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Chapter 1
1. Introduction
Plants produce an enormous variety of natural products named “secondary metabolites” with
high structural diversity. During the last decades, the ecological role of secondary metabolites
and their importance for the producing organisms has been continuously disclosed. It is
intriguing that many if not all of these metabolites can play a role in plant chemical ecology, i.e.
the interaction between plants and their biotic and abiotic environment (Osbourn & Lanzotti
2009). According to the biosynthetic origin, secondary metabolites can be divided in four
different groups: alkaloids, phenylpropanoids, polyketides, and terpenoids. Among them,
phenolic compounds derived from the phenylpropanoid pathway fulfill a broad spectrum of
ecological roles in plants. Phenolics are among the major classes of natural products involved in
the plant’s response to abiotic environmental stresses such as light, temperature, and nutrient
deficiency, and biotic challenges such as pathogen infection, and herbivore attacks (Ramawat &
Mérillon 2013). Phenylphenalenones, a class of secondary metabolites produced in a few plant
families, constitute the base of the present work. In this regard, biosynthetic studies in
Haemodoraceae plants, their role in the plant defense of the Musaceae plant family as well as
design of new antifungal agents were covered as the major goals in this project. A brief
introduction into the main topics covered in the present project is described as follows.
1.1 Taxonomic aspects of Musaceae
The banana family (Musaceae), monocotyledonous plants belonging to the order
Zingiberales in the clade commelinids, has been conventionally divided into the three genera
Musa, Ensete and Musella (Christelova, et al. 2011) with 41 currently accepted species (Liu, et
al. 2010). The 35 species of the genus Musa mainly occur in areas of tropical Asia; Ensete (5
species) is discontinuously distributed in Africa and Asia while Musella, a monotypic genus, is
domestic to the southwestern China (Christelova, et al. 2011). The name of the genus Musa is
thought to be derived from the Arabic name for the plant (mouz) in honour of Antonius Musa,
physician to Octavius Augustus, first emperor of Rome (Hyam & Pankhurst 1995). This genus is
1
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currently sub-divided into four sections, Eumusa (containing the majority of species) and
Rhodochlamys with a basic chromosome number of 2n = 22, Australimusa (2n = 20) and
Callimusa (2n = 20) (Li, et al. 2010; Christelova, et al. 2011).
Bananas (Musa spp.) are giant perennial herbs with a pseudostem consisting of leafs sheaths
and an underground true stem (corm) cultivated throughout the humid tropics and subtropics in
Latin America, Africa and Asia. The vast majority of cultivated bananas are derived from interand intraspecific crosses between two diploid (2n = 2x = 22) wild species, Musa acuminata (with
a genome designation AA) and Musa balbisiana (genome designation BB) (Heslop-Harrison &
Schwarzacher 2007) and differ from their wild relatives by being seedless and parthenocarpic
(development of the ovary of a flower into a fruit without fertilization) (Swennen, et al. 1995).
Many of the domesticated bananas are triploid, 2n = 3x = 33, with a genome constitution of AAA
(sweet desert bananas), AAB or ABB (most of them starchy plantains that are cooked before
become edible) (Simmonds & Shepherd 1955; Swennen, et al. 1995). Fig. 1 summarizes a
sectional classification of Musa species with common banana cultivars used in commercial
agriculture.

Fig. 1. Musaceae family with the subdivision of Musa genus.
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1.2 Economic importance of banana
Bananas and plantains constitute the fourth most important staple fruit worldwide (after rice,
wheat and maize) with a global production of more than 100 million metric tons in 2012
produced by nearly 130 countries, ranking first among all varieties of fruits produced (FAO
2013; FAO 2015). The total production of banana provides a significant source of income, food
and nutrition for more than 400 million people, particularly in Africa, where its consumption is
close to 1 Kg per person per day. Uganda is the largest producer of banana and plantain in
Africa, followed by Rwanda, Ghana, Nigeria and Cameroon (INIBAP 1989; IITA 2015);
whereas the major sweet banana producing countries are India and Brazil but mostly for
domestic consumption (OGTR 2008).
However, around 17 % of total production of banana is intended for exporting to foreign
markets annually where Ecuador with a portion of 31%, Philippines (11%), Costa Rica (10%),
Colombia (10%) and Guatemala (8%) cover nearly 70% of the total international trade of banana
and plantains. Latin America contributes with two-thirds to the total banana export to Europe and
the United States (FAO 2013; Potts et al. 2014). Among the whole group of banana plants, the
Cavendish subgroup (triploid genotype AAA) represented by the Musa varieties 'Grand Nain',
'Williams', 'Robusta', 'Poyo', 'Dwarf Cavendish' and 'Valery', is the most widely grown group of
edible bananas which represent over 40% of these fruits produced worldwide. Their good yield,
post-harvest characteristics, nutritional value and palatability meet with the international
standards for their acceptance and marketing (Ploetz et al. 2007). Companies such as Chiquita
Brands International (Ohio, USA), Dole Food Company (California, USA), Fresh Del Monte
Produce (Florida, USA), Fyffes (Dublin, Ireland) and Grupo Noboa S.A. (Guayaquil, Ecuador)
are the major agricultural trader on the global market of bananas (Potts et al. 2014).
Nevertheless,

bananas

are

not

only

appealing

for

human

consumption

and

commercialization but also constitute a host crop for many microorganism and herbivores, which
since several decades are headache-markers both for smallholders as well as for large banana
farmers. The agricultural practice in the production of banana as a monoculture together with the
use of genetically identical clones derived from a single triploid genotype (Cavendish AAA) has
3
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the disadvantage of promoting rapid proliferation of pathogens (Bairu et al. 2006; Dita et al.
2013). Some of the diseases in banana caused by bacteria, fungi, viruses and herbivores are
discussed in the following section.
Along with the use of banana as a nutritive fruit, some Musa varieties are used in the
fermentation of juice (beer bananas) or even used for frying and commercialized as banana
chips. Furthermore, plants belonging to the section Australimusa (e.g. Musa textilis) are currently
used in the papermaking and clothes industry due to the high content of fiber (Heslop-Harrison
& Schwarzacher 2007; OGTR 2008). Furthermore, leaves of banana plants are used in some
countries (e.g. Ecuador, Colombia and Costa Rica) as plates for eating or wrapping food for
steaming during the preparation of gastronomic dishes.
1.3 Pests and diseases of banana
As mentioned above, the production of banana is strongly affected by a broad range of
viruses, bacteria, fungi and other pests. Banana bunchy top virus (BBTV) causing the banana
bunchy top disease (Elayabalan et al. 2015), the bacteria Ralstonia solanacearum (Moko’s
disease) (Munar-Vivas et al. 2010; Albuquerque et al. 2014), Fusarium oxysporum f.sp. cubense
(fungus causing the Panama disease) (García-Bastidas et al. 2014), the burrowing nematode
Radopholus similis (Sarah 1999), the banana borer Cosmopolites sordidus (Coleoptera:
Curculionoidea, Dryphthoridae) (OECD 2009) and the Sigatoka disease complex of banana
which involve three related ascomycetous fungi, Mycosphaerella eumusae (causal agent of
eumusae leaf spot disease), M. musicola (yellow Sigatoka disease) and M. fijiensis (black leaf
streak disease, BLSD) (Arzanlou et al. 2007) are among the most serious agronomical problems
that threat the production of banana worldwide.
Since the interaction between Musa and M. fijiensis comprises part of the study in the
present doctoral dissertation, this pathosystem will be described in more detail.

4
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1.3.1 Black Leaf Streak Disease (BLSD)
Mycosphaerella fijiensis Morelet (anamorph: Paracercospora fijiensis (Morelet) Deighton),
the causal agent of the BLSD, is a haploid, hemibiotrophic ascomycete fungus belonging to the
class Dothideomycetes, order Capnodiales and family Mycosphaerellaceae. The disease cycle in
its host consists of four distinct stages that include spore germination, penetration through
stomata, symptom development and spore production (Churchill 2011). M. fijiensis produces
conidias and ascospores (Fig. 2,a). Both spores can germinate and be infective under optimal
conditions of high relative humidity (90-100%) or a film of water on the leaf surface and
temperatures in the range of 25-30°C (Jacome & Schuh 1992). However, ascospores are
considered as the most epidemiological agent since they can become wind-borne within infected
plantations and spread the disease through long distances while conidia are associated with local
spread of the disease and are important during heavy dews and intermittent showers (Ploetz
2001; Marín et al. 2003).
After a period of epiphytic fungal growth of two or three days, germ tubes penetrate plant
stomata mainly on the lower (abaxial) leaf surface due to the greater abundance of stomata on
this area (Carlier et al. 2002; Pérez-Vicente 2012). Once inside, the hypha grows through the
mesophyll cells up to reach the palisade layer without the formation of haustoria. The period of
biotrophy can last two or more weeks (depending plant maturation) before any initial symptom
can be observed (Churchill 2011). According to the progress of the disease symptoms, several
BLSD stages have well been described by Meredith and Lawrence (Meredith & Lawrence 1969)
and Fouré (Fouré 1987) and summarized as follows:
Stage 1: Depigmentation mark (whitish or yellow) followed by red-brown specks only on the
lower surface
Stage 2: Red-brown streaks on both sides of the leaf
Stage 3: Wider streaks. Color starts changing from red to dark brown
Stage 4: Dark brown (lower) to black (upper) spots
Stage 5: Black spot with chlorotic halo. Lesion is slightly depressed.

5
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Stage 6: Center of spot dries out and becomes whitish to gray. Spot is surrounded by a dark
brown to black border and further depressed.
Conidia (asexual spore) produced by structures named “conidiophores” are located on the
abaxial side of the leaf while ascospores (sexual spore) are released by structures called
“pseudothecia” placed on both surfaces of the leaf. Both spores can concurrently be produced in
the infected leaves at the first stage of the disease but, in the last stages (late necrotrophic stage),
ascospores are produced and dispersed wind-borne to other plantations (Marín et al. 2003).
Fig. 2. Pane a. Ascospore (sexual
spore)

of

Mycosphaerella

fijiensis. Panel b: Plate showing
fungal colony of M. fijiensis
strain Ca10_13 (growth media
PDA).

Photos taken by W.

Hidalgo

As mentioned above, most of the commercial Musa varieties are susceptible to M. fijiensis
and the disease can affect banana production through significant reduction of the photosynthetic
leaf area, yield losses of 50% or more, premature fruit ripening and serious defects in the
exported fruit (Ploetz 2001). Several methods used to control this disease will be discussed
below.
1.3.2 Chemical control
The use of chemicals is still the most effective method to control BLSD worldwide.
Frequently, its control requires about 12-15 applications annually of systemic and protectant
fungicides that are used in an alternated mode as a part of a strategy to prevent the fungicide
resistance. The costs to control the disease by this method have been estimated to be nearly 20%
of the final retail price of the banana fruit in the importing countries. Thus, chemical treatments

6
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affect enormously the revenues of the small-holder farmers who grow this crop (Ploetz 2001;
Ploetz et al. 2007).
Protectant fungicides such as mancozed and chlorothalonil are used to control BLSD.
However, systemic fungicides have provided better control than the former due to their ability to
penetrate the leaf cuticle, to undergo translocation, and inhibit the pathogen inside the plant.
Benzimidazoles (e.g. benomyl), triazoles (e.g. propiconazole, bitertanol), strobilurins (e.g.
azoxystrobin, trifloxystrobin) and morpholines (e.g. tridemorph) are among the main classes of
systemic fungicides currently used for BLSD control (Fig. 3).
However, as a consequence of the extensive application in banana plantations, concomitant
resistance to fungicides has been generated by M. fijiensis. To a certain extent this is due to the
increased abuse in the application of fungicides as a last option for avoiding large reduction in
crop yields by this pathogen (range from 12-25 L ha-1) (Ploetz 2000; Etebu & Young-Harry
2011; Martínez-Bolaños et al. 2012).
Therefore, alternate application of fungicides with different mode of action or application in
a mixture can minimize the risk of microbial resistance. Such strategies have been implemented
under an integrated disease management and strict fungicide application program (FRAC 2014).

Fig. 3. Chemical structures
of

the

fungicides

most
used

common
in

the

control of BLSD
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1.3.3 Biological control
As an environmental-friendly alternative, the use of microorganisms which are able to
inhibit the development of M. fijiensis has emerged. As examples, the fungus Trichoderma spp.
(Castro et al. 2015) and bacteria such as Serratia marcescens (Gutiérrez et al. 2015) have been
tested under in vitro conditions as well as in planta for evaluating their properties. The selection
of these microorganisms has been focused on the ability to produce hydrolytic enzymes such as
glucanases and chitinases which are able to degrade the fungal cell wall of M. fijiensis (González
et al. 1996).
Nevertheless, the results have not been entirely satisfactory since the inhibition of M. fijiensis
proliferation is not comparable with the use of the fungicides.
1.3.4 Crop improvement
The development of Musa varieties resistant to the BLSD through conventional breeding has
been considered an additional tool in controlling this disease. Therefore, some research centers
such as Fundación Hondureña de Investigaciones Agrícolas (FHIA, Honduras), International
Institute of Tropical Agriculture (IITA, Nigeria) and Centre of Coopération Internationale en
Recherche Agronomique pour le Developpement (CIRAD-FLHOR, France) have developed
some tetraploid varieties (e.g. FHIA-01, FHIA-18) of Musa conferring resistance to BLSD
(Table 1) but, there still are some issues concerning the premature senescence, leaf and fruit
drop, weak pseudostems and undesirable seed production in the fruit that need to be improved
(OGTR 2008).
On the other hand, since the genome of Musa plant (D'Hont et al. 2012) has been recently
sequenced, it becomes more fascinating to deepen the knowledge about the molecular bases of
the Musa - M. fijiensis pathosystem. Molecular research on the expression of genes encoding
chitinases, stilbene synthases, defensing antimicrobial peptides, and non-specific lipid-transfer
proteins, have been successfully carried out and corresponding genetically modified Musa plants
expressing resistance against M. fijiensis under glasshouse or climatic chamber conditions have
8
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been established (Sági 2003; Vishnevetsky et al. 2011; Kovacs et al. 2013). However,
experiments under outdoor conditions are required in order to evaluate characteristics such as
fruit quality, crop yield, and environmental safety.
In the future, the breeding programs will continue to play an important role in the
development of resistant cultivars against several pathogens. Resistant cultivars will contribute to
the subsistence agriculture and help to avoid the use of the costly chemical control that in fact
has become less appealing to consumers in the importing countries.
Table 1. Musa varieties with different levels of resistance against M. fijiensis.
Musa variety

Genome

Level of

Musa variety

Genome

Resistance

Level of
Resistance

Calcutta 4

AA

HR

Fougamou

ABB

PR

Tuu gia

AA

HR

Yangambi

AAA

HR

M.a. burmanica

AA

HR

Grand Nain

AAA

HS

Bocadillo

AA

S

Gross Michel

AAA

HS

Niyarma yik

AA

S

Balbisiana

BB

HR

Pelipita

ABB

PR

Manzano

AAB

HS

FHIA-01

AAAB

HR

FHIA-18

AAAB

PR

HR: Highly resistant; HS: Highly susceptible; PR: partial resistant; S: susceptible
1.4 Musa-Mycosphaerella fijiensis interaction
The interaction between Musa and M. fijiensis is governed both by the genotype of the host
and the pathogen, along with a complex exchange of signals and responses occurring under
given environmental conditions. Once ascospores or conidia from M. fijiensis get in contact with
the leaf surface of the host plant, a series of biochemical events determine the success of the
fungal colonization (Beveraggi et al. 1995; Hoss et al. 2000). According to this initial step of the
pathogenesis, Musa varieties have been classified into three main categories: 1. Highly resistant
(HR) Musa varieties are able to arrest the microbial growth in an early stage of the interaction
(incompatible interaction); 2. Partially resistant (PR) Musa varieties allow the disease to progress
9
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slowly (compatible interaction); 3. Susceptible (S) Musa varieties are unable to prevent the
disease to progress fast and, as a consequence of the infection, the plant dies (compatible
interaction) (Table 1) (Fouré 1993; Ortíz & Vuylsteke 1994; Lepoivre et al. 2002).
In the Musa resistance, several characteristic biochemical patterns play an important role
after the early recognition of the pathogen. Triggering the plant defense mechanisms with the
expression of pathogenesis-related proteins (PR-proteins such as chitinases and glucanases)
(Lepoivre et al. 1993; Torres, et al. 2012), reinforcement of preformed substances (Hoss et al.
2000) and biosynthesis of phytoalexins (Quiñones et al. 2000) and phytoanticipins (Cruz-Cruz et
al. 2010) seem to be the most important mechanisms behind the success of counteracting the
fungal invader.
Nevertheless, little is known about the factors that contribute to the early pathogen
recognition in incompatible interactions. With the identification and characterization of the
metabolites 2,4,8-trihydroxytetralone (2,4,8-THT), 5-hydroxy-1,4-naphthalenedione (juglone), 4hydroxyscytalone, 3-carboxy-3-hydroxycinnamic acid, isoochracinic acid (Stierle et al. 1991)
and a metabolite named 'fijiensis' (Upadhyay et al. 1990) isolated from in vitro cultures of M.
fijiensis, new hypotheses were proposed due to strong phytotoxic activity displayed by these
metabolites on banana leaves under laboratory conditions. Further studies reported that 2,4,8THT and juglone affected enormously the chloroplast of the Musa leaves, thereby identifying the
site of action of these compounds. In addition, detailed experiments by spreading juglone on the
surface of two Musa varieties, Fougamou (partial resistance) and Grand Nain (highly
susceptible), demonstrated that Fougamou responded more quickly than the susceptible plant,
supporting the hypothesis that differential response in the host is consistently correlated with
relative levels of susceptibility or partial resistant to BLSD (Stierle et al. 1991). Taking into
account that such compounds are recognized shunt metabolites of fungal melanin biosynthetic
pathways (Langfelder et al. 2003), further experiments were executed with the intention to prove
the role of melanin metabolites in the disease development. Therefore, in vitro cultures of M.
fijiensis were incubated with tricyclazole, an inhibitor of the melanin biosynthetic pathway, and
afterwards inoculated into leaves of Musa plants. The results showed that the fungal strain
treated with tricyclazole was able to develop faster and more substantial symptoms than the
10
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untreated fungal inoculum used as a control, supporting the above mentioned findings on the role
of melanin shunt metabolites in BLSD development (Hoss et al. 2000). An enhanced production
of 2,4,8-THT was also observed when in vitro cultures of M. fijiensis were treated with
intercellular extracts from highly resistant Musa varieties. However, this was not the case when
M. fijiensis was treated with extracts from susceptible Musa plants, suggesting the role of plant
metabolites in modulating the metabolism in M. fijiensis (Hoss et al. 2000).
Recent molecular genomic analyses have shown that fungal protein effectors from M.
fijiensis can also mediate virulence in the host. The functional effectors Avr4 and Ecp2 identified
in the tomato pathogen Cladosporium fulvum are also present in M. fijiensis. While the effector
Avr4 protects the fungal cells against hydrolysis by plant chitinases (through binding to chitin),
Ecp2 seems to be correlated with the hypersensitivity response in resistant tomato plants
(Stergiopoulos et al. 2010). However, there is not much evidence whether these effectors behave
similar in Musa - M. fijiensis interaction and therefore, further work is currently in progress in
order to clarify the role of specialized metabolites and effector proteins in the Musa-M. fijiensis
pathosystem.
Phenylalanine-ammonia-lyase (PAL), the enzyme responsible for the first step in the
phenylpropanoid pathway, converts L-phenylalanine into (E)-cinnamic acid which is then used
for further synthesis of diverse plant secondary metabolites such as flavonoids, coumarins,
stilbenes and the cell wall polymer lignin (Alvarez et al. 2013). Therefore, activation of PAL has
been extensively studied for playing a role in plant resistance against pathogens (Chandra et al.
2007; Chang et al. 2008; Malencic et al., 2013; Manosalva et al. 2013), in plant development and
environmental stresses (Wen et al. 2008; Capanoglu et al. 2012; Wada et al. 2014). Induction of
PAL activity in an early stage of the interaction between Musa and M. fijiensis has been
correlated with resistant traits of the plant against this pathogen (Torres et al. 2012; Alvarez et al.
2013) and also against nematodes (Wuyts et al. 2006). On the other hand, polycyclic phenolic
compounds named phenylphenalenones have been reported for being induced metabolites of
Musa plants once the plant recognize the microbial invader. Since these metabolites exhibited
antimicrobial and nematicidal activities under in vitro assays, they have been considered as
phytoalexins of the genus Musa (Luis et al. 1993; Luis et al. 1995; Hölscher et al. 2014). In
11
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addition, previous reports also correlated the production of phenylphenalenones with the
resistance of some Musa varieties (Otálvaro et al. 2002; Otálvaro et al. 2007). Therefore, there
must be a direct correlation between the early induction of PAL and the increasing biosynthetic
rate of the production of phenylphenalenones during the plant-pathogen interaction. Thus,
phenylphenalenones may play a critical role during the plant defenses of Musa against pathogens
and pests. A section covering different aspects of phenylphenalenones will be discussed in more
detail in the context of the present research.
1.5 Phenylphenalenones
1.5.1 Natural occurrence
Phenylphenalenone-type compounds are a class of polycyclic aromatic compounds found in
Haemodoraceae, Pontederiaceae, Strelitziaceae and Musaceae plant families (Munde et al. 2011;
Hölscher et al. 2015). After the first phenylphenalenone named haemocorin was isolated from
the higher plant Haemodorum corymbosum (Cooke & Segal 1955), to date more than 140
phenylphenalenone-type

