-Leu /L/H(NH
0]
(0]
QIIIN/U\?O
3.9 cycloL-Trp-D-Pro N MH‘/N
H A
(0]
H
3-(2,6-dimethyloctanoyhs- \(fl\(\/\(\
3.10 -
methylpyrrolidin2-one HNTY,
OH &
1-(3,6-dihydro-2H-pyran3-yl)pentane 0
3.11 /
2,3-diol oH
OH OH
31p 5 (23dihydroxypentybtetrahydre2H- MOH
' pyran3,4-diol OH o
OH
N-[2-(2-hydroxyphenyBethyl]- N
3.13 .
acetamide 1
H
3.14 N-Acetyltyramine o /©/\/ T
O
0
3.15 cyclolle-Pro /\H\H,N
O
O, [\} N
) =
3.16 lumichrome I“:L j(j/i
N
0]
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HMG medium (Chapter 3) - continued

no. name structure
OH 0]
3.17 7,8,16trihydroxyoctadec#®,12dienoic ”‘C/Y\A\/\/\H\/\/VLDH
' acid OH OH
OH O
318 (82,10E)-12,17dihydroxyoctadeca ”‘C\(\NKM\/WLUH
' 8,10dienoic acid Ol
Q
3.19 uracil ﬁ\ |
O

Table 8-2 Compounds isolated fro@. graminicolacultivated on CM medium.

CM medium (Chapter 4 and 5)
no. name structure

0
4.1 trans-anhydromevalonic acid ..()/”\/J\/\ou

O
O
4.2 graminolactone HO
OH

CH,

OH O  OCH;

H;CO.
4.3 colletoquinone A HO O‘O CH,
O

OH O  OCH;

H;CO.
4.4 5-chloro-colletoquinone A O O‘O i,
O

OH O OCH;

H,CO
4.5 colletoquinone B HO O‘O cn,
Cl

0]

(0] (0]

4.6 azelaic acid 1[()w()1[
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CM medium (Chapter 4 and 5)- continued

no. name structure
O

OH
4.7 (E)-dec2-enedioic acid ”UM
%N
4.8 cyclo-Ala-Pro -

0]
4.9 methyt6-acetamidohexanoate )J\N/\/\/\[r“\
H
O
(0]

4.10 cycloL-PheD-Pro ”Nj‘/IQ

(6]
4.11 6-acetamidohexanamid )I\E/\/\/\[(NHZ
O

O

)L?{/\/\/\OH

412 N-(5-hydroxypentyljacetamide

0]
4.13 6-pentanamidohexananed /\/\"/'w'\/\/\)\
NH,
O

51 N-(4-hydroxybutyl) (j\q 0

benzenesulfonamide PSSO
O 0

Of these 21 exhibited a phytotoxic effect in the leaf spot testArthalianaCol-0 in the rangdetweenl0

T 100mM. Thus, the basic principle attivity-guidedisolation was successful. At the same time, however,
this approach also revealed some problems and challenges already known in the liEespérially the
re-isolation of already known compounds has become an increasing problem in receffit y2prs.
Having a closetook at the isolated substancesystof themwere alreadysolated beforeOut d all 33
isolated compound4,9 compounds, comprising.2, 3.47 3.9, 3.137 3.16 3.19 4.1, 4.3, 4.57 4.8and
4.10were already described from natural sources.

In parallel, HRESFMS/MS analyses of the extraasfractionsmight help to identifyjknown compounds
to avoid their reésolation. However, it is reallgardor basicallyimpossible to decide whethem axtract or
fraction that contains already known phytotoxatengsidecompletelyunknown compoundsill lead to
success ithe search of new active compoutlaugh further purification/ isolation

Preliminary OSMAC studi es cdnfapnteselact arpeomigsing cudivajon ¢ o mp C
mediaof the fungal strainin Chapter 7, the influence of different minimal and complete media on yield,
bioactivity and secondary metabolite profiles were investigaked. crude extracts obtained from
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cultivation on minimal mediaa high phytotoxic activity irthe leaf-spot assay oArabidopsis thaliana
Col-0 was observed. However, the obtained yi&ldsy minimal mediavere very low, so cultivation was
only performed in complete mediBhe investigation of the different metabolite pattenthe extractglso
demonstrated that there is still a great potential for the isolation otampounds with newtructures
from C. graminicola