compounds

have

been

isolated

and

identified

from

the

monocotyledoneous plant families above mentioned (Hölscher et al. 2015). Their chemical
structure consists of a tricyclic phenalene nucleus with ketone functionality (on ring A or B) and
a lateral phenyl ring. Nevertheless, some phenalenones (lacking the lateral phenyl ring) have
been isolated from Musa plants (Otálvaro et al. 2007). The variation of the substitution pattern of
the lateral phenyl ring, location of the ketone group and the oxidation pattern on the
phenylphenalenone molecule makes them a diverse group of metabolites. Each of the
phenylphenalenone-producing plant species confers characteristic structural features to “their”
phenylphenalenones (Fig. 4).

12
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Fig. 4. General structures of phenalenone and phenylphenalenone-type compounds. * Identified in Musa plants

On the other hand, phenalenone derivatives have been reported from microbial sources,
especially from Hypomycetous (genera Penicillium, Fusicoccun, Giesmaniella and Verticillium)
and Dyscomycetous fungi. However, their structures differ greatly from the metabolites found in
higher plants since fungal phenalenones biosynthetically originate from the acetate-polymalonate
pathway (Fig. 5) (Elsebai et al. 2014; Nazir et al. 2015) while the plant phenalenones are derived
from the phenylpropanoid pathway (Thomas 1971; Hölscher & Schneider 1995).

Fig. 5. The first natural phenalenone derivatives isolated
from the fungus Penicillium atrovenetum.
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1.5.2 Biosynthetic aspects
Previous biosynthetic studies have confirmed that phenylphenalenones are formed by
condensation of two units of phenylpropanoids with one unit of malonate through a
diarylheptanoid intermediate (Fig. 6) (Thomas 1971; Hölscher & Schneider 1995). It was found
that the enzymes phenylalanine ammonia lyase (PAL) and tyrosine ammonia lyase (TAL)
catalyze a reaction converting L-phenylalanine and L-tyrosine into the corresponding
phenylpropanoids cinnamic acid and p-coumaric, respectively, which then are incorporated into
the diarylheptanoid intermediate followed by an intramolecular cyclo-addition step (catalyzed by
a hypothetical Diels-Alderase) for ending up in the formation of the phenylphenalenone (Fig. 6)
(Thomas 1971; Kamo et al. 2000; Munde et al. 2011).
Biosynthesis of phenylphenalenones in Haemodoraceae plants
Biosynthetic studies of phenylphenalenones have been carried out mostly in Haemodoraceae
plants, e.g. Anigozanthos preissii and Wachendorfia thyrsiflora, basically because these
metabolites are constitutively produced in in vitro root cultures of those plant species which
make them desirable and suitable biological systems for deciphering new insights into the
biosynthetic context of phenylphenalenones (Hölscher & Schneider 1995; Schmitt et al. 2000;
Opitz 2002). In this regard, A. preissii has not only been the chosen plant system for exploring
the potential diarylheptanoid intermediates involved in the biosynthesis of phenylphenalenones
but also for studying the substitution pattern of the lateral phenyl ring of these metabolites (Fig.
7) (Schmitt et al. 2000) and even to determine the sequence of the biosynthetic origin of the
oxygen functions in such molecules (Munde et al. 2011).
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Fig. 6. Biosynthesis of phenylphenalenones through the general diarylheptanoid pathway. Enzymatic conversions
catalyzed by (a1) phenylalanine ammonia lyase (PAL), (a2) tyrosine ammonia lyase (TAL), (b) cinnamate 4hydroxylase (C4H), (c) CoA ligase, (d) polyketide synthase type III, (e) putative reductase, (f) putative
dehydrogenase, (g) putative CYP or phenol oxidase, (h) putative cyclase (possibly through Diels-Alderase). Phe: Lphenylalanine; Tyr: L-tyrosine; CA: cinnamic acid; CA-CoA: cinnamoyl-CoA; pCA-CoA: p-coumaroyl-CoA;
DAH-I: Diarylheptanoid I; DAH-II: Diarylheptanoid II (Munde et al. 2011).

Fig. 7. Biosynthetic studies on the substitution
pattern

of

the

lateral

phenyl

ring

in

the

phenylphenalenone by feeding experiments in A.
preissii

with

13

C-labelled

phenylpropanoid

precursors. Possible combinations of R1 = -OH with
R2 = -H, -OH and –OCH3 have been reported.
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Biosynthetic studies of phenylphenalenones in Musa plants
In lesser extent, biosynthetic studies of 9-phenylphenalenones have also been performed in
Musa plants after induction with biotic or abiotic stresses. Although their biosynthesis almost
follows the general phenylpropanoid pathway as described in Haemodoraceae plants, the
formation of 4-phenylphenalenones, which are typical of the Musa genus, and phenalenones still
remain unclear (Kamo et al. 1998; Otálvaro 2004). After the isolation of 1,2,3-trihydroxy-2,3dihydro-phenylphenalene from rhizomes of Musa acuminata Grand Nain infected with Fusarium
oxysporum, it was suggested that this metabolite must be a key intermediate in the biosynthesis
of 4- and 9-phenylphenalenones in Musa. In this case, oxidation and dehydration of compounds
of the 1,2,3-triol type result in the formation of 4-phenylphenalenones (Fig. 8) (Luis et al. 1995;
Otálvaro et al. 2002).
However, an alternative route for the synthesis of 4- and 9-phenylphenalenones was also
proposed by Kamo et al. (Kamo et al. 2000) according with their findings (Fig. 8). Furthermore,
isotopic labelling experiments with [2',3',5',6'–2H4]hydroxyanigorufone (a 9-phenylphenalenone)
and its homologous counterpart [2',3',5',6'–2H4]irenolone (a 4-phenylphenalenone) administered
to banana fruits infected with conidia of Colletotrichum musae demonstrated that naphthalic
anhydride derivatives were likely oxidation products from 9-phenylphenalenones rather than
their counterpart 4-phenylphenalenones by a putative decarboxylase (Fig. 8) (Kamo et al. 2000).
On the other hand, O-methylation during the biosynthesis of phenylphenalenones has been
recently

reported

to

occur

via

catalysis

by

S-adenosyl

methionine-dependent

O-

methyltransferases in Musa plants as well as in W. thyrsiflora (Otálvaro et al. 2010).
1.5.3 Inducible metabolites in Musa plants
Phenylphenalenones have been reported for being induced metabolites in Musa plants after
biotic stresses, treatment with elicitors (Luis et al. 1993), wounding (Kamo et al. 1998) or
interaction with non-pathogenic microorganisms (Jitsaeng & Schneider 2010). Antimicrobial
properties of these metabolites have been demonstrated against fungal pathogens such as M.
16
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fijiensis (Quiñones et al. 2000; Otálvaro et al. 2007), Colletotrichum musae (Hirai et al. 1994;
Kamo et al. 2001) and Fusarium oxysporum (Luis et al. 1995), the causing agents of Black Leaf
Sigatoka Disease, anthracnose disease and Panama disease, respectively, in Banana crops.
Nematicidal activity has recently reported against Radopholus similis, the burrowing nematode
of banana plants (Hölscher et al. 2014). Therefore, phenylphenalenones are well recognized as
phytoalexins of genus Musa.

Fig. 8. Hypothetical biosynthesis of 4and 9-phenylphenalenones as proposed
by Luis et al. (Luis et al. 1995) (shown
by solid arrows) and Kamo et al. (Kamo
et al. 1998) (shown by dashed arrows).
Phenyl

naphthalic

anhydrides

are

represented as oxidized products mainly
from 9-phenylphenalenones.
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To date, there are no reports about the mechanism of action of phenylphenalenones on the
target sites in the microbial organism and therefore, investigations in this field are needed in
order to unravel the role of these metabolites as phytoalexins. Nevertheless, it has been suggested
that phenylphenalenones could act through a dual mode of action against M. fijiensis: (I) they
inhibit the fungal growth even without illumination; (II) when irradiated with light, an enhanced
inhibition of the fungal growth was observed in the in vitro fungus-phenylphenalenone
incubation system, where a photodynamic mode of action by light-induced singlet oxygen
production could affect the microbial survival (Lazzaro et al. 2004; Flors & Nonell 2006;
Hidalgo et al. 2009; Bucher et al. 2014).
1.5.4 Pharmacological activity
Haemocorin, a metabolite isolated from the rhizome of Haemodorum corymbosum, was the
first phenalenone assessed for antitumor (Schwenk 1962) and antimicrobial activities
(Narasimhachari et al. 1968). To date, several studies have been reported on the biological
properties of some natural and synthetic phenylphenalenone- and phenalenone-type compounds.
For example, anigorufone and methoxyanigorufone exhibited leishmanicidal activity on both
parasite Leishmania donovani promatigotes and L. infantum amastigotes (Luque-Ortega et al.
2004). Natural and synthetic phenylphenalenones displayed considerable effects against the
malaria parasite Plasmodium falciparum (Gutierrez et al. 2013) and relevant forms of
trypanosomiasis (e.g. Chaga’s disease) and leishmaniasis (Rosquete et al. 2010). New
phenalenone derivatives isolated from the fungus Coniothyrium cereal exhibited considerable
antimicrobial activity against Staphylococcus aureus and potent inhibition of human leukocyte
elastase (HLE) (Elsebai et al. 2011). Sculezonone-A and Sculezonone-B, two phenalenones
isolated from the fungus Penicillium sp., displayed inhibition on eukaryotic DNA polymerases, a
target biomolecules in cancer chemotherapy (Perpelescu et al. 2002). In addition, studies on
disruption of biofilms of human pathogens have also been reported by using light activated
photosensitizers (synthetic phenalenones) as lethal phototoxicity treatment (Cieplik et al. 2013;
Spath et al. 2014).
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1.6 Scope of this work
Little is known about the ecological role of phenylphenalenones in Haemodoraceae and
Musaceae plant families. These specialized metabolites are constitutively biosynthesized in
Haemodoraceae plants whereas in the Musaceae family, they are induced metabolites after biotic
or abiotic environmental stresses. Plants such as Anigozanthos preissii, Wachendorfia thyrsiflora
and Xiphidium caeruleum (Haemodoraceae plants), are suitable biological systems for going
ahead into biosynthetic studies of phenylphenalenones. Therefore, precursor-product
relationships in the biosynthesis of phenylphenalenones have been explored in this work both in
Anigozanthos preissii (Chapter 3.1) and Wachendorfia thyrsiflora (Chapter 3.2). On the other
hand, Musa (Banana) plants seems to be well suitable to study the ecological relevance of
phenylphenalenones as phytoalexins against pathogens, especially in the interaction with the
ascomycete fungus Mycosphaerella fijiensis, etiological agent of the most detrimental disease in
banana crops named Black Leaf Streak Disease (BLSD). Since several authors have correlated
the production of these specialized metabolites with the resistance of some Musa varieties
against M. fijiensis, this section of the project was aimed for exploring the metabolic chemical
responses of two Musa varieties: the susceptible 'Williams' and the resistant 'Khai Thong Ruang'
('KTR') during the interaction with the fungal pathogen causing of BLSD (Chapter 4). During
several decades, natural products have been proven valuable for diverse applications in medicine,
agriculture and pigments industry. However, the major relevance has been addressed towards
developing new drugs as challenges against human diseases. In agriculture, pathogens and pests
are serious problems that cause large losses in the production of several crops and thereby,
control management by application of fungicides and pesticides are one of the main ways for
crop protection. Commercial banana plantations are susceptible to diseases caused by fungal
pathogens and application of fungicides is still the best choice for controlling the banana
production. However, the abuse of such applications has led to another serious problem, namely
the resistance against fungicides developed by the fungus. Thus, the design of new antifungal
agents has become a big challenge for this particular issue. Therefore, the final part of the thesis
was aimed to explore phenylphenalenones as a template for the synthesis of new antifungal
agents with dual mode of action (Chapter 5.1 and 5.2).
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Chapter 2
Overview of manuscripts
Biosynthesis of phenylphenalenones in Haemodoraceae plants (see Chapters 3.1 and 3.2)
3.1 4-Methoxycinnamic acid - An unusual phenylpropanoid involved in phenylphenalenone
biosynthesis in Anigozanthos preissii. William Hidalgo, Marco Kai, Bernd Schneider.
Phytochemistry (2015), Volume 13, pp 68-73. Reprint License Number: 3651741394073
In

vitro

root

cultures

of

Anigozanthos

preissii

and

Wachendorfia

thyrsiflora

(Haemodoraceae) are suitable biological systems for studying the biosynthesis of
phenylphenalenones. Here we report the usage of these root cultures to investigate precursorproduct relationships between phenylpropanoids and phenylphenalenones having identical
substitution patterns of the phenyl rings. Four phenylpropanoic acids, including ferulic acid and
the unusual 4-methoxycinnamic acid, were used in

13

C-labeled form as substrates to study

incorporation into phenylphenalenones. In addition to the previously reported 2-hydroxy-9-(4'hydroxy-3'-methoxyphenyl)-1H-phenalen-1-one (trivial name musanolone F), 2-hydroxy-9-(4'methoxyphenyl)-1H-phenalen-1-one (proposed trivial name 4'-O-methylanigorufone) was found
as a biosynthetic product in A. preissii. 4'-Methoxycinnamic acid was biosynthetically
incorporated as an intact unit including its 4'-O-methyl substituent at the lateral phenyl ring. 4'O-methylanigorufone is reported here for the first time as a natural product.
Author contributions
Research conceived by: Schneider B, Hidalgo W (40%)
Experiments designed by: Schneider B, Hidalgo W (60%)
Experiments conducted by: Kai M, Hidalgo W (85%)
Data analysis performed by: Kai M, Schneider B, Hidalgo W (80%)
Manuscript written: Schneider B, Hidalgo W (50%)
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3.2 Biosynthesis of tetraoxygenated phenylphenalenones in Wachendorfia thyrsiflora. Tobias
Munde, Silke Brand, William Hidalgo, Ravi K. Maddula, Aleš Svatoš, Bernd Schneider.
Phytochemistry (2013), Volume 91, pp 165-176. Reprint License Number: 3645790959465
The biosynthetic origin of 1,2,5,6-tetraoxygenated phenylphenalenones and the sequence
according to which their oxygen functionalities are introduced during the biosynthesis in
Wachendorfia thyrsiflora were studied using two approaches. (1) Oxygenated phenylpropanoids
were probed as substrates of recombinant W. thyrsiflora polyketide synthase 1 (WtPKS1), which
is involved in the diarylheptanoid and phenylphenalenone biosynthetic pathways, (2) Root
cultures of W. thyrsiflora were incubated with

13

C-labelled precursors in an

18

O2 atmosphere to

observe incorporation of the two isotopes at defined biosynthetic steps. NMR- and HRESIMSbased analyses were used to unravel the isotopologue composition of the biosynthetic products,
lachnanthoside aglycone and its allophanyl glucoside. Current results suggest that the oxygen
atoms decorating the phenalenone tricycle are introduced at different biosynthetic stages in the
sequence O-1 → O-2 → O-5. In addition, the incubation of W. thyrsiflora root cultures with 13Clabelled lachnanthocarpone established a direct biosynthetic precursor–product relationship with
1,2,5,6-tetraoxygenated phenylphenalenones.
Author contributions
Research conceived by: Munde T, Brand S, Svatos A, Schneider B, Hidalgo W (30%)
Experiments designed by: Munde T, Brand S, Schneider B, Hidalgo W (30%)
Experiments conducted by: Munde T, Brand S, Maddula R.K, Hidalgo W (30%)
Data analysis performed by: Munde T, Brand S, Maddula R.K, Hidalgo W (30%)
Manuscript written: Munde T, Schneider B, Hidalgo W (25%)
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Phenylphenalenones in the Musa - M. fijiensis interaction (see Chapter 4)
Phenylphenalenones protect banana plants from infection by Mycosphaerella fijiensis and are
deactivated by metabolic conversion. William Hidalgo, Jima Chandran, Riya Menezes, Felipe
Otálvaro, Bernd Schneider. Plant, Cell & Environment (in press). doi: 10.1111/pce.12630
Reprint License Number: 3734700406554
Phenylphenalenones, polycyclic aromatic natural products from some monocotyledonous
plants, are known as phytoalexins in banana (Musa spp.). In this study, 1H NMR-based
metabolomics along with liquid chromatography and mass spectrometry were used to explore the
chemical responses of the susceptible ‘Williams’ and the resistant ‘KTR’ Musa varieties to the
ascomycete fungus Mycosphaerella fijiensis, the agent of the Black Leaf Sigatoka Disease.
Principal component analysis discriminated strongly between infected and non-infected plant
tissue, mainly due to specialized metabolism induced in response to the fungus.
Phenylphenalenones are among the major induced compounds, and the resistance level of the
plants was correlated with the progress of the disease. However, a virulent strain of M. fijiensis
was able to overcome plant resistance by converting phenylphenalenones to sulfate conjugates.
Here we report the first metabolic detoxification of fungitoxic phenylphenalenones to evade the
chemical defense of Musa plants.
Author contributions
Research conceived by: Schneider B, Hidalgo W (50%)
Experiments designed by: Schneider B, Hidalgo W (80%)
Experiments conducted by: Schneider B, Hidalgo W (90%)
Data analysis performed by: Chandran J, Menezes R, Otálvaro F, Schneider B, Hidalgo W (80%)
Manuscript written: Schneider B, Hidalgo W (60%)
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Synthesis of phenylphenalenone derivatives exhibiting antifungal properties (see Chapter
5.1 and 5.2)
5.1 Improved synthesis of 4-phenylphenalenones: the case of isoanigorufone and structural
analogs. Marisol Cano, Carlos Rojas, William Hidalgo, Jairo Sáez, Jesús Gil, Bernd Schneider,
Felipe Otálvaro. Tetrahedron Letters (2012), Volume 54, pp 351-354. Reprint License Number:
3645791120811
2-Hydroxy-4-phenyl-1H-phenalen-1-one (isoanigorufone, 1), a phytoalexin exclusive of
Musaceae, was synthesized starting from 3-(2-hydroxynaphthalen-1-yl)propanenitrile in nine
steps in an overall yield of 10%. Hydrolysis of ethyl 3-(2-phenylnaphthalen-1-yl)propanoate
obtained from Suzuki–Miyaura coupling between the parent triflate and phenylboronic acid
afforded the corresponding propionic acid which, after Friedel–Crafts acylation and brominemediated dehydrogenation, was subjected to Yang–Finnegan epoxidation to furnish 1. The
preparation of analogs using this procedure is also discussed.
Author contributions
Research conceived by: Cano M, Sáez J, Gil J, Schneider B, Otálvaro F, Hidalgo W (25%)
Experiments designed by: Cano M, Rojas C, Otálvaro F, Hidalgo W (30%)
Experiments conducted by: Cano M, Rojas C, Otálvaro F, Hidalgo W (30%)
Data analysis performed by: Cano M, Rojas C, Schneider B, Otálvaro F, Hidalgo W (30%)
Manuscript written: Schneider B, Otálvaro F, Hidalgo W (15%)
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5.2 4-Phenylphenalenones as a template for new photodynamic compounds against
Mycosphaerella fijiensis. William Hidalgo, Marisol Cano, Manuela Arbelaez, Edwin Zarrazola,
Jesús Gil, Bernd Schneider and Felipe Otálvaro. Pest Management Science. (in press). doi:
10.1002/ps.4055. Reprint License Number: 3645791438987
Evaluation of 4-phenylphenalenones and structural analogues against the fungal pathogen
Mycosphaerella fijiensis (causal agent of black sigatoka disease in bananas) under lightcontrolled conditions uncovered some key structural features for the design of photodynamic
compounds. Structure–activity relationship analysis revealed the importance of a chromophoric
aryl-ketone and a steroidomimetic structural motif in the activity of the assayed compounds. The
results

pointed

to

1,2-dihydro-3H-naphtho[2′,1′:3,4]cyclohepta[1,2-b]furan-3-one,

which

displayed an activity in the range of propiconazole but with photodynamic behaviour. The
present work demonstrates that 1,2-dihydro-3H-naphtho[2′,1′:3,4]cyclohepta[1,2-b]heterocyclic3-one derivatives can be used as potential lead compounds for the development of fungicides,
relying on a dual mode of action.

Author contributions
Research conceived by: Cano M, Arbelaez M, Gil J, Schneider B, Otálvaro F, Hidalgo W (50%)
Experiments designed by: Cano M, Arbelaez M, Gil J, Schneider B, Otálvaro F, Hidalgo W
(50%)
Experiments conducted by: Cano M, Arbelaez M, Otálvaro F, Hidalgo W (50%)
Data analysis performed by: Cano M, Zarrazola E, Schneider B, Otálvaro F, Hidalgo W (70%)
Manuscript written: Schneider B, Otálvaro F, Hidalgo W (30%)
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Appendix. Supplementary information

Figure S1. Partial 13C-NMR spectra (125 MHz, acetone-d6) of the n-hexane extract of root
cultures from Anigozanthos preissii. Panel A, control root culture. Panel B shows the 13Cenhanced signal (see expanded region) of C-8 of 2-hydroxy-9-(4'-methoxyphenyl)-1H-phenale1-one (4) after incubation with [2-13C]-2. Panels C shows the 13C-enhanced signals (see
expanded regions) of C-8 and 4'-OCH3 of 4 after incubation with [2-13C,O13CH3]-2, respectively.
*= signal of the 13C-enrichtment. *= signal of the 13C-enrichment.
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Figure S2. Superimposed HSQC spectra (500 MHz, acetone-d6) of labeled and 2-hydroxy-9-(4'methoxyphenyl)-1H-phenale-1-one (4) obtained after incubation of Anigozanthos preissii root
cultures with [2-13C]-2. Gray spectrum: unlabeled 4; red spectrum: [8-13C]-4, displaying only the
signal to H/C-8 (threshold adjusted).
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Phenylphenalenones protect banana plants from infection by Mycosphaerella
fijiensis and are deactivated by metabolic conversion
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ABSTRACT
Phenylphenalenones, polycyclic aromatic natural products from some monocotyledonous
plants, are known as phytoalexins in banana (Musa spp.). In this study, 1H NMR-based
metabolomics along with liquid chromatography and mass spectrometry were used to explore the
chemical responses of the susceptible 'Williams' and the resistant 'Khai Thong Ruang' Musa
varieties to the ascomycete fungus Mycosphaerella fijiensis, the agent of the Black Leaf Sigatoka
Disease. Principal component analysis discriminated strongly between infected and non-infected
plant tissue, mainly due to specialized metabolism induced in response to the fungus.
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Phenylphenalenones are among the major induced compounds, and the resistance level of the
plants was correlated with the progress of the disease. However, a virulent strain of M. fijiensis
was able to overcome plant resistance by converting phenylphenalenones to sulfate conjugates.
Here we report the first metabolic detoxification of fungitoxic phenylphenalenones to evade the
chemical defense of Musa plants.
Key-words: Musa; Mycosphaerella fijiensis; detoxification; metabolomics; phenylphenalenones;
sulfate conjugates.
INTRODUCTION
Bananas and plantains constitute the fourth most important staple fruit worldwide with a
global production of more than 100 million metric tons in 2012; they rank first among all
varieties of fruits produced (Food and Agriculture Organization of the United Nations-FAO
2013; 2015). The revenues from trading these fruits internationally represent an important
economical income for several tropical and subtropical developing countries (FAO 2014).
However, their production is often affected not only by herbivores such as Radopholus similis,
which cause the burrowing nematode disease (Chabrier & Queneherve 2003), but also by several
pathogens: Ralstonia solanacearum (Race 2) causes the Moko’s disease (Sequeira 1998);
Fusarium oxysporum f. sp. cubense causes Panama’s disease (Ploetz 2006); and the Sigatoka
disease complex of banana, involving three related ascomycetous fungi Mycosphaerella
musicola, M. eumusae and M. fijiensis. Among these fungi, M. fijiensis causes the most
detrimental disease in banana, Black Leaf Streak Disease (BLSD) (Arzanlou et al. 2007; Etebu
& Young-Harry 2011).
Cavendish bananas, belonging to the subgroup AAA, are among the most frequently
consumed commercial banana crops due to their sweetness and testability and the nutritional
value of the fruit. However, they are highly susceptible to BLSD. Although several efforts have
been made to breed Musa hybrids resistant to pathogens, the banana fruit for each cultivar type
still does not meet consumers’ expectations (Heslop-Harrison 2011; Kovacs et al. 2013; Perrier,
et al. 2011; Vishnevetsky et al. 2011). Therefore, chemical treatments through the application of
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fungicides (such as benomyl, propiconazole and azoxystrobin) remain the most effective method
to control this disease. As a consequence of poor agricultural management practices, namely, the
blanket application of fungicides to avoid reduction in crop yields by fungal infections, banana
plants have developed widespread resistance to fungicides. As a result, such reinforced microbial
resistance has brought enormous losses in the commercial banana trade (Etebu & Young-Harry
2011; Martinez-Bolaños et al. 2012; Ploetz 2000).
Understanding the physiological responses triggered in resistant Musa plants during their
interaction with pathogens, especially with M. fijiensis, will allow scientists to search for new
strategies that can lead towards the control of pests without damaging the environment. Thus,
several biochemical traits in Musa have been recognized to play a role during the pathogenesis.
Among these, strengthened physical barriers through lignin biosynthesis, along with induction of
pathogenesis-related (PR) proteins, hypersensitivity response (HR) and production of
phytoalexins, constitute the basis for the broad resistance of Musa plants to pathogens and
herbivores (Dhakshinamoorthy et al. 2014; Hölscher et al. 2014; Otálvaro et al. 2007; Torres et
al. 2012; Vaganan et al. 2014; Wang et al. 2015). Phenylphenalenones, a group of polycyclic
aromatic compounds found in Haemodoraceae, Pontederiaceae, Strelitziaceae and Musaceae
plant families (Munde et al. 2013), act as phytoalexins in the Musa genus because they are
induced either in the leaves as well in the roots of Musa plants that are affected by biotic or
abiotic factors. In addition, their strong antimicrobial and nematicidal properties have made them
valuable to researchers attempting to explain the chemical basis for the resistance of some
cultivars of Musa (Hölscher et al. 2014; Jitsaeng & Schneider 2010; Quiñones et al. 2000).
As some phenylphenalenones have recently been identified at the cellular level in the
stomata of Musa leaves (Hölscher et al. 2015), this experimental system has become attractive
for exploring the plant-pathogen interaction in more detail. Furthermore, metabolomic analyses
that use Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) have been
demonstrated to be powerful tools for analyzing host metabolic pathways that are triggered by
pathogens (Ali et al. 2009; López-Gresa et al. 2010; Parker et al. 2009). The research reported in
this study aimed to elucidate and explore the metabolic changes behind the Musa-M. fijiensis
interaction, which is correlated with host resistance and pathogen virulence. Thus, chemical
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responses from the susceptible 'Williams' (Musa spp. AAA group) (Jones 2000) and the resistant
'Khai Thong Ruang' (Musa spp. AAA Ibota group) varieties in the interaction with M. fijiensis,
strain E22 ‘sensitive’ and strain Ca10_13 ‘tolerant’ to the fungicide propiconazole, were probed
by using 1H NMR-based metabolomics along with HPLC-DAD analysis.
MATERIALS AND METHODS
Plant material
In vitro plants of Musa acuminata var. 'Williams' (AAA, Cavendish subgroup) were
provided by Universidad Católica de Oriente – Rio Negro (Antioquía, Colombia) and in vitro
plants of Musa acuminata var. 'Khai Thong Ruang' (AAA, Ibota subgroup) was originally
provided by the International Transit Centre (ITC), Bioversity International, Katholieke
Universiteit Leuven, Belgium (Leuven, Belgium). Plants were propagated and cultured
individually in medium B5Z according to the standard procedures (Banerjee and Delanghe 1985)
and maintained at 26°C under 12 h photoperiod conditions until they reached a height of 10-12
cm (4-5 weeks). Plants were further transferred to 10 cm diameter plant pots containing sterile
soil of a mixture of KTS (Klasmann-Ton-Substrat) : vermiculite 2-3 mm : sand 0.7-1.2 mm :
perlite (in a ratio 2:1:1:2) with fertilizer Oscomote Exact 19-9-12 (333 mg L-1 soil), and each
plant received a dose of Ferty 3 (0.1%, Planta Düngemittel GmbH Regenstauf, Germany) every
week. The plants were maintained in an incubation chamber, Percival Model AR-95HILX (CLF
Plant Climatics, Emersacker, Germany) at a temperature of 26/23°C (day/night), 70% humidity
and 12 h photoperiod for one month. Then the plants were transferred to 4 L plant pots under the
same soil conditions and kept for three months before the infection experiments began.
Fungal organisms
Mycosphaerella fijiensis strains voucher E22 and voucher Ca10_13 were provided by Dr.
Gert Kema from the Plant Research International (Wageningen, The Netherlands) and
maintained in solid Potato Dextrose Agar medium (PDA, emended with 100 μg mL-1 ampicillin),
at 25°C under dark conditions for 15 d. They were further cryo-preserved according with the
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INIBAP technical guidelines (Carlier 2002) until the inoculum for the infection protocol and
bioassays was prepared.
Analytical equipment
1D- and 2D NMR experiments were carried out in a Bruker Avance 500 NMR spectrometer
(Bruker Biospin, Karlsruhe, Germany), operating frequency 500.13 MHz for 1H and 125.75
MHz for 13C. A TCI cryoprobe (5 mm) was used to measure spectra at 300 K. Tetramethyl silane
(TMS) (0.05%) was used as an internal standard for referencing 1H and 13C NMR spectra unless
otherwise indicated. 1D NOESY experiments were performed using a Bruker Avance III HD 700
NMR spectrometer, operating frequency 700 MHz for