Another challenge of activitguided isolation is the choice tife bioassayFirst of all, the plant organ for

the bioassay must be selected, whethardgaoots, seed, or whole plarg. In addition, decisive factors
must be considered, e.g. whether the uptake of the substances should be facilitatedwmyupdorgof

the leavesTo obtain a truly comprehensive picture of the phytotoxic effect of the compounds, it would be
necessaryo performdifferent test systems in order t@kethe various possible mechanisms of action or
physicochemical properties of the compoumis account

An examplemay bea substance that is absorbed via the roots. Its phytotoxic wifetd not be recognized

in leaf assayglike the leaf spot assay used in this work. Nevertheless, for reasons pfctiste and
manageabilityit is notreasonabléo concentrate on all theaspectsimultaneouslyThis mainly concerns

the requiredamountsof extracts/fractions/substances, which leads to another challenge that will be
discussed in more detail below.

The assay chosen for this work tbe activiy-guidel isolation was a modified leaf spot asg@y In this

assay, the fractions were dissolved in a mixture of methanol/watev/d:and then applied directly to the

leaf surface of the test plam.(thalianaCol-0) without any prior wounishg. The greatest advantage of this
bioassay is its simplicity. It does not requiire-consumingpreparation or followup times. The results

can be readut quickly by simplyobservingthe leaves. The maximum sample quantity of 250 ug per spot

is relatively highcompared with other bioassays but was chdseorder to keep the number of false
negative results as low as possiblevertheless,;aamount ofLi 2 mgextract/fraction/substanégenough

to allow initial determination of the activity.

However, the chosen leaf spot test also has some disadvar@agbe one handhe phytotoxicity of the

polar toxins appears much weaker than it possibly is, as no prior wounding of the leaves was chosen, and
the substances therefore have to overcome the hydrophobic plant cuticle as avatiienother hand, the

test is also limited byhe solubility of the test compound¥ery nonpolar substances that can no longer be
dissolved in the solvent mixture cannot be tested with this asgbgr theseleced conditions.

In the context ofctivity-guided isolation, the fact that theafspot assajs a purely gualitative and not a
guantitative test is of secondary importance, as substance mixtures are usually influenced by many more
factors, such as additive/subtractivgamti-) synergisticeffects as well as the proportion of phytotoxin in
relation to the other substances contained.

Nevertheless, the leapot assay without prior wounding was chosen in this work, as the aim was the
isolation of phytotoxic compounds that could be used directly as a potential biohetblieidly, sufficient
amounts of amctive substancgsvith high activity) should be isolated that simple-gpalingtechniques

can be used to obtain the substance on a large Sbalefore, a test system was needed that comes closest
to the application methods used in practice. Accordingly, a test wittmurtdingwas chosen aralsolvent
mixturewith a highwater content was selected.

However, no phytotoxic secondary metabolfid§lling both requirements could be isolated in fitaane

of this work Regarding thgield, almost all pure compounds were in the lower milligram range (< 3 mg)
from a batch of 200 250L culture filtrate.This could be due to the choice of the media or the cultivation
conditions ExtendedOSMAC studies could help to find a more suitable growth media. However, it could
also be possible that additional factors are required for the up regulation of the t@spgases. For
instance, some€olletotrichumspecies are known to require external stimuli to enter the necrotrophic phase,
such as the presence of ethylen€imgloeosporioidef4] or C. graminicolawhich neectontact with hard
surfaces to induce gene expressidherefore, it is possible that are large part of the responsible gene
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clusters is not active under the selected conditions (silent gene clu&fers). [

Also, the activitiebservedn the leaf spot test are not suitabledalirect useThe compound.3showed

the highestphytotoxic activity of all tested compoundsp to a concentration of 10 mMDften the
physicochemical propertiesuch as solubilityadhesion to the plant surface, penetration, and distribution

in the plant are not ideal[6] However, this is hardly surprising as these compounds do not have to fulfill
these requirements in nature. For example, if the fungus releases the secondary meliedxdliggsto the

lumen of the plant cell, they do not have to (be able to) penetrate the plant membranes. At the same time, it
should be noted that the fungus produces a large number of diffetaiiolitesandadditive or synergistic

effects caralso be relevant in this context.