1

H. A TCI H-C/N-D 1.7 mm

microcryoprobe was used to measure spectra at 298 K. NMR spectrometers were controlled with
Bruker Topspin v2.1 and v3.2 software for the 500 MHz- and 700 MHz instruments,
respectively. Electrospray ionization mass spectra (ESIMS) and LC-ESIMS were recorded on a
Bruker Esquire 3000 ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany).
HRESIMS was recorded on UHPLC system of the Ultimate 3000 series RSLC (Dionex,
Sunnyvale, CA, USA) connected to a LTQ-Orbitrap XL mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). Analytical and semipreparative HPLC was performed on an
Agilent series HP1100 (binary pump G1312A; auto sampler G1367A; diode array detector
G1315A) (Agilent Technologies, Waldbronn, Germany). The UV spectra were recorded by the
diode array detector (DAD) during analytical HPLC. The semipreparative HPLC system was
coupled with the fraction collector CHF 122SB ADVANTEC.
Metabolomics analysis
Fungal inoculum preparation. The standard protocol reported by Abadie (Abadie et al.
2008) was used with slight modifications. Briefly, M. fijiensis strain E22 kept in glycerol (15%)
at -80°C was placed in PDA medium and incubated at 25°C under dark conditions for 20 d.
Afterwards, the fungal mycelium was cut off from the agar medium and transferred to Petri
dishes with sterile V8 juice agar (containing 300 mL of vegetable juice V8, 3g CaCO3, 20 g of
agar and 700 mL water) and incubated for 15 d under 12 h photoperiod. Four plugs of fungal
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mycelium were cut off from the Petri dish and placed in a Falcon tube (50 mL) containing 25 mL
of sterile water for further shaking in a vortex mixer for 2 min followed by ultrasound for 1 min.
An aliquot of 2 mL was transferred to Petri dishes with sporulation V8 juice agar (containing 100
mL of vegetable juice V8, 0.2 g CaCO3, 20 g of agar and 900 mL water, pH adjusted at 6.0) and
incubated at 25°C under continuous cool white light conditions for 15 d. Sterile water (~ 2 mL x
3) was added to the sporulation culture, and conidia were removed by brushing the colonies’
surface with a sterile camel’s hair brush. The concentration of conidia was calculated by using a
Neubauer chamber and adjusted to a final concentration of 1x104 conidia mL-1 with sterile water
(containing 0.1% of Tween 20) and used to further inoculate the Musa plants.
Artificial mock-inoculation of Musa plants. Three-months-old Musa acuminata plants of
the susceptible variety 'Williams' and the resistant variety 'Khai Thong Ruang' ('KTR') were used
for the infection experiment. A volume of 2 mL of the fungal inoculum was spread on the lefthalf side of the lower surface (abaxial side) of the second youngest unfolded leaf of each Musa
plant using a camel’s hair brush. The mock-inoculated plants were kept at room temperature (~
20°C) for 2 h, while the microbial suspension was dried and then returned to the climate chamber
under the conditions described above. The relative humidity was initially set at 90% and after the
first week of incubation was maintained at 80%. A sterile solution of 0.1% Tween 20 (without
fungal inoculum) was spread to Musa plants of each variety and used as a control. Four
biological replicates of both treated and control Musa plants of each variety were used for the
study.
Harvesting plant tissue. The infected Musa plants of each variety were harvested at 35
days post inoculation (dpi) once the plants developed visual BLSD symptoms on the upper side
of the leaf. Four sections of each infected plant were collected as follows (Fig. 2): 1) necrotic
plant tissue “sample A”; 2) asymptomatic tissue from the treated half of the leaf “sample B”; 3)
healthy tissue from the non-treated half of the infected leaf “sample D” and 4) non-treated leaves
from the treated plant “sample E”. Plants without fungal treatment were used as a control,
“sample C”. Each specimen was cut off under visual inspection (using a binocular loupe),
immediately frozen in liquid nitrogen and stored in a pre-cooled sterile Eppendorf tube (2 mL
lock-safe Eppendorf tubes) until further lyophilized in a freeze drier for 72 h. Ceramic beads (0.7
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mm diam.) were added to each tube and the plant material was ground by shaking it for 3 min in
a paint shaker (Skandex SO-10M, Sassenheim, The Netherlands). The samples were then stored
in a desiccator until they were used for analysis (not longer than 48 h).
Sample preparation for NMR analysis. A protocol established by Kim and coworkers (Kim
et al. 2010) was adapted with some modifications. Briefly, 25 mg of dried and ground plant
specimens were transferred to an Eppendorf tube to which was added 0.8 mL of MeOD-d4 with
0.2 mL of KH2PO4 buffer in D2O (pH 6.0) containing 0.05% trimethylsilyl propanoic acid (TSP)
as internal standard. The solution was vortexed (1 min) and sonicated for 15 min at room
temperature followed by a centrifugation step at 13.000 rpm for 15 min. The supernatant (600
μL) was directly transferred to a 5 mm NMR tube for further analysis.
NMR data analysis. 1H NMR spectra were recorded using a standard one-dimensional
pulse sequence with water suppression (PURGE), with 256 transients (scans) with 64 k data
points and a spectral width of 15 ppm using a 30° flip-angle, a 4.43 s acquisition time, and a
recycle delay of 2.0 s. Fourier transformation was applied to cumulative free induction decay
(FID) with exponential line broadening of 0.3 Hz. All spectra were manually phased, baselinecorrected and calibrated to TSP (δ 0.0). The 1H NMR spectra were reduced to 1586 sequentially
integrated regions (“buckets”) of 0.005 ppm width, from δ 0.5-8.7 and the data were scaled to
total intensity using AMIX version 3.9.11 software (Bruker BioSpin, Rheinstetten, Germany).
Regions from δ 3.32-3.25 and δ 5.0-4.8 were excluded before the bucketing analysis, and the
whole dataset was exported as a text file (.txt). Principal component analysis (PCA) of the data
was performed with SIMCA-P version 13.0 software (UMETRICS Company, Umeå, Sweden),
and eight PCs were processed to meet 96% of the explained variance. Pareto- or unit variance
(UV)-scaling was applied to the data before PCA analysis.
Analysis of inducible phenylphenalenones in Musa during pathogen attack
Phytochemical analysis of infected Musa plants. The crude extract from sample “A” of the
variety 'KTR' (42.1 mg) and variety 'Williams' (34.3 mg) 35 dpi with the fungus was used to
isolate the major metabolites induced during the pathogenesis. Briefly, the crude extract was
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cleaned up by using solid-phase extraction (SPE, Chromabond C18ec-octadecyl modified silica,
500 mg absorbent weight, endcapped, Macherey-Nagel, Düren, Germany) before analysis by
HPLC. The methanolic extract after SPE was dried under a stream of nitrogen and redissolved in
methanol to a final concentration of 10 mg mL-1. An aliquot of 5 μL of methanolic solution was
injected into semipreparative HPLC. Separation was achieved on a Hibar column RP-18e
(Purospher STAR, 250-4.6 mm, 5 μm particle size). Water with 0.05% TFA (solvent A) and a
mixture of methanol:acetonitrile (1:1) with 0.05% TFA (solvent B) were used as a mobile phase.
The elution profile was: 0 min - 0% (B), 60 min - 45% (B), 90-110 min - 65% (B), 115-125 min
- 80% (B), 130-140 min - 100% (B). The mobile phase flow rate was 1 mL min-1. Column
temperature was maintained at 30°C. A wavelength at 254 nm was used for monitoring the
chromatographic traces (HPLC method A). Further purification was carried on a LiChrospher
100 RP-18 column (250x4mm, 5 μm particle size) with water (0.1% TFA) and acetonitrile
(solvent B) as a mobile phase. Flow rate of 1 ml min-1 and a linear gradient from 0 min (35% B)
to 40 min (100% B) was used.
The crude extract of sample “D” (asymptomatic area of infected plant) of the variety
'Williams' (18.2 mg) was processed following the same procedure as described before.
Separation of the major compound was achieved by semipreparative HPLC using a LiChrospher
100 RP-18 column (250x4 mm, 5 μm particle size). Water with 0.1% TFA (solvent A) and
methanol (solvent B) were used as the mobile phase. The elution gradient was from 0 min (0%
B), 12 min (45% B), 17 min (100% B), to 25 min (100% B). Column temperature was kept at
30°C. The monitored wavelength was 254 nm. 1D- and 2D NMR experiments were carried out
for the metabolites isolated.
Infection, sample preparation and disease rating. Musa plants of both varieties ('Williams'
and 'KTR') were raised and treated with the fungus according to the conditions of the infection
protocol with the fungus as described above with few modifications. In this case, 5 mL of the
fungal inoculum was spread on the whole (abaxial) lower surface of the second youngest
unfolded leaf of each Musa plant using a camel’s hair brush. Three areas of 4x4 cm2 were
randomly traced with a permanent marker (Faber-Castell Multimark 1523 permanent) on the
upper surface of the infected leaf for determining the severity of the fungal pathogen over time.
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The average number and area of the symptoms were evaluated on the delimited area at 25 and 50
dpi with the fungus in order to determine the progress of the disease. Conidia of Mycosphaerella
fijiensis strains E22 and Ca10_13, differing in their tolerance to the fungicide propiconazole
(Fig. 8), were chosen as infective propagules for both Musa varieties in separate experiments.
The infected plant tissue (sample A, Fig. 2) was collected and processed as described above. The
experimental design consisted of six biological replicates of each plant variety per time assessed.
Three plants without fungal inoculation were used as control (5 mL of water with 0.1% Tween
20).
Quantification by HPLC-DAD analysis. 9-Phenylphenalenone was synthesized according
to the protocol reported by Otálvaro et al. (Otálvaro et al. 2004) extensively purified by
chromatographic techniques (column chromatography, TLC preparative, semipreparative HPLC)
up to a purity >98% (UV 254 and 280 nm) and used as internal standard (IS) for quantification of
phenylphenalenones. A total of 25 mg of the infected dried and ground tissue was transferred
into 0.8 mL methanol with 0.2 mL phosphate buffer and 0.1 mL of a 9-phenylphenalenone
solution of 550 ppm (final concentration: 0.05 mg mL-1) for extraction and cleaning procedures
as described above, except that a SPE cartridge of 200 mg was used instead of a 500 mg SPE
cartridge. The final extract was resuspended in 1 mL of a mixture of methanol:acetonitrile (1:1)
and passed through a filter (0.45 μm); the final solution (5 μL) was injected into the HPLC using
method A. The average of the peak integral value of three injections from each sample was used
for quantification. Calibration curves of the phenylphenalenones and structural analogues
(compounds 1-5, 7, 9-13, 15 isolated and in-house synthetic standards, purity > 98% checked by
LC-MS, UV 254-280 nm) were generated using six standard solutions of each compound in the
range of 0.1-1.5 mM (each solution containing the internal standard at A concentration of 0.05
mg/mL). An aliquot of 5 μL of each standard solution was injected in triplicate into the HPLC
using method A. The average area of the peak integral value of each concentration was
calculated from the triplicate data, and a linear regression equation was obtained by plotting the
peak areas (y) versus the injected amounts (x) of each standard compounds. The linearity for
each compound was evaluated by the correlation coefficient (r2 ≥ 0.9967). The lower limit of
quantification was 0.013 nmol per injection (based on the signal/noise ratio of approximately
10:1 extracted from the HPLC trace at 254 nm). Compounds 6, 8 and 14 (Table 2) were
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quantified based on the relative response factor of hydroxyanigorufone (5), since the UV
absorption of this compound at 254 nm was very similar to compounds 6, 8 and 14. The relative
response factor of hydroxyanigorufone (5) was 0.5, as calculated relative to the internal standard,
9-phenylphenalenone.
Antifungal bioassay
A microtiter well method developed by Peláez (Peláez 2006) was used with some
modifications (Hidalgo et al. 2009). Briefly, M. fijiensis strains (voucher E22 and Ca10_13)
grown for 15-17 days at 26°C±1 in potato dextrose agar – PDA (Fluka Analytical, Steinheim,
Germany) was used for preparing the fungal inoculum. Mycelium of the culture was scraped
with a smear loop and sterile water, and the dense suspension obtained was then fragmented in a
vortex mixer with glass beads of 4±0.3 mm diameter (Carl Roth GmbH Germany) followed by
filtration through four layers of sterile cheesecloth to obtain uniform myceliar fragments. The
concentration of the inoculum was counted under a light microscope using a Neubauer
hematocytometer (Marienfeld, Germany) and adjusted to 2x105 mycelial fragments mL-1 with
sterile water. Sterile microtiter plates 96 well-F (Sarstedt AG & Co, Germany) were used for the
biological incubation. Each well was filled with 50 μL of Sabouraud broth (Fluka Analytical, St.
Louis, USA), 50 µL of the fungal inoculum (described above) and 50 μL of the corresponding
compound to be assessed. Concentrations ranging from 1 to 100 ppm of each compound were
prepared in aqueous dimethyl sulfoxide (12% DMSO, BioReagent for molecular biology, SigmaAldrich, ≥99.9%) and passed through a filter (0.1 μm, hydrophilic polyethersulfone membrane
sterile, PALL Life Sciences, Ann Arbor, USA) before to be administered to the incubation
system. The culture medium (50 μL; Sabouraud), 50 µL of inoculum and 50 µL of aqueous
DMSO (12%, sterile) was used as a reference for growth control. Propiconazole (Fluka
Analytical, 98.4%) was used as a positive control. The same procedure was applied for the
negative control except that the inoculum solution was replaced by sterile water. The microplates
were incubated under darkness or a photoperiod for 8 d (logarithmic growth phase of the fungi)
at 25°C in an incubation chamber. For the light-controlled experiments, the plates were placed at
a distance of 1 m and irradiated by two cool white light tubes (Sylvania luxline Plus T8
36W/840, Großschirma, Germany) during 12 h d-1. Both experiments (darkness and photoperiod)
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were carried out simultaneously. The absorbance for the optical density (OD595nm) was recorded
by a spectrophotometer (TECAN infinite M200 built it with a multiple reads per well,
Crailsheim, Germany) at time 0 and 8 days after incubation in order to measure the mycelia
growth. The experimental design consisted of three biological replicates (including three
technical replicates). The IC50 value was calculated by plotting the mycelial growth (data
previously normalized to the reference control) against the logarithm of each concentration of the
compound assessed.
Phenylphenalenone metabolism
The antimicrobial activity of phenylphenalenones and derivatives depends on the chemical
structure of the compound (Hidalgo et al. 2009; Otálvaro et al. 2007). In order to test whether the
survival of M. fijiensis to the incubation with certain phenylphenalenones is in part due to the
ability to metabolize or degrade them, an experimental approach was set up including several
parameters to be analyzed during in vitro interaction the fungal pathogen and the
phenylphenalenone. Thus, seven phenylphenalenone-type compounds covering a range from
weak to strong antifungal activity against M. fijiensis were selected for this analysis. The
protocol used for the antifungal bioassay was adapted with some modifications. The fungal
inoculum was prepared and adjusted to a final concentration of 3x105 mycelial fragments mL-1 in
identical conditions as has been described above. Sabouraud broth (600 µL, Fluka Analytical,
Germany) with 600 μL of the fungal inoculum and 60 μL of each concentration of the compound
to be assessed was incubated in a sterile Eppendorf tube (Safe-Lock tubes, 2.0 mL, Eppendorf,
Hamburg-Germany) containing five sterile ceramic beads (0.7 mm diam.). Three solutions of
each compound at 210, 420 and 840 ppm were prepared in dimethyl sulfoxide (DMSO,
BioReagent for molecular biology, Sigma-Aldrich, ≥99.9%) to achieve a final concentration of
10, 20 and 40 ppm in the incubation system, respectively (maximum concentration of DMSO in
the system: 4.7%). Sabouraud broth (600 μL) with 600 μL of the fungal inoculum and 60 μL of
DMSO (0.1 μm filtered) was used as control growth. Similarly, 600 μL of Sabouraud broth with
600 μL of sterile water and 60 μL of each compound solution (at each concentration) were
prepared in order to ensure a comparable analysis with the treated samples. Ten replicates of
control growth, reference compounds and treated samples were used for reproducibility purposes
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and additional analysis. The samples were maintained at 25°C, shaken at 150 rpm under dark
conditions and incubated for 8 d (logarithmic growth phase). Fungal biomass, soluble protein,
ergosterol production and quantification of each phenylphenalenone either in the culture medium
as well as in fungal mycelium were analyzed as follows.
Biomass quantification
After the microbial incubation, the fungal mycelium was completely removed from each
tube and transferred to a new sterile Eppendorf tube. The fungal biomass was washed with 500
μL (x 3) phosphate-buffered saline (sterile PBS, pH 7.4, 10% DMSO) and centrifuged at 13.000
rpm for 10 min, and the supernatant was poured off and collected for further analysis. A final
rinse was followed with 500 μL of sterile water, and the mycelium was immediately frozen in
liquid nitrogen and lyophilized in a freeze drier for 48 h. The biomass was left for 24 h in a
desiccator before being weighed in a microbalance Mettler Toledo XP26 (0.001 mg readability).
Soluble protein quantification
The protein quantification was carried out by the Bradford method. Briefly, after 8 d of
incubation with the fungus, 120 μL of each culture medium (control growth, negative controls
and treated samples) was placed in a sterile microtiter 96-well plate and mixed with 120 μL of
Coomassie reagent (Coomassie Protein Assay Reagent, Thermo Scientific, Rockford, IL, U.S.A),
then allowed to react for 15 min followed by reading the absorbance at 595 nm as indicated by
the manufacturer. Three technical replicates of each sample were measured, and the average was
used for quantification. The protein concentration was calculated from a calibration curve with
bovine gamma globulin as standard.
Ergosterol quantification
The fungal biomass obtained either from control as well as material treated with
phenylphenalenones (n = 4) was ground in a paint shaker using stainless steel beads (1.4 mm
diam., Carl ROTH, Karlsruhe, Germany) and 0.7 mg was weighed, transferred to an Eppendorf
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tube (2 mL Lock-safe Eppendorf tube) and subjected to saponification with 1.5 mL of
methanolic solution of KOH (0.1 M) followed by heating at 70°C and shaking at 600 rpm for 10
min (Eppendorf Thermomixer comfort 1.5 mL, Eppendorf AG, Hamburg, Germany). The
reaction was left at room temperature, and then the tubes were centrifuged at 10.000 rpm for 10
min and the supernatant transferred to a 4 mL glass vial. Distillated water (1 mL) was added to
the methanolic extract solution along with 1 mL of diethyl ether for liquid-liquid extraction. The
ether phase was poured off and two additional extractions with diethyl ether were repeated. The
organic phase were pooled and evaporated under a stream of nitrogen. The raw extract was resuspended in 60 μL of CDCl3. 1H NMR spectra were recorded in a Bruker Avance 700 MHz
spectrometer using a standard 1D NOESY pulse sequence with water suppression, with 512
transients (scans) with 32 k data points and a spectral width of 15 ppm using a 30° flip-angle, a
1.46 s acquisition time, and a recycle delay of 2.0 s. Fourier transformation was applied to
cumulative FID with exponential line broadening of 0.3 Hz. All spectra were manually phased,
baseline corrected and calibrated to TMS (δ 0.0). Ergosterol was quantified using ERETIC2
software built-in in Topspin v3.2 (calibration method). Ergosterol 13.35 μM (purity >98%) in
CDCl3 was used as standard for the calibration procedure. The singlet signal at δ 0.63 which
integrates for the protons of the methyl group attached to C-13 was used for quantification. A
minimal signal-noise ratio of 80:1 was calculated. A T1 relaxation time of 349.3 ms was
determined for the signal at δ 0.63, and 5xT1 was setup as a repetition time. Five standard
solutions of ergosterol in the range 0.01 - 2.0 mM were prepared and evaluated for the accuracy
of the molar quantification method. An area of at least five times the full-width at half-height
(FWHH) of the 1H NMR signal was integrated and considered for the quantification. Absolute
error below 2.34% was determined. This value is in agreement with validation methods using
NMR spectroscopy (Pauli et al. 2005).
Quantification of metabolized phenylphenalenones
To quantify phenylpenalenones, the culture medium was extracted with ethyl acetate (500
μL x 5) by shaking for 10 min, and centrifuged at 7.000 rpm for 5 min. The organic phase was
collected in a glass vial of 4 mL for further dryness under a stream of nitrogen. The extract was
resuspended in 50 μL of methanol, and an aliquot of 5 μL of this solution was injected into
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HPLC. Separation was achieved in a Hibar column RP-18e (Purospher STAR, 250-4.6 mm, 5
μm particle size) using water (0.1% TFA, solvent A) and methanol (solvent B) as a mobile
phase. A linear gradient was used from 0 min (40% B), 20 min (100% B), 27 min (100% B). The
monitor wavelength was set at 254 nm (HPLC method B). The analysis was carried out by
triplicate injections of each sample and reference controls. A coefficient correlation r2 ≥ 0.9997
was determined by plotting the peak area (average data) versus the concentration of each
reference compound. The data were normalized by comparing the peak area of the compounds
(average data) of the treated sample against the peak area (average data) of the reference
compound. The limit of quantification (LOQ) calculated for the phenylphenalenones was used as
described above.
To quantify phenylpenalenones in the mycelium, fungal biomass was collected and
lyophilized as described above. Methanol (1 ml, HPLC gradient grade) was added to the fungal
mycelium (0.7 mg), shaken at 650 rpm for 15 min at room temperature and centrifuged at 10.000
rpm during 10 min at 4°C. The extraction was repeated twice with the same procedure, and the
organic extracts were pooled and evaporated under stream of nitrogen gas. The final crude
extract was resuspended in 50 μL of methanol, and an aliquot of 5 μL was injected into the
HPLC system using method B (described above). Triplicate analysis was conducted and the data
were normalized to the reference controls as was described above.
Analysis of phenylphenalenone metabolites
In order to investigate the products derived from the metabolism of phenylphenalenones by
the fungus M. fijiensis, an up-scaled incubation system with anigorufone (9) as reference
compound was implemented. Thus, the fungal inoculum (3x105 mycelial fragments mL-1) of the
M. fijiensis strain Ca10_13 was prepared as described above. A volume of 5 mL of inoculum was
added to 50 mL of saboraoud medium (sterile, incubation in Erlenmeyer flask vol. 100 mL), and
2.38 mL of a solution of 1.5 M of anigorufone (prepared in 20% DMSO and passed through 0.1
μm sterile filter) was added. A parallel experiment without any treatment was used to control
fungal growth (2.38 mL of a solution 20% of sterile DMSO was added). The incubation was
carried out at 25°C, shaken at 150 rpm in a rotatory shaker under darkness for 12 d. Afterwards,
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the fungal biomass together with the culture medium was transferred to sterile Falcon tubes (50
mL) for further centrifugation at 12.000 rpm during 15 min. The supernatant was poured off to a
new sterile Falcon tube (50 mL) and the mycelium was washed twice with 30 mL of PBS (pH
7.4) and rinsed with 30 mL sterile water (10% DMSO). A centrifugation step was used in each
wash, and the supernatants transferred to new sterile Falcon tube (vol. 50 mL). Both fungal
mycelium as well as the supernatants were frozen in liquid nitrogen, lyophilized for 72 h and
then kept in a desiccator until further analysis. The lyophilized supernatants were resuspended in
5 mL of methanol and injected into LC-MS system using a LiChrosphere 100 column RP-18
(250 - 4 mm, 5 μm particle size) with water (0.1% formic acid, solvent A) and methanol (0.1%
formic acid, solvent B) as a mobile phase. A linear gradient was used from 0 min, 40% B; 20
min, 100% B; 30 min, 100% B. The fungal biomass (1.3 g dried weight) contained in a Falcon
tube was ground using stainless steel beads (1.4 mm diam.) and shaken in a paint shaker
(Skandex SO-10M, Sassenheim, The Netherlands) for 5 min. Methanol (10 mL x 3) was used for
extraction by shaking for 10 min followed by centrifugation. The methanolic fraction was passed
through a sterile membrane filter (0.45 μm) and evaporated under a nitrogen steam. The crude
extract was resuspended in methanol (5 mg mL-1), and 5 μL was injected into LC-MS system
using the parameters described above.
The methanolic extracts either from mycelium as well as from culture medium incubated
with phenylphenalenones 5, 7, 9–12 (Table 2) were analyzed with a UHPLC-ESI-MS.
Phenylphenalenones were separated using an Acclaim C18 column (150 × 2.1 mm, 2.2 μm,
Dionex, Sunnyvale, CA, USA) with a flow rate of 300 μl min−1 in a binary solvent system of
water (solvent A) and acetonitrile (solvent B) (hypergrade for LC MS, Merck, Darmstadt,
Germany), both containing 0.1% (v/v) formic acid (eluent additive for LC–MS, Sigma Aldrich,
Steinheim, Germany). Separation was accomplished using a gradient as follows: linear increase
from 0% B to 100% B within 15 min – 100% B constant for 5 min – equilibration time at 0% B
for 5 min. ESI source parameters were set to 4 kV for spray voltage, 35 V for transfer capillary
voltage at a capillary temperature of 275 °C. The samples were measured in positive and
negative ion mode in the mass range of m/z 100 to 2000 using 30,000 m/Δm resolving power in
the Orbitrap mass analyzer. Data were interpreted using XCALIBUR software (Thermo Fisher
Scientific, Waltham, MA, USA).
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Statistical analysis
Unless otherwise stated, statistical tests were carried out with Sigma Plot 12.0 (SYSTAT
Software Inc., San Jose, CA, USA) using analysis of variance. Leven’s and Shapiro-Wilk tests
were applied to determine error variance and normality of the data, respectively. Holm-Sidak
post hoc test was used for pairwise or multiple comparison. Datasets that did not fulfill the
assumptions for ANOVA were natural log-, decimal log-, root square- or rank-transformed
before analysis. A non-parametric Kruskal-Wallis one-way ANOVA on ranks was applied for
variables that did not meet the normality assumption.
RESULTS
Differential responses of the interaction Musa - M. fijiensis detected by principal
component analysis
In order to explore whether the susceptible Musa variety 'Williams' and the resistant variety
'Khai Thong Ruang' (KTR) respond differently to infection with the phytopathogenic ascomycete
fungus Mycosphaerella fijiensis, in vitro plants of the two varieties were treated with conidia of
the strain E22 as described in Materials and Methods. The progress of the development of the
BLSD was observed by inspecting the leaf surface of the two Musa varieties using a binocular
loupe. Initially, both the susceptible variety 'Williams' and the resistant variety 'KTR' developed
similar symptoms at the site of treatment (Table S1). When BLSD symptoms of the treated
plants, according to the classification by Fouré et al. (1987), reached a dimension similar to the
stages 2 and 3, the necrotic zones (sample A) and healthy zones (B) of treated half of the leave
were probed (Fig. 2C). Simultaneously, further samples were taken from the non-treated half of
each treated leaf (D), non-treated leaves of the treated plants (E) and untreated plants (control,
C). When 1H NMR spectra of crude extracts of necrotic tissue (A) were compared with spectra
of non-necrotic tissue (D) from the same treated leaf and the control plant (C) (Fig. 1), signals of
aromatic metabolites were more pronounced in the extracts of leaf areas where the fungal
infection had taken place than in extracts of samples taken from “healthy zones”. This was
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observed both for 'Williams' and 'KTR'. 1H NMR spectra of samples B and E (not shown in Fig.
1) closely resembled those of (C).
The 1H NMR spectra of all extracts are not much different in the regions of primary
metabolites such as carbohydrates and amino acids (0.5-5.0 ppm, Fig. 1). However, the aromatic
regions (6.0-9.0 ppm, Fig. 1) of the spectra exhibited not only largely enhanced signals obtained
from the necrotic zones of infected leaves (A) but, compared to the spectra from extracts of nontreated tissues, also a significantly increased number of signals.
Thus, qualitative and quantitative gains in metabolic activity were observed in the infected
zones of the plant and could be interpreted as a response to the pathogen attack. Therefore, it was
thought that identification and quantification of the major metabolites produced while the BLSD
ran its course would provide insight into the role and turnover of inducible natural products in
this plant.
An NMR-based metabolomic analysis was carried out to gain information about metabolic
changes occurring in Musa plants under attack by the pathogen. The full 1H NMR spectra were
used for understanding whether differences other than in the aromatic compounds exist between
infected (A), non-infected (B, D and E) and control (C) Musa plant samples (Fig. 2 c). According
to the score plots of principal component analysis (PCA, Fig. 2 a,b), the samples from BLSDinfected necrotic leaf zones (A, red) were clearly discriminated from those of the control group
(C, green) by the first principal component (Fig. 2 a,b), mainly owing to aromatic compounds.
Interestingly, the other non-infected plant sections (asymptomatic areas B, non-treated leaf areas
D and E) obtained from plants treated with conidia of M. fijiensis E22 (Fig. 2c) appeared also
separated in the PCA (blue, orange and gold) from the group of control Musa plants (green).
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Fig. 1. 1H NMR spectra (500 MHz, MeOH-d4) of crude extracts of Musa leaf tissues from
varieties 'Williams' (panel a) and 'KTR' (panel b). Extracts were prepared from necrotic areas of
the infected half (A, see Fig. 2), the non-infected half (D) of a leaf treated with M. fijiensis strain
E22, and a leaf of an untreated control plant (C) were taken 35 d after inoculation with fungal
conidia. The extensions show the 1H NMR signals of induced phenolics in the necrotic leaf areas
(A). Spectral intensities were scaled with the signal of TSP, which was added as an internal
standard.
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Fig. 2. Score plots of PC1 vs. PC2 of 8-component PCA model of the region 0.5-8.7 ppm of the
1

H NMR spectra (500 MHz) of samples A to E (0.005 ppm buckets). Regions 3.25-3.32 ppm and

4.8-5.0 ppm were excluded; data were normalized to total intensity of the spectrum. Panel a:
'Williams variety' (Pareto scaling was applied with r2 = 0.903 of PCA model). Panel b: 'KTR'
variety (unit variance scaling was applied with r2 = 0.854 of PCA model). Panel c: sketch of the
sampling procedure: A: BLSD-infected necrotic leaf zones; B: healthy zones from the treated
leaf half; C: control Musa plant; D: non-treated half of a treated leaf; E: non-treated leaf from a
treated plant.
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With the intention of detecting the signals in the spectra that contribute to the differences
between samples, 1D- and 2D NMR analysis was carried out along with comparisons to
reference compounds and previously reported data (Franzyk et al. 2004; Huang et al. 2004;
Kashiwada et al. 1988; Kim et al. 2010; Liang et al. 2006; Lu & Foo 2003; Najbjerg et al. 2011;
Ramsay et al. 2014; Shimomura et al. 1987; Strack et al. 1989). This allowed the identification
of the metabolites summarized in the Table 1. Taking the information from the PCA, including
consideration of the metabolites identified, the corresponding loading plots were constructed
(Fig. 3). For both Musa varieties, the red-orange color in the scale of the loading plots
demonstrated that the phenolic metabolites, which are up-regulated in infected tissue, permit the
infected tissue to be discriminated from the non-infected plant sections (Fig. 3).
Interestingly, the level of the 1-O-p-coumaroyl-β-D-glucoside was lower in infected tissue
than in healthy tissue, perhaps due to consumption in specialized metabolism, which was
triggered to produce phenylphenalenones (Table 1) such as irenolone and hydroxyanigorufone,
already reported as phytoalexins of Musa plants (Luis, et al. 1993, 1994, 1995). Further, among
the identified metabolites, dopamine, a well-known catecholamine in banana fruits (Kanazawa &
Sakakibara 2000), and 2-(3,4-dihydroxyphenyl)ethyl β-D-glucopyranoside (common name
dopaol β-D-glucoside), which is reported here for a first time as a metabolite from Musa plants,
allowed the treated tissue to be discriminated from the untreated Musa tissue (for relevant
resonances in the 1H NMR spectrum see the region between 6.5-6.9 ppm in Fig. 2 a,b).
Surprisingly, a detailed analysis of 1H NMR spectra of all extracts of 'Williams' and 'KTR'
showed that dopamine was present in infected leaves and in control plants. While control
samples contained only traces of dopaol β-D-glucoside (Fig. 4c), its level almost equaled that of
dopamine in the necrotic tissue of treated plants (Fig. 4a). In non-infected zones from (B), (D)
and (E) samples of both varieties, the level of the glucoside clearly exceeded the level of
dopamine, which was detectable only in very low levels (Fig. 4b). This finding confirms the
significance of dopaol β-D-glucoside in the differences observed by the PCA analysis.
According to the accumulation of dopaol β-D-glucoside in the different leaf areas of Musa
plants treated with conidia of M. fijiensis but not in the control plant, this compound could be
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considered a phytoalexin; phytoalexins are produced in those areas of a plant where the pathogen
has not been yet spread but which might already have received electrophysiological or chemical
signals. Therefore, the antifungal property of dopaol β-D-glucoside was assayed against M.
fijiensis in an in vitro experiment. However, antimicrobial inhibition was not observed, and the
weak activity was comparable to that obtained for dopamine in the same assay (Fig. S2), ruling
out the function as a phytoalexin. Thus, the biological function of this compound in the Musa M. fijiensis pathosystem remains to be investigated, including its potential role in signaling.
In addition, the roots of infected and control plants were evaluated in both Musa varieties in
order to check if specialized metabolites were observed in the roots as they were in the leaves.
However, no differences between control and treated plants were found (data not shown),
supporting the hypothesis that after Musa leaves are treated with the conidia of M. fijiensis,
chemical defenses are activated mainly in the above-ground plant parts, especially at the
infection site.

Fig. 4. Partial 1H NMR spectra showing the
aromatic signals of dopamine and dopaol-β-Dglucoside in a: infected leaf areas (A, see Fig. 2);
b: non-infected areas from (D); c: control Musa
'Williams' variety. 1H NMR spectra of (B) and
(E) (not shown) resembled those of (D). Similar
results were observable for the 'KTR' variety. Do:
dopamine; Do-Glc: dopaol-β-D-glucoside
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Fig. 3. Loading plots for PCA model shown in Fig. 2a and 2b displaying the regions of the
metabolites with strong influence (in red and orange) and the metabolites with less influence
(light blue and dark blue) during the group discrimination observed in the PCA analysis. Panel a:
'Williams' and panel b: 'KTR' Musa varieties.
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Table 1. Metabolites identified by 1D- and 2D-NMR analysis in Musa varieties 'Williams' and 'KTR' and their up- and downregulation after infection with M. fijiensis E22 as inferred from the corresponding loading plots.

Entry

Metabolitee

1

Fatty acids

2

Lactic acid

3

Acetic acid

4

Succinic acid

5

Pyruvic acid

6

Choline

7

Glucose

8

Sucrose

9

L-Alanine

10

Position
H/C

3.5 (dd, 3.3, 5.0)
4.07 (m)
3.2 (s)

δ 13C
13.1
13.3
22.3
71.8
25.9
175.9
31.6
177.0
29.5
180.3
203.7
73.1
58.3
53.2

CH-1

5.1 (d, 3.8)

92.3

CH-1
CH-1'
-CH3
H/C-2
H/C-2
H/C-4
H/C-3

5.39 (d, 3.7)
4.09 (d, 8.5)
1.46 (d, 7.3)
3.59c
3.81c
2.63 (dd, 7.8, 7.9)
2.19c

92.3
77.7
15.9
54.6
55.0
32.5
31.6

-CH3
-CH3
-CH3
H/C-2
-CH3
-COOH
H/C-2, 3
-COOH
- CH3
-COOH (α)
-COOH (β)
H/C-1
H/C-2
-N+(CH3)3

a

a

L-Methionine

NMR data
δ 1H (mult., J [Hz])
0.88 (t, 7.5 )
0.95 (t, 7.5)
1.29c
4.09
1.93 (s)
2.59 (s)
2.35 (s)

Assigned with
HSQC
HSQC,
HMBC
HSQC,
HMBC
HSQC,
HMBC
HSQC,
HMBC
HSQC,
HMBC
HSQC,
TOCSY
HSQC,
TOCSY
HSQC, COSY

Changes after infection with M.
fijiensis E22 in Musa:d
'Williams'
'KTR'
↓

↓

nd

nd

↓

nd

↑

↑

↓

↓

↓

↓

↑

↑

↑

↑

↓

↓

↑

↑

HSQC, COSY
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a

11

L-Threonine

12

Dopaminea

13

14

15

Dopaol-β-Dglucosideb

(E)-Caffeoyl malate

(E)-Coumaroyl
malate

16

1'-O-(E)-(4Coumaroyl)-βglucoside

17

2-O-p-(E)Coumaroyl glucose

18

Irenolone

-CH3
-CH3
H/C-2
H/C-3
-COOH
H/C-5'
H/C-2'
H/C-6'
H/C-2'
H/C-5'
H/C-6'
H/C-8'a
H/C-2
H/C-3
H/C-5'
H/C-6'
H/C-7'
H/C-8'
H/C-2
H/C-3
H/C-2'/6'
H/C-3'/5'
H/C-7'
H/C-3'/5’
H/C-2'/6’
H/C-7’
H/C-8’
H/C-7’
H/C-8’
H/C-3'/5'
H/C-2'/6'

2.09c
1.3 (s)
3.55 (d, 3.5)
4.26c
6.72 (d, 8.0)
6.69 (d, 1.9)
6.56 (d, 7.9)
6.68 (d, 1.9)
6.65 (d, 7.9)
6.54 (dd, 1.9. 7.9)
3.17 (dd, 8.9, 9.1)
5.32c
2.94 (dd, 3.1, 15.9)
2.83 (dd, 8.3, 15.5)
6.79 (d, 8.0)
6.95 (d, 2.0, 8.2)
7.57 (d, 16.0)
6.29 (d, 16.0)
5.32c
2.94 (dd, 3.1, 16.0)
2.83 (dd, 8.3, 16.0)
7.47 (d, 8.8)
6.8 (d, 8.9)
7.65 (d, 16.0)
6.8 (d, 8.6)
7.52 (d, 8.6)
7.73 (d, 16.0)
6.44 (d, 16.0)
7.62 (d, 16.0)
6.34 (d, 16.0)
6.96 (d, 8.1)
7.34 (d, 8.4)

17.9
22.2
60.7
68.6
173.6
115.2
115.3
119.5
115.7
114.6
119.6
73.6
71.9
39.6
115.1
121.5
145.4
114.1
71.9
39.6

HSQC,
HMBC

↓

↓

↓

↑

↑

nd

nd

nd

nd

↓

↓

nd

nd

↑

↑

HSQC
HSQC,
HMBC
HSQC,
HMBC,
TOCSY

HSQC,
HMBC,
TOCSY

131.2
145.6
115.3
130.2
148.8
112.7
145.5
114.2
115.4
131.5

↓

HSQC,
HMBC,
TOCSY,
COSY
HSQC,
HMBC
HSQC,
HMBC
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19

H/C-2'/6'
Hydroxyanigorufone H/C-3'/5'
H/C-7

7.23 (d, 8.5)
6.85 (d, 8.5)
8.27 (d, 8.4)

130.6
115.5
136.1

HSQC,
HMBC

↑

a

Metabolites identified by comparing NMR data with authentic standards

b

Metabolite isolated and 1D- and 2D-NMR data are matched with the data reported in the literature (Franzyk et al., 2004)

c

Signals or multiplicities were not determined because of signal overlap.

d

(↑) or (↓): up- or down-regulation of metabolites.

e

Chemical structures are shown in Fig. S1

↑
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Identification and quantification of induced defense metabolites in Musa after infection
with M. fijiensis
Phytochemical analysis of infected Musa plants. Among the up-regulated metabolites found
by means of the above-described metabolomic approach, only a small number of phenolic
compounds were identified (Table 1, entry 12-19). However, the many overlapping signals in the
overcrowded aromatic region in the 1H NMR spectra (Fig. 1) suggested more up-regulated
phenolics occur in these crude samples, especially in the 'KTR' variety, and made the
identification of the signals difficult even using 2D NMR experiments.
Therefore, a conventional phytochemical analysis of the infected leaves of both Musa
cultivars showing BLSD symptoms (35 days post inoculation (dpi)) was carried out in order to
identify the metabolites produced in response to the pathogen attack. HPLC-guided isolation
together with 1D- and 2D NMR spectroscopy and HRMS analysis allowed the identification of
fifteen phenylphenalenone-type compounds or structural analogues in the resistant variety 'KTR'
while ten were found in the susceptible variety 'Williams' (Table 2). Among these compounds
are irenolone (4) and hydroxyanigorufone (5), which have been identified in the metabolomic
approach. Further compounds such as 2-(4′-hydroxyphenyl)-naphthalic anhydride (1),
methoxyanigorufone (7) and anigorufone (9) have been reported to be strongly toxic to fungi
(Hirai et al. 1994; Kamo et al. 1998; Lazzaro et al. 2004; Luis et al. 1995; Otálvaro et al. 2002,
2007). The 1H NMR spectra of the compounds from the infected Musa leaves matched those of
authentic in-house standards, and HRMS spectra were fully consistent with the suggested
structures.
All compounds, except compound 10, are known natural products and have been identified
from Musa plants (Kamo et al. 1998, 1998; Liu et al. 2014; Luis et al. 1993, 1994, 1995, 1999;
Otálvaro et al. 2002). Unfortunately, some minor compounds remained unidentified due to the
limited amount isolated and/or to insufficient chemical stability during the isolation procedure
(data not shown). Their role in the plant defense therefore remains unclear.
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Table 2. Phenylphenalenones isolated by HPLC and identified by 1D- and 2D NMR spectroscopy and HRMS from 'KTR' leaves after
infection with M. fijiensis strain E22. Occurrence of the metabolites is represented by (+) or absence/not detectable (-).