It is therefore often necessary to synthesize and modify the stro€te@gnized phytotoxic compounds
In many cases, however, this can be difficult due to complexity or stereochewigteynatural product
or is only possible through multtep and cosntensive synthese#s part of this work, the phytotoxic
compoundN-(hydroxybutyl}benzenesulfonamidé& () was isolated from culture filtrate and mycelium of
C. graminicolacultivated on CM mediuras shown in Chapter $he compound.las well as around 130
derivatives of it could be synthesized by a simgle&ktep synthesisyatheses performed by Toni Denner,
Institute of Chemistry Organic Chemistry, Prof. Dr. Csuk, MariutherUniversity HalleWittenberg)
to perform initial quantitative structwativity relationship studies (QSAR) (Chapter 6).

The phytotoxic activity ofte sulfonamide derivative$.l T 6.32 were tested using a modified Ron
destructive leaf disk assay. [This assay was originally described by Wu andvookers [7] for detecting
resistance to various commercial herbicides in different plahtsnondestructive leaf disk assay is based
on the measurement of delayed fluoresceriailorophyll(Chapter 2.2.6)which can be considered as an
indicator of photosynthetic activitgince the photosynthesis is highly sensitive, yidaluorescence has
become an important tool to study environmental influences on plants.

For the nordestructive leaf disk assay, stakutiors of the compounds are prepairdnethanobnadded

to prefilled 96well plates containing a buffer solution (MES, pH = 6.5). Leaf disks of the test pfants (
thaliana Col-0 andSecalecerealg§ are placed on the surface of the solution and delayed fluorescence is
measured at different time points (t = 0 h, t = 24 h and t = 48 h) to determine the phytotoxic activity of the
compounds. The greatest advantage of this biodsghgt it enables high throughput of test substances,
while at the same timthe amount of required test plants is |@ther advantages include thienplicity of
performing dilution series arttie short time needed to obtain results (48 hours).

However, the nomestructive leaf disk assay has also some disadvan@geshe one handhe required
amount of compounds fggher than for the leadpot assay, as stock solutions need to be prepared at first,
which aredilutedup to 39 times ithe 96well plate withthe buffer solutionensuring that a maximum of

2.5 % of methanol is present per well. Due to this higher demand of compound, this assay could not be
performed during the isolatioprocess One the other handhe solubility of the compouts is also a
limiting factor, as it was in the leafpot assay since the assay is performed in an agueous buffer.

Finally, the obtained results need to be interpreted with appropaege as in this assay compounds can
enter the plant other ways, than via the plant cuticle. It is therefore not possible to assaisaltitiey of

the compounds on the basis of this bioassay alone. Vlele experiments are necessary, to show if
further modification of the molecule or the use of additives is required to obsghy&toxiceffecton the
plantsor to facilitate the uptake into the plants. This in turn highlights the difficulties of the development
of new herbicides with new mode of action.

The synthesized derivatives were selected in such a way that structural elements relevant to the phytotoxic
activity could be identified. For example, the replacement of benfehen(th pyridine 6.15 led to a
complete loss of activity. The derivatives cover a broad range of polarit? fegveen0.30 6.169 and
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5.46 6.14). Additionally, the influence of sterically hindering substituents bound to the benzene
sulfonamidemoietyon thephytotoxicactivity was analyzed.

On average, the best results were obtafoedulfonamide derivativewith a molecular weight of 305.4
g/mol and a lodP of 2.80.1t was also shown that the substituents have a strong influence on the activity.
An increase in activity was observed along the following series of substittielfgs?) < -OMe 6.3) < -

Me (6.41 6.6) <-iPr (6.71 6.9) <-tBu (6.101 6.12 =-cyclohexane®.13 > -adamantanes(14). However,
further computationathemistryis required to fully explain the relationship of the observed bioactivity and
the chemical structure.

In addition, derivatization led to a §6ld increase irphytotoxicactivity compared to the natural product
5.1 in the nondestructive leaf disc test, which showed an activity of up to 20 mM. The most active
compoundg6.10b, 6.11-¢, 6.12e and6.13-a-e) were already active at a concentration of 0.4 mM.

These results show that conventiohalassayguidedisolation is a powerful tool for the discovery and
development of new activagredientsWhetherthe compounds have a so far undescribed mode of action
was not part of the studies and can therefore not be ansvienglder experiments ancbmputational
molecularmodeling studiesare necessary to identify the target of pig/totoxic compoundse.g. the
mechanisms of the molecular recognition between proteins and inhibitors
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Figure S15COSY spectrunof compound3.2in methanoids, 400 MHz.
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Figure S31'H NMR spectrunof compound3.6in methanolds, 500 MHz.

Figure S32HMBC spectrunof compound3.6in methanoids, 500/125 MHz.
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