Peak

Rt
(min)

1

74.77

2

Compound

Chemical structure

Occurrence in Musa
'Williams'

'KTR'

2-(4'-Hydroxyphenyl)-1,8-naphthalic
anhydride

+

+

82.12

trans-2,3-Dihydro-2,3-dihydroxy-9phenylphenalenone

+

+

3

85.30

2-Phenyl-1,8-naphthalic anhydride

+

+

4

87.81

2-Hydroxy-4-(4′-hydroxyphenyl)-1Hphenalen-1-one (irenolone)

+

+

5

89.35

2-Hydroxy-9-(4′-hydroxyphenyl)-1Hphenalen-1-one (hydroxyanigorufone)

+

+
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6

89.99

7

2-Methoxy-9-(4'-hydroxyphenyl)-1Hphenalen-1-one

-

+

101.62 Methoxyanigorufone

-

+

8

102.92 Dihydroxyanigorootin

+

+

9

104.20 Anigorufone

+

+

10

2-Hydroxy-9-(4'-methoxyphenyl)-1H105.89 phenalen-1-one
(4′-O-methylanigorufone)

-

+

11

107.55 Isoanigorufone

-

+
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12

2-Hydroxy-4-(4'-methoxyphenyl)-1H108.84 phenalen-1-one
(4′-O-methylirenolone)

+

+

13

118.98 3,3′-bis-Hydroxyanigorufone

+

+

14

120.64 Hydroxyanigorootin

-

+

15

121.94 Anigorootin

+

+

75

Chapter 4

Quantification of phenylphenalenone-type compounds based on the progress of the
disease. In order to study the hypothetical correlation between the virulence of M. fijiensis to
Musa plants and the formation of phenylphenalenones, in vitro plants of 'Williams' and 'KTR'
were treated in independent experiments with the fungal strains, E22 and Ca10_13, after which
the symptoms were evaluated and the leaf tissues quantitatively analyzed for the presence of
phenylphenalenones. The two M. fijiensis strains were chosen according to their different
tolerance (Ca10_13) or susceptibility (E22) to the fungicide propiconazole, and their conidia
were used as infective propagules for exploring differential responses of susceptible and resistant
Musa varieties. The virulence of the two strains was evaluated by visually inspecting the number
and area of the lesions on the surface of the Musa leaves at different time points after infection
(Fig. 5). At early stages of infection, the resistant variety 'KTR' exhibited some symptoms
characterized by small red specks (~1 mm diam.) on the lower surface of the leaf in response to
each M. fijiensis strain, E22 and Ca10_13; these symptoms were stronger compared to symptoms
observed in the susceptible 'Williams' variety (Table S1). This was evident by symptom-free
leaves in 'Williams' at 8 dpi. The further development of the BLSD symptoms is clearly different
for the infection of the two Musa varieties treated with the strain E22 or Ca10_13. While the
number and area of the lesions constantly increased in 'Williams', these symptoms remained
almost unaltered on the leaves of 'KTR' after infection with E22 but increased after infection
with Ca10_13, reaching severe damage after 50 dpi (Fig. 5, Table S1).
After evaluating the BLSD symptoms, an HPLC-DAD approach was applied to quantify the
inducible phenylphenalenone-type compounds produced by the two Musa varieties 'Williams'
and 'KTR' during their response to the pathogen. The concentration of phenylphenalenones was
determined either in an early stage (25 dpi) or a later stage (50 dpi) of the disease. The results for
the 'KTR' variety (Fig. 6a) showed irenolone (4) as the major metabolite, with a concentration
exceeding 25 nmol mg-1 DW. Metabolites 2, 4, 7, 9, 11 and 12 were produced in a concentration
>10 nmol mg-1 DW. All other compounds were produced in a concentration range between 1.5
and 9.5 nmol mg-1 DW.
A significant increase in the concentration of compounds 6, 10, and 13 - 15 (p<0.001)
during the observed period of time from 25 to 50 dpi was found when the 'KTR' plants were
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treated with M. fijiensis strain E22. In contrast, compounds 5 (hydroxyanigorufone) and 9
(anigorufone) were significantly reduced in concentration between 25 and 50 dpi (p<0.001) (Fig.
6a). When the plants were treated with M. fijiensis strain Ca10_13, mainly compounds 4 and 14
but also 8, 10 and 15 were significantly induced at 50 dpi while metabolite 9 again was found to
be significantly reduced (p<0.001).

Fig. 5. Number and area of BLSD symptoms determined for Musa 'Williams' (panels a and c)
and 'KTR' (panels b and d) varieties during the interaction with M. fijiensis strain E22 and
Ca10_13. Letters a – d in the box-plot indicate significant differences among the treatments.
One-way ANOVA, p<0.001=***, p<0.05=*.
The Musa 'KTR' variety reacted differently to the infection by each fungal strain. Overall, a
significant increase in the production of compounds 2, 3, 4, 12 and 14 were observed during the
response against the strain Ca10_13, while compounds 6, 7, 9 and 11 were more induced by the
infection with the strain E22 when compared with Ca10_13 (p<0.001).

77

Chapter 4

Fig. 6. Quantification of the phenylphenalenones (nmol PP mg-1 DW) identified in 'KTR' (panel
a) and 'Williams' (panel b) varieties after infection with M. fijiensis strain E22 at 25 and 50 dpi
and with M. fijiensis strain Ca10_13 at 25 and 50 dpi. Letters a - d indicate significant
differences among treatments within the specified time (dpi) and compound (Three-Way
ANOVA, Holm-Sidak post hoc test: P<0.05; n.s: not significant), n.d: not detectable. For
chemical structures of compounds 1 – 15, see Table 2.
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Like 'KTR', the variety 'Williams' also exhibited one dominant metabolite in addition to a
number of medium-concentrated and minor compounds. However, unlike 'KTR', which mainly
produced irenolone (4), its positional isomer, hydroxyanigorufone (5) was the major compound
in 'Williams' (25-52 nmol mg-1 DW) (Fig. 6b). Only two further compounds, 4 and 13, also
exceeded the concentration of 10 nmol mg-1 DW, while compounds 1-3, 8, 9, 12, and 15
remained below that level and were produced in the range of 1.3-8.5 nmol mg-1 DW.
According to the statistical analysis, a significant increase in the time-dependent induction
of metabolites 2 and 3 were observed at 50 dpi, independently of the fungal strain used for the
infection. Compounds 12 and 13 followed an induction pattern similar to that of 2 and 3 when
the plant was treated with M. fijiensis strains E22 and Ca10_13, respectively. In contrast, the
concentration of compounds 4, 5 and 9 was dramatically reduced during the time BLSD
developed, which is when the strain Ca10_13 was used (p<0.001). A remarkable drop of the
concentration of hydroxyanigorufone (5) from ~ 52 to ~ 27 nmol mg-1 DW was observed
between 25 and 50 dpi. Similar results were found for compounds 5 and 9 after infection with
strain E22 (Fig. 6b). The de novo biosynthesis of metabolites 1, 8, and 15 remained almost
unaffected both by the time point evaluated and by the fungal strain.
An overall overview of the total content of phenylphenalenones (and structural analogues)
by the two Musa varieties was obtained by adding up the amount of each metabolite per mg of
plant dry material. Thus, both after inoculation with the strain E22 and the strain Ca10_13, the
susceptible variety 'Williams' produced lower levels of phenylphenalenones compared to the
resistant variety 'KTR' (Fig. 7). For treatment with E22, ~ 68 nmol mg-1 DW were found in
'Williams' and ~ 120 nmol mg-1 DW were found in 'KTR'. No significant statistical differences in
the total phenylphenalenone content were detected between plants at 25 dpi showing early BLSD
symptoms and plants at 50 dpi showing stronger symptoms. However, large differences in total
phenylphenalenone concentration between the early (25 dpi) and the late stage of the disease (50
dpi) were observed for both Musa varieties when infected with the M. fijiensis strain Ca10_13.
However, 'Williams' and 'KTR' responded differently as the disease progressed. While the PP
content in 'Williams' dropped significantly from ~ 100 nmol mg-1 DW at 25 dpi to ~ 70 nmol mg1

DW at 50 dpi, the PP content in 'KTR' increased from ~ 120 to ~ 140 nmol mg-1 DW (Fig. 7).
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Fig.7. Total content of phenylphenalenone-type compounds (PP) produced by the Musa varieties
'Williams' and 'KTR’ during 25 and 50 dpi with two different M. fijiensis strains. Letters a - d
indicate significant differences among treatments (One-Way ANOVA, Holm-Sidak post hoc test:
P<0.001).
Antifungal bioassay of the major phenylphenalenones
The major phenylphenalenone-type compounds identified in both Musa plants were assayed
for their antifungal properties against the two M. fijiensis strains E22 and Ca10_13 used in this
study. The half maximal inhibitory concentration (IC50) values were generated using the method
reported by Peláez et al. (Peláez et al. 2006) with modifications as described in Materials and
Methods and using propiconazole as a positive control. The results showed that both fungal
strains were sensitive not only to the commercial fungicide propiconazole but, though to a
different extent, also to most of the phenylphenalenone-type compounds assessed. Among
compounds 3 – 5, 7, 9 – 11, 14, and 15 tested, only hydroxyanigorootin (14) and 2-phenyl-1,8napthalic anhydride (3) did not display significant inhibitory activity against both M. fijiensis
strains. Most of the IC50 values were found to be in the range between ~ 0.05 and ~ 0.15 mM
(Fig. 8). Isoanigorufone (11), a 4-phenylphenalenone found in the resistant variety 'KTR' but not
in susceptible 'Williams', displayed antimycotic activity in IC50-E22 = 0.032±0.002 mM under
light conditions. This value represented the best antifungal bioactivity among all the compounds
tested. The antimicrobial activity of irenolone (4), hydroxyanigorufone (5) and 4′methoxyirenolone (12) against both M. fijiensis strains also increased significantly when the
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experiments were carried out under light-controlled conditions (p<0.05). The antifungal activity
of anigorufone (9) and methoxyanigorufone (7) was also significantly light-dependent but only
in response to M. fijiensis Ca10_13 (p<0.05) (Fig. 8). The results also showed that M. fijiensis
Ca10_13 was not only tolerant to propiconazole but also to the phenylphenalenones assessed in
this study. This became especially evident by comparing the growth of the strain E22 treated
with anigorufone (9), irenolone (4) (under darkness only, p<0.05) and methoxyanigorufone (7)
(under darkness and photoperiod treatments, p<0.001) with the growth of the strain Ca10_13
under the same conditions (Fig. 8).

Fig. 8. Half maximal inhibitory concentration (IC50) of the major inducible metabolites found in
both Musa varieties during infection with M. fijiensis. Letters a - c indicate significant
differences among treatments within the specified compound (Two-Way ANOVA, Holm-Sidak
post hoc test: P<0.001; n.s: not significant). For chemical structures of compounds 3 – 5, 7, 9 –
12, 14 and 15, see Table 2.
Metabolism of phenylphenalenones by the fungus
Motivation. The finding that, despite of the induced production of antifungal
phenylphenalenones, the BLSD symptoms caused by M. fijiensis strains E22 and Ca10_13
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increased not only on the leaves of the susceptible Musa variety 'Williams' but also on the leaves
of the resistant variety 'KTR' (for the case when the infection experiments were carried out with
the strain Ca10_13), raised the question about the mechanism which enables the fungus to
counteract the plant defense. The metabolism of defense chemicals is one of the most important
ways the resistance of a plant is overcome by the pathogen (Morrissey & Osbourn 1999; Pedras
& Ahiahonu 2005). The decreasing concentration of some of the most active antifungal
compounds, especially anigorufone (9), during the progressing disease supported the suggestion
that metabolic deactivation might be involved in the virulence mechanism of M. fijiensis.
Therefore, selected phenylphenalenones were incubated under in vitro conditions with the
fungus, and the mycelium and the fungal medium were screened for potential metabolites. Strain
Ca10_13 was used in these experiments because of its stronger virulence compared to strain E22.
Phenylphenalenones were applied at a concentration of 50% of the IC50. In addition to chemical
analysis of phenylphenalenone-derived metabolites, clues for the plant-fungus interaction such as
the fungal biomass, the extracellular protein level and ergosterol concentration were determined.
Fungal biomass production during incubation with phenylphenalenones.

Seven

phenylphenalenone-type compounds were incubated at three different concentrations (10, 20 and
40 ppm) with the M. fijiensis strain Ca10_13. The results showed that anigorufone (9), 4′-Omethylirenolone (12) and 2-phenyl-1,8-naphthalic anhydride (3) did not affect the production of
biomass in comparison with the control (Fig. 9). However, incubation with isoanigorufone (11),
hydroxyanigorufone (5) and 4′-O-methylanigorufone (10) resulted in a biomass production up to
~ 80% in comparison with the control. The inhibition of the growth of fungal mycelium by
compounds 5 and 10 was significantly dose-dependent (Fig. 9). Interestingly, already the lowest
applied concentration (10 ppm) of methoxyanigorufone (7) significantly inhibited the biomass
production to approximately 80% of the control. At concentrations of 20 and 40 ppm, biomass
production was dramatically reduced to approximately 30% of the control, demonstrating that
the microorganism was enormously affected by this particular compound but not the other
compounds.
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Fig. 9. Biomass produced by M. fijiensis strain Ca10_13 under in vitro treatment with different
phenylphenalenone-type compounds assessed at 10, 20 and 40 ppm. Data were normalized for
final biomass determination based on the growth of the non-treated fungus (control). Letters a - b
indicate significant differences among treatments with the specified compound (Two-Way
ANOVA, Holm-Sidak post hoc test: P<0.001; n.s: not significant). For chemical structures of
compounds 3, 5, 7, and 9 – 11, see Table 2.
Extracellular protein production. Extracellular microbial proteins can be involved in the
degradation and deactivation of chemical defenses of competing organisms (Morrissey &
Osbourn 1999; Pedras & Ahiahonu 2005). Therefore, the production of soluble extracellular
proteins was analyzed in the culture medium in which the fungus was incubated with
phenylphenalenone-type compounds found in both Musa varieties. The aim of the analysis was
to find out whether individual phenylphenalenones have a promoting or inhibiting effect on the
protein production of the microorganism. The results showed clearly that isoanigorufone (11)
and methoxyanigorufone (7) significantly induced the production of extracellular proteins in a
dose-dependent manner and caused pronounced increase when concentrations of 20 and 40 ppm
were applied (Fig. 10). However, no significant differences in comparison with the control were
found when the fungal culture was incubated with anigorufone (9), 4′-O-methylirenolone (12),
4′-O-methylanigorufone (10) and 2-phenyl-1,8-naphthalic anhydride (3). Interestingly,
hydroxyanigorufone (5) reduced the production of extracellular proteins to approximately 50%
that of the control.
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Fig. 10. Soluble extracellular protein produced in in vitro culture medium of M. fijiensis strain
Ca10_13 after incubation with phenylphenalenone-type compounds at 10, 20 and 40 ppm. Data
were normalized based on the total soluble extracellular protein determined to the non-treated
fungal incubation (control). Letters a - c indicate significant differences among treatments with
the specified compound (Krustal-Wallis One-way ANOVA on Ranks, Tukey test: P<0.05; n.s:
not significant). For chemical structures of compounds 3, 5, 7, and 9 – 11, see Table 2.
Quantification of ergosterol by 1H NMR analysis. Ergosterol is the major sterol of the fungal
cell membranes and an important target molecule for many fungicides which exert their mode of
action through the inhibition of its biosynthesis (Debieu et al. 1998, 2013; Spotts & Cervantes
1986). In order to test whether phenylphenalenones affect ergosterol biosynthesis in M. fijiensis,
a

1

H NMR-based quantification approach was used. Again, isoanigorufone (11) and

methoxyanigorufone (7) were the metabolites that differ in their activity from the other
compounds assessed. For 11, a significant increase was observed when the compound was
assessed at 10 and 20 ppm, but this was not the case for the concentration of 40 ppm, where the
production of ergosterol was only slightly above the control level (Fig. 11). During the
incubation with hydroxyanigorufone (5) an increase of the ergosterol concentration of 40% in
comparison with that of the control was observed only when 20 ppm of the phenylphenalenone
was applied. A similar increase of the ergosterol concentration was detected with 4′-Omethylirenolone (12), but no dose-dependence was observed in this case. In contrast to treatment
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with compounds 5 and 12, and especially with isoanigorufone (11), which all resulted in an
enhanced ergosterol concentration, incubation of the fungus with methoxyanigorufone (7)
drastically inhibited the production of ergosterol since it was not detectable at concentrations of
20 and 40 ppm. Anigorufone (9) and 2-phenyl-1,8-napthalic anhydride (3) did not show
significant differences in comparison with the control, and no dose-dependence was detected.

Fig. 11. Ergosterol production by M. fijiensis strain Ca10_13 after in vitro incubation with
different phenylphenalenone-type compounds at 10, 20 and 40 ppm. Data were normalized based
on the total ergosterol production determined for the non-treated fungal culture (control without
phenylphenalenones). Letters a - c indicate significant differences among treatment
(concentration) with the specified compound (Two-Way ANOVA, Holm-Sidak post hoc test:
P<0.001; n.s: not significant). n.d: not detected. For chemical structures of compounds 3, 5, 7,
and 9 – 11, see Table 2.
Quantification of phenylphenalenones in M. fijiensis cultures. The question of whether
phenylphenalenone-type compounds are taken up by the mycelial tissue or persist in the medium
during incubation with the fungus was assessed by HPLC. Fungal cultures of strain Ca10_13
were incubated for 8 days with three different concentrations (10, 20 and 40 ppm) of the
corresponding phenylphenalenones, as described above. Each phenylphenalenone was then
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quantitatively determined in the medium as well as in the mycelium. The results showed a very
different distribution of the phenylphenalenones between the medium, the mycelium, and a nonrecovered portion of the compounds (Fig. 12).
A considerable portion of most compounds persisted in the medium. For compounds 9 12, this portion was between 27 and 45 % at the lowest concentration tested and increased up to
approximately 70 to 80 % at the highest concentration. Simultaneously, a certain percentage of
compounds 9 – 12 accumulated in the mycelium biomass and showed a tendency to decline at
higher doses of the applied compounds. According to the data shown in Fig. 12, the portions of
compounds 9 – 12 detected in the medium and in the fungal mycelium do not sum up to 100%:
an essential portion was missing, exceeding 40% in some cases. Again, the non-recovered
portion tends to decline with increasing doses of the applied compounds.
However, generalizing with regard to the data is problematic and an individualized
consideration of the distribution pattern of most compounds seems to be reasonable, at least in
the case of hydroxyanigorufone (5) and compounds 3 and 7. Remarkably, compound 5 was no
longer detectable after incubating a dose of 10 ppm with M. fijiensis strain Ca10_13, and even
more than 70% of the highest applied dose of 40 ppm remained unrecovered. Unlike all other
phenylphenalenones applied, methoxyanigorufone (7) and 2-phenyl-1,8-naphthalic anhydride (3)
were taken up by the mycelium only to a relatively small (~ 10% for 7) or even negligible extent
(3), that is, they remained mostly unchanged in the medium. For compound 3, this finding
coincided with its inactivity on the biomass production of M. fijiensis strain Ca10_13 as shown
in Fig. 9.
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Fig. 12. Quantification of phenylphenalenones after incubation of M. fijiensis strain Ca10_13
with different doses (10, 20 and 40 ppm) of the specified compound. Data were normalized as a
percentage based on the peak area generated by HPLC-DAD analysis of the negative controls of
each compound. Phenylphenalenone recovery from culture medium (dark gray bars), mycelium
(light gray bars) and the unrecovered portions of phenylphenalenones were determined as the
difference between the applied dose and the concentration determined in the medium and the
mycelium after 8 d of incubation (white bars). Panel a: isoanigorufone (11); b: anigorufone (9);
c: hydroxyanigorufone (5); d: 4′-O-methylirenolone (12); e: 4′-O-methylanigorufone (10); f:
methoxyanigorufone (7) and g: 2-phenyl-1,8-napthalic anhydride (3). Different letters or
asterisks indicate significant differences among treatments (concentrations) of the compound
analyzed (One-Way ANOVA, Holm-Sidak post hoc test: P<0.05; n.s: not significant).
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Metabolism of phenylphenalenones by the fungus. The extensive (compounds 9 – 12) or
even complete (compound 5 at 10 ppm) disappearance of phenylphenalenones (Fig. 12) during
incubation with the fungus could be explained by metabolic processes. Therefore, in the next
step of this study, the mycelium and the culture medium were analyzed for potential metabolites
of phenylphenalenones. In an up-scaled incubation experiment with M. fijiensis strain Ca10_13,
synthetic anigorufone (9) was used as a model compound to study the metabolism. Except for the
parent compound 9, no phenylphenalenone-related compound was detected in the liquid culture
medium, and the HPLC trace of the medium was identical with that of the control sample (data
not shown).
However, an additional peak, which was not present in the control sample, emerged in the
UV and selected ion chromatograms (LC-MS, positive ion mode) of the methanolic mycelium
extract (Fig. 13). The mass spectrum of this peak (Rt = 7.95 min) displayed a molecular ion of
m/z 353.2 [M+H]+ and a fragment ion of m/z 273.2, suggesting a metabolite of compound 9. HRMS analysis confirmed the fragment ion as anigorufone (9) ([M+H]+ found: m/z 273.0908, calc.:
m/z 273.0916) and the molecular ion peak m/z 353.0475 ([M+H]+) was consistent with a sulfated
metabolite of 9 ([M+H]+ calc.: m/z 353.0484). Since the hydroxyl group in position 2 of
anigorufone (9) is the only place where a sulfate group could be attached to the molecule, the
new metabolite must be anigorufone-2-sulfate (Fig. 13).
After anigorufone-2-sulfate was identified as a metabolite of anigorufone (9), the mycelia
and extracts obtained after incubation of further phenylphenalenones were also analyzed by
UPLC-HRMS for sulfate metabolites. While no such compounds were detected in the culture
media, the mass spectra of the methanolic extracts of mycelia incubated with compounds 10 to
12 displayed not only peaks of the parent compounds but also characteristic peaks of
corresponding sulfate conjugates (Table 3). Like anigorufone (9), compounds 10 to 12 have a
single hydroxyl group at C-2 and therefore the sulfate unit of their conjugates must be attached to
this particular position. A sulfate conjugate was also found for hydroxyanigorufone (5) (Table 3).
As in the conjugates of compounds 10 to 12, the position of the sulfate in the
hydroxyanigorufone conjugate was arbitrarily assigned to the ortho-hydroxyketone functionality,
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although two hydroxyl groups, 2-OH and 4'-OH, are available in this special case. No sulfate
conjugate was produced during incubation of the methoxyanigorufone (7) with the fungus. This
was not unexpected because no free hydroxyl group was available in this structure. Furthermore,
as shown in Fig. 12, the uptake of compound 7 into the mycelia was very limited.

Fig. 13. LC-ESIMS analysis of anigorufone (9) and its metabolite in the methanolic extract of M.
fijiensis Ca10_13 mycelium. Panel a: UV chromatogram at 254 nm displaying peaks of
anigorufone (Rt = 15.3 min) and an anigorufone-derived metabolite (Rt = 7.8 min) identified as
anigorufone-2-sulfate. Panel b: Extracted ion chromatogram (EIC) at m/z 353.2 [M+1]+, the
mass corresponding to anigorufone-2-sulfate; Panel c: Mass spectrum of anigorufone-2-sulfate
obtained at Rt = 7.8 min showing the molecular ion peak m/z 353.2 [M+H]+ and the fragment ion
peak of m/z 273.2, corresponding to anigorufone (9).
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Table 3. Phenylphenalenone sulfates identified in methanolic extracts of mycelia after incubation
of the parent phenylphenalenones with M. fijiensis Ca10_13.
Entry
(PP)

Parent compound

tR
(min)*

Product

HRMS (m/z, amu)
Calc.
Found

9.52

[M+H]+
369.0433

[M+H]+
369.0428

-

-

-

9

13.27

[M+H]+
353.0484

[M+H]+
353.0475

10

14.21

[M-H]381.0438

[M-H]381.0435

11

11.78

[M+H]+
353.0484

[M+H]+
353.0475

12

14.53

[M-H]381.0438

[M-H]381.0436

5

**

7

No metabolite detected

*Retention time of the phenylphenalenone sulfate-derivative (data from UHPLC-ESI-MS analysis).
**The isomeric hydroxyanigorufone-4'-sulfate cannot be excluded from the available HRMS data.
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DISCUSSION
Monitoring Musa’s metabolic responses during M. fijiensis attack
1

H NMR-based metabolomics revealed similar biochemical profiles for both Musa varieties,

'Williams' (susceptible) and 'Khai Thong Ruang' (resistant), in response to their interaction with
the fungus Mycosphaerella fijiensis. Indeed, infection by this pathogen not only triggered the
primary metabolism but also strongly affected the biosynthesis of specialized metabolites,
especially aromatic compounds. These effects of infection were inferred from evaluating the
group discrimination of each Musa plant part after the principal component analysis and the
corresponding loading plots (Fig. 3). While the levels of carbohydrates, represented mainly by
glucose and sucrose, rose in the infected plant tissue, the levels of most amino acids (such as Lalanine and L-threonine) declined. L-Methionine was an exception and tended to be more upregulated in the infected Musa plants than in the non-treated plants. These findings confirm
previous reports of plant-pathogen interactions that suggest that the translocation of sugars from
the roots or other plant organs to the infected tissue may help counteract the metabolic
imbalances caused by microbial invaders (Heil & Bostock 2002).
Carbohydrates are also involved in the biosynthesis of a broad spectrum of specialized
metabolites and can mediate the gene expression of pathogenesis-related (PR) proteins (Aliferis
et al. 2014; Herbers et al. 1996; Herbers et al. 2000; Scharte et al. 2005). Gene expression
demands a substantial pool of amino acids for the synthesis of proteins commonly associated
with the defense against pathogens. For example, chitinases and glucanases have been reported
to play a role in the interaction between Musa and M. fijiensis and in other plant pathosystems
(Harish et al. 2009; Torres et al. 2012). The production of defense-related proteins could explain
the reduced content of amino acids found in the infected plant tissue of both Musa varieties.
Surprisingly, L-methionine, which was the only amino acid positively regulated during the
infection, may be associated with enzymatic reactions that make up the methionine Smethyltransferases

involved

in

the

O-methylation

of

some

phenylpropanoids

and

phenylphenalenones-type compounds, as has been reported by Otálvaro et al. (Otálvaro, et al.
2010).
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An enhanced number of signals in the 1H NMR region from δ 6.0-9.0 were the most relevant
features observed in the loading plots (Fig. 3) of both Musa varieties. Phenolic metabolites were
more strongly up-regulated in the infected local tissue of the resistant variety 'KTR' than in the
infected local tissue of the susceptible variety 'Williams', thus providing the first hints that the
two varieties respond differently to the infection with the pathogen.
Dopamine, an animal neurotransmitter also occurring in plants (Kulma & Szopa 2007; Li et
al. 2015), is a catecholamine identified previously in banana fruits (Kanazawa & Sakakibara
2000). In our experiments it was found in Musa leaves. We observed that it declined in the nontreated areas of infected plants (Fig. 2, samples B and D). Simultaneously, a positive correlation
was observed for dopaol-β-D-glucoside, identified for the first time in healthy Musa plant tissue.
Dopamine was thought to serve as a substrate in the biosynthesis of its glucoside, which then
played a role as a phytoalexin. However, this assumption was ruled out since dopaol-β-Dglucoside (and dopamine as well) did not show any antifungal properties against M. fijiensis
(Fig. S2). Thus, the role of those metabolites in Musa plant defense remains to be studied.
A group of phenylpropanoid conjugates was identified for the first time as constituents of
Musa plants (Table 1, entries 14-17). 1'-O-(E-4-Coumaroyl)-β-glucoside may function as a depot
compound which, after being hydrolyzed to p-coumaric acid by a putative cell wall-associated βglucosidase (Chong et al. 1999; Chong et al. 2002), could be used as a precursor for the
biosynthesis of phenylphenalenone-type compounds (Hölscher & Schneider 1995; Schmitt et al.
2000). This phenomenon could explain the reduced levels of such phenylpropanoids in the
infected tissue. Moreover, phenylpropanoids are not only involved in the biosynthesis of
phytoalexins of the phenylphenalenone-type but also play a role in lignification processes in
order to counteract the invading pathogen (Liang et al. 2006).
Irenolone (4) and hydroxyanigorufone (5), the two major phenylphenalenones identified
from the metabolomic analysis (Table 1), were induced only in the infected plant tissue; along
with other phenolic compounds, these major phenylphenalenones constituted the chemical basis
for the Musa response to M. fijiensis. Unfortunately, due to the overlapping 1H NMR signals,
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metabolic changes of the other phenolics could be not observed in the loading plots (Fig. 3) but,
rather, required a conventional phytochemical approach.
Incompatible Musa-M. fijiensis interaction depends on the pathogen virulence
Phytochemical

analysis

of

the

infected

Musa

tissue

led

to

identify

fifteen

phenylphenalenone-type compounds and structural analogs from the resistant variety 'KTR'. A
smaller number (ten) of such metabolites appeared in the defense response of the susceptible
variety 'Williams'. With the exception of 2-hydroxy-9-(4'-methoxyphenyl)-1H-phenalen-1-one
(10), all other compounds had been previously reported in different varieties of Musa, and their
occurrence has been correlated with the resistance phenotype exhibited by some Musa varieties
against pathogens and herbivores (Hölscher, et al. 2014; Otálvaro, et al. 2007). Nonetheless,
there has been little quantitative analysis of phenylphenalenones as BLSD progresses, and
resistant traits have not been studied with isolates of M. fijiensis that differ in their virulence.
Therefore, two strains of M. fijiensis, E22 and Ca10_13, were used as inoculum. According to
the method proposed by Cañas et al. (Cañas-Gutierrez, et al. 2009), the strain E22 was classified
as ‘sensitive’ and Ca10_13 as ‘tolerant’ to the fungicide propiconazole. It is important to note
that sensitivity to the fungicide propiconazole does not necessarily correlate with a high degree
of virulence of the pathogen. However, fungicide tolerance could help the microorganism
overcome the plant’s chemical defense and/or synthetic fungicides.
For the variety 'KTR', an early response was observed by the appearance of small specks on
the lower surface of the infected leaf 7-9 dpi with the fungus, regardless of which M. fijiensis
strain was used; no symptoms were detectable in the variety 'Williams' up to 15-17 dpi (Table
S1). This difference between varieties is not surprising since an early recognition of virulence
effectors from the pathogen triggers the defense mechanism in Musa (as they do in other plantpathogen systems), conferring resistance on plants that are attacked (Hoss et al. 2000; Jacome et
al. 2002; Torres, et al. 2012).
The resistance conferred on Musa 'KTR' in its interaction with M. fijiensis strain E22 was
confirmed by the slow progress of BLSD determined at the two points of time. In contrast, M.
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fijiensis Ca10_13 not only exhibited a higher degree of virulence than E22 but also was able to
overcome the resistance of 'KTR' and cause severe foliar damages in the infected leaf (Fig. 5,
Table S1). According to previous reports, the breakdown of the resistance in Musa caused by M.
fijiensis has also been observed in other Musa varieties such as the variety 'Yangambi Km5',
which is classified as highly resistant to this particular pathogen (Fullerton & Olsen 1995;
Mouliom-Pefoura 1999).
For the variety 'Williams', the necrotic symptoms of BLSD were larger than those observed
for 'KTR' during the progress of the fungal infection; this difference was expected for a
susceptible variety. Nonetheless, leaf damage was increased when M. fijiensis Ca10_13 was used
as a pathogen, confirming the strong virulence of this pathogen.
Priming defense mechanisms in plants at early stages of infection, after the recognition of
the effectors signals produced by a pathogen, are crucial in the incompatible plant-pathogen
interactions (Conrath et al. 2006; Frost et al. 2008). As demonstrated for some resistant Musa
varieties,

the

production

of

pathogenesis-related

proteins,

lignification

processes,

hypersensitivity response (HR) and accumulation of phytoalexins must work in a concerted
action in order to enable plants to block pathogenesis and herbivory (Harelimana et al. 1997;
Hölscher et al. 2014; Otálvaro et al. 2002; Quiñones et al. 2000; Torres et al. 2012).
Here, the BLSD symptoms appearing on the leaves of the 'KTR' variety after infection with
the strain Ca10_13 clearly demonstrated that resistance in this Musa variety could be overcome
by a highly virulent pathogen. Analysis of the chemical composition of both Musa varieties
during their responses to the two fungal strains showed that phenylphenalenone-type compounds
constituted the major induced metabolites both in 'Williams' as well as in 'KTR'. The susceptible
variety 'Williams' produced not only a smaller number but also lower levels of these metabolites
(less than 10 nmol mg-1 DW) compared to 'KTR'. Hydroxyanigorufone (5) appeared to be the
exception: it was the most prominent compound synthesized in 'Williams' in response to the
strain Ca10_13. Nevertheless, as the disease developed, the concentration of hydroxyanigorufone
(5) and anigorufone (9) decreased, while that of other compounds (e.g. 1-4) stayed constant or
even slightly increased. The reduced levels of compounds 5 and 9 at 50 dpi could be due to an
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oxidative metabolic reaction and may result in the naphthalic anhydrides 1 and 3, respectively.
Reactive oxygen species like hydrogen peroxide, which have been reported to be produced in the
infected tissue of Musa plants (Torres et al. 2012), could function as the oxidizing agent. In
'Williams', the susceptibility seemed to be associated with a late recognition of the pathogen
which then successfully colonizes the plant tissue. This is consistent with a relatively low total
level of phenylphenalenones (Fig. 7), although hydroxyanigorufone (5), which is one of the
active phenylphenalenones (Fig. 8), was overproduced in comparison with the other metabolites
(Fig. 6).
In contrast, the 'KTR' variety not only rapidly recognized the pathogen but it also responded
with a burst of phenylphenalenones, providing an enhanced chemical response to both fungal
strains. This variety produced a number of phenylphenalenones in concentrations over 10 nmol
mg-1 DW; irenolone (4) was the most abundant compound (> 25 nmol mg-1 DW) (Fig. 6).
Compound 4 and its congeners seemed to have a strong inhibiting effect on the fungal
colonization of plant tissue infected by the strain E22 but not on tissue infected by Ca10_13 (Fig.
6). The response of the two Musa varieties to the two fungal strains E22 and Ca10_13 produced
slight quantitative differences but no qualitative differences in the metabolic patterns (data not
shown).
In 'KTR', the concentrations of compounds 2 - 4, 12 and 14 increased significantly in
response to Ca10_13 at 25 or 50 dpi but not in the response to the strain E22. Irenolone (4) was
the metabolite with the highest response against Ca10_13 at 50 dpi in comparison with all other
induced metabolites (Fig. 6a). This finding suggests that, at least from the chemical point of
view, ‘KTR’ was able to distinguish between the virulence capacities of the fungal strains.
Pathogen virulence associated with metabolism of phenylphenalenones
The breakdown in the resistance of 'KTR' caused by the virulent strain Ca10_13 encouraged
us to explore whether some phenylphenalenones (e.g. compounds 3, 9, 11, 12), although upregulated in response to M. fijiensis, did not significantly inhibit the growth of this particular
fungus in planta. The antifungal bioassay showed that phenylphenalenones were active against
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both fungal strains (Fig. 8). The fungal pathogen E22 was more sensitive in comparison with
Ca10_13 when irenolone (4), anigorufone (9), isoanigorufone (11) and methoxyanigorufone (7)
were assessed under dark conditions. Furthermore, these compounds displayed an enhanced
antifungal activity when light conditions were applied to the experimental system (Fig. 8).
Phenylphenalenones (Flors & Nonell 2006; Lazzaro et al. 2004) and perinaphthenones (Hidalgo
et al. 2009) have been reported to be light-dependent singlet oxygen producers, and these could
significantly affect the fungal growth rate. Overall, the hypothesis that M. fijiensis strain
Ca10_13 could tolerate higher concentrations of phenylphenalenones than the strain E22 was
found to hold only for some compounds and under darkness.
Differences in the fungal growth rate between both M. fijiensis strains became more
apparent when the incubation experiments were scaled-up to almost ten times the volume of
liquid culture used for the microtiter bioassay. The growth rate of M. fijiensis strain E22 was
much slower than that of strain Ca10_13 when phenylphenalenones in the range of 10 to 40 ppm
were supplied in the incubation medium; hydroxyanigorufone (5) and 2-phenyl-1,8-naphthalic
anhydride (3) were the exceptions (data not shown). Therefore, the strain Ca10_13 was selected
for further experiments. Since some plant pathogens have developed strategies to evade plant
defenses through a complex detoxification process (Barz & Welle 1992; Jeandet et al. 2010;
Pedras & Taylor 1993), we wondered whether the resistance of M. fijiensis to some
phenylphenalenones could be attributed to metabolic detoxification.
In fact, the strain Ca10_13 was able not only to metabolize most of the compounds into
sulfate-derivatives (compounds 5, 9-12; Table 3) but also to further degrade them into
undetectable metabolites or even decompose them completely as in the case of
hydroxyanigorufone (5) at the lowest concentration assessed. In general, the formation of sulfate
conjugates through sulfotransferases constitutes a biochemical reaction which is involved in such
physiological processes as intracellular signaling, extracellular interactions and detoxification of
xenobiotics (Chapman et al. 2004; Zhang et al. 1996). The present work is the first report of an
inactivation or detoxification of phenylphenalenones by M. fijiensis through sulfate conjugation.
Also, to the best of our knowledge, ours is the first report of a detoxification reaction of any
phenylphenalenone by a fungal organism. New strategies to control BLSD through inhibitors
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that target sulfotransferases in the microorganism may result from this new understanding of the
role of sulfate conjugates.
Interestingly, only phenylphenalenones containing a hydroxyl group attached to C-2 in the
molecule were found to be sulfated (for hydroxyanigorufone, a sulfation in the free hydroxyl
group at C–4' cannot be ruled out). Since conversion to sulfates seems to minimize the toxic
effects of most phenylphenalenones, the fungal biomass production remained almost unaffected
(Fig. 9). However, methoxyanigorufone (7), a metabolite which is missing a hydroxyl group
(instead of the OH, an O-methyl group is attached to C-2), enormously affected growth and
biomass production (Fig. 9). This supports the hypothesis that an α-hydroxyketone feature helps
the molecule to be recognized by the aryl sulfotransferase. In addition, the chemical pressure
generated by compound (7) on the metabolism of the strain Ca10_13 was confirmed by the
overproduction of soluble extracellular proteins (Fig. 10) and the inhibited production of
ergosterol (Fig. 11). Since no metabolites derived from phenylphenalenones were found in the
liquid culture medium during the incubation with the fungus, the overexpression of extracellular
proteins observed in response to compounds 7 and 11, could not be associated with the external
enzymatic detoxification of these metabolites. Instead, detoxification may suggest that these
metabolites increase the physiological stress in the fungus, which then results in the
overexpression of fungal proteins involved in the suppression of the plant defenses (Dodds &
Rathjen 2010; Escobar et al. 2015). Identification of the proteins which were overexpressed by
the interaction with specific phenylphenalenones would help explain the pathophysiological
processes taking place during the interaction between Musa and M. fijiensis. Because of their
role in the defense of Musa plants against M. fijiensis, methoxyanigorufone (7) and
isoanigorufone (11) are considered the most relevant metabolites for further exploration of the
molecular mode of phenylphenalenones.
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Appendix. Supplementary information

Fig. S1. Chemical structures of
the metabolites identified by 1Dand

2D

'Williams'

NMR
and

analysis
'KTR'

in

Musa

varieties.

Fig. S2. Percentage of fungal
growth of M. fijiensis strain
Ca10_13 after treatment with
different concentrations of
dopamine and dopaol-β-Dglucoside.
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Table S1. Black leaf streak disease symptoms developed by both M. fijiensis strains (E22 and
Ca10_13) in 'Williams' and 'KTR' Musa varieties.
Symptoms of Black Leaf Streak Disease (BLSD) caused by Mycosphaerella fijiensis
strain E22
Time
(days)

strain Ca10_13

Musa variety
'Williams'

Musa variety 'KTR'

Musa variety
'Williams'

Musa variety 'KTR'

No symptoms

Red specks (0.5-1.0
mm diam.) on the
abaxial side of the
leaf

No symptoms

Reddish brown
specks (0.5-2.0 mm
diam.) on the abaxial
side of the leaf

Reddish brown
specks (less than 0.5
mm diam.) on the
abaxial part of the
leaf

Small reddish brown
spots (1-2 mm diam.)
on the adaxial part of
the leaf

Brown dark spots (1-2
mm diam.) observed on
the upper side of the leaf

Reddish brown spots
(1-3 mm diam.) on
the upper side of the
leaf

8

16
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25

Brown and black
blotches (3-5 mm
diam.) on the adaxial
part of the leaf

Brown dark spots (23 mm diam.) on the
adaxial part of the
leaf

Brown and black spots
(2-5 mm diam.) on the
upper part of the leaf

Reddish and brown
dark spots (3-6 mm
diam.) on the adaxial
part of the leaf

Asymmetric necrotic
lesions (4-8 mm
diam.) on the upper
side of the leaf

Reddish and brown
spots (2-5 mm diam.)
on the upper side of
the leaf

Necrotic lesions
between 10-12 mm
diam.

Necrotic lesions
between 10-15 mm
diam.

50

.
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Appendix. Supplementary information
General

Methods: All reactions were monitored by thin-layer chromatography (TLC)

carried out on 0.25 mm Merck silica gel plates (60-F254) using UV light (254 nm) as
visualizing agent and vanillin solution and heat as developing agent. Yields refer to
heighted chromatographically homogeneous samples. NMR spectroscopic analyses were
performed on a Bruker AV 500 NMR spectrometer operating at 500.13 MHz (1H) and
125.75 MHz (13C). Chemical shifts are reported relative to residual solvent peaks. Signals
were assigned with the aid of HMQC, HMBC and HH-COSY spectra. ESI-HRMS was
measured in the positive ion mode on a Micromass Quattro II tandem quadrupole mass
spectrometer (Micromass Ltd., Manchester, UK) except for the carboxylic acids which
were measured in the negative ion mode. All reagents were purchased from Aldrich and
used without further purification.
Experimental procedures:
Triflation of 4-hydroxyperinaphthenone: 4-hydroxyperinaphthenone (809 mg, 2.7
mmol) was disolved in pyridine (2 mL) and treated with trifluoromethanesulfonic
anhydride (682 L, 2.7 mmol) at 0 oC for 10 min. The reaction mixture was sonicated
(VWR international cleaning bat, model 150T) for 3 hours (no product was detected
without sonication on a 4 hour period at room temperature). Evaporation of the solvent and flash
column chromatography on silica gel (AcOEt/Hexane 2:11) afforded 323 mg of a
chromatographically homogeneous sample containing a 60:22:18 mixture (measured by NMR)
of 1,1-dioxo-1H,1´H-[2,2´-biphenalene]-4,4´-diyl bis(trifluoromethanesulfonate), 1- oxo-1Hphenalen-7-yl trifluoromethanesulfonate and 1-oxo-1H-phenalen-4-yl trifluoromethanesulfonate
respectively. 1,1-dioxo-1H,1´H-[2,2´-biphenalene]-4,4´-diyl bis(trifluoromethanesulfonate): 1H
NMR (C3D6O, 500.13 MHz) (dd, J = 7.5, 1.1 Hz, H-9-9´), 8.61 (dd, J = 8.3, 1.1 Hz, H7-7´), 8.55 (d, J = 9.2 Hz, H-6-6´), 8.52 (s, H-3-3´), 8.05 (dd, J = 8.3, 7.5 Hz, H-8-8´), 7.84
(d, J = 9.2 Hz, H-5-5´);

13

C NMR (C3D6O, 125.75 MHz) (C-1-1´), 148.4 (C-4-4´),

138.2 (C-7-7´), 137.2 (C-6-6´), 136.2 (C-3-3´), 135.3 (C-9-9´), 133.3 (C-6a-6a´), 130.7 (C8-8´), 130.4 (C-9a-9a´), 130.1 (C-2-2´), 129.3 (C-9b-9b´), 123.0 (C-5-5´), 121.5 (C-3a-3a´). 1115
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Oxo-1H-phenalen-7-yl trifluoromethanesulfonate: 1 H NMR (C3D6O, 500.13 MHz) (d,
J = 8.3 Hz, H-9), 8.28 (d, J = 8.8 Hz, H-6), 8.12 (d, J = 7.2 Hz, H-4), 8.03 (d, J = 9.9 Hz, H3), 8.00 (d, J = 8.3 Hz, H-8), 7.95 (dd, J = 8.8, 7.2 Hz, H-5), 6.70 (d, J = 9.9 Hz, H-2).
1-Oxo-1H- phenalen-4-yl trifluoromethanesulfonate:

1

H NMR (C3D6O, 500.13 MHz)

(dd, J = 7.3, 1.1 Hz, H-9), 8.51 (dd, J = 7.5, 1.1 Hz, H-7), 8.45 (d, J = 9.0 Hz, H-6),
8.07 (d, J = 10.1 Hz, H-3), 7.99 (dd, J = 7.5, 7.3 Hz, H-8), 7.78 (d, J = 9.0 Hz, H-5), 6.86 (d,
J = 10.1 Hz, H-2).
3-(2-(4-Methoxyphenyl)naphthalen-1-yl)propanoic acid: Prepared from ethyl 3-(2(((trifluoromethyl)sulfonyl)oxy)naphthalen-1-yl)propanoate (6) (200 mg, 0.53 mmol) and (4methoxyphenyl)boronic

acid

(83

mg,

0.55

mmol)

and

bis(triphenylphosphine)palladium(II)chloride (19 mg, 0.098 mmol, 5 mol%), 4 h reflux. The
reaction mixture was partitioned between EtOAc/H2O, the organic phase was dried and
immediately submitted to hydrolysis (25 mL, aq. NaOH 30%, 3 h reflux) to afford 153 mg (94%
for the two steps) of the acid as a white solid after acidification (HCl, pH~1), EtOAc/H2O
extraction and silica gel column chromatography (AcOEt/Hexane 1:8 then AcOEt). 1 H
NMR (C3D6O, 500.13 MHz) 8.18 (d, J = 8.6 Hz, H-8´), 7.95 (d, J = 8.3 Hz, H-5´), 7.81 (d, J
= 8.3 Hz, H-4´), 7.62 (ddd, J = 8.6, 6.6, 1.3 Hz, H-7´), 7.53 (ddd, J = 8.6, 6.8, 1.1 Hz, H-6´),
7.33 (d, J = 8.3 Hz, H-3´), 7.32 (d, J = 8.6 Hz, H-2´´-6´´), 7.05 (d, J = 8.6 Hz, H-3´´-5´´) 3.87
(s, -OCH3), 3.34 (t, J = 8.4 Hz, H-3), 2.60 (t, J = 8.4 Hz, H-2);

13

C NMR (C3D6O, 125.75

MHz) (C-1), 159.9 (C-4´´), 140.2 (C-2´), 135.5 (C-1´´), 134.7 (C-1´), 134.3 (C4a´), 132.7 (C-8a´), 131.1 (C-2´´-6´´), 129.7 (C-5´), 129.5 (C-3´), 127.5 (C-7´), 127.3 (C-4´),
126.3 (C-6´), 124.9 (C-8´), 114.6 (C-3´´-5´´), 35.5 (C-2), 25.4 (C-3). HREIMS: m/z 306.1247
(calcd for C20H18O3, 306.1256).
4-(4-Methoxyphenyl)-1H-phenalen-1-one

(2a):

Prepared

from

3-(2-(4-

methoxyphenyl)naphthalen-1-yl)propanoic acid (410 mg, 1.30 mmol), SOCl2 (3 mL) and AlCl3
(620.7 mg, 4.70 mmol) to obtain 363 mg (94%) of 4-(4-methoxyphenyl)-2,3- dihydro-1Hphenalen-1-one after Sephadex LH-20 column chromatography (Hexane/CH2Cl2/MeOH 5:3:1).
This compound (68 mg) was submitted to NBS

/light bromination-dehydrobromination (49

mg NBS, 1.20 mmol distributed in 2 additions, the last one at 30 min after initial reflux, 3 h
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reflux) to afford 28 mg (43%) of the desired compound after silica gel column chromatography
(CH2Cl2/Hexane 3:1). When the above perinaphthanone (68 mg) was refluxed for 1 h with DDQ
(52 mg) in CH2Cl2 (7 mL), compound 2a was isolated in 58% (39 mg) after Sephadex LH-20
column chromatography (Hexanes/CH2Cl2/MeOH 5:3:1) followed by preparative TLC
(CH2Cl2/Hexane 3:1, Rf = 0.3). 1 H NMR (C3D6O, 500.13 MHz) 8.59 (dd, J = 7.3, 1.1 Hz,
H-9), 8.42 (dd, J = 8.1, 1.1 Hz, H-7), 8.24 (d, J = 8.6 Hz, H-6), 7.92 (d, J = 10.1 Hz, H-3),
7.89 (dd, J = 8.1, 7.3 Hz, H-8), 7.69 (d, J = 8.6 Hz, H-5), 7.50 (d, J = 8.6 Hz, H-2´-6´), 7.16 (d,
J = 8.6 Hz, H-3´-5´), 6.63 (d, J = 10.1 Hz, H-2), 3.92 (s, -OCH3);

13

C NMR (C3D6O,

125.75 MHz) (C-1), 161.9 (C-4´), 146.6 (C-4), 141.4 (C-3), 136.8 (C-7), 133.7 (C-6),
133.6 (C-2´-6´), 133.1 (C-1´), 131.8 (C-9), 131.50 (C-5), 131.53 (C-9a), 130.3 (C-8), 129.9
(C-9b), 128.8 (C-2), 125.9 (C-3a), 115.9 (C-3´-5´), 56.8 (-OCH3). HREIMS: m/z 286.0990
(calcd for C20H14O2, 286.0994).
3-(2-(4-Fluorophenyl)naphthalen-1-yl)propanoic acid: Prepared from ethyl 3-(2(((trifluoromethyl)sulfonyl)oxy)naphthalen-1-yl)propanoate (6) (600 mg, 1.60 mmol) and (4fluorophenyl)boronic

acid

(217

mg,

1.60

mmol)

and

bis(triphenylphosphine)palladium(II)chloride (56 mg, 0.080 mmol, 5 mol%), 2 h reflux. The
reaction mixture was partitioned between EtOAc/H2O, the organic phase was dried and
submitted to silica gel column chromatography (AcOEt/Hexanes 1:15) to obtain 452 mg (88%)
of the coupled product. This compound (435 mg, 1.40 mmol) was submitted to hydrolysis (25
mL, aq. NaOH 20%, 3 h reflux) to afford 382 mg (96%) of the acid as a white solid after
acidification (HCl, pH~1). 1 H NMR (C3D6O, 500.13 MHz) 8.20 (d, J = 8.1 Hz, H-8´), 7.97
(d, J = 8.1 Hz, H-5´), 7.85 (d, J = 8.4 Hz, H-4´), 7.64 (ddd, J = 8.1, 6.8, 1.5 Hz, H-7´), 7.56
(ddd, J = 8.1, 6.8, 1.1 Hz, H-6´), 7.44 (dd, J = 9.0, 5.3 Hz, H-2´´-6´´), 7.34 (d, J = 8.4, H-3´),
7.26 (dd, J = 9.4, 9.0 Hz, H-3´´-5´´), 3.32 (t, J = 8.6 Hz, H-3), 2.58 (t, J = 8.6 Hz, H-2);

13

C

NMR (C3D6O, 125.75 MHz) (C-1), 162.9 (C-4´´, d, JC-F = 246.8 Hz), 139.5 (C-1´´, d,
JC-F = 3.5 Hz), 139.4 (C-2´), 134.9 (C-1´), 134.4 (C-4a´), 132.7 (C-8a´), 132.0 (C-2´´-6´´, d, JCF

= 8.0 Hz), 129.7 (C-5´), 129.1 (C-3´), 127.6 (C-7´), 127.5 (C-4´), 126.6 (C-6´), 125.0 (C-8´),

115.9 (C-3´´-5´´, d, JC-F = 21.2 Hz), 35.4 (C-2), 25.4 (C-3);

19

F NMR (C3D6O, 125.75

MHz) HREIMS: m/z 294.0969 (calcd for C19H15FO2, 294.1056).
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4-(4-Fluorophenyl)-1H-phenalen-1-one

(2a):

Prepared

from

3-(2-(4-

fluorophenyl)naphthalen-1-yl)propanoic acid (382 mg, 1.30 mmol), SOCl2 (3 mL) and
AlCl3 (607 mg, 4.6 mmol) to obtain 348 mg (97%) of 4-(4-fluorophenyl)-1H-phenalen-1- one
after silica gel column chromatography (CH2Cl2). This compound (348 mg) was submitted to
NBS (254 mg, 1.40 mmol) /light bromination-dehydrobromination (2 h reflux) to afford 187 mg
(54%) of the desired compound after silica gel column chromatography (AcOEt/Hexanes 1:7).
1

H NMR (C3D6O, 500.13 MHz) 8.60 (dd, J = 7.3, 1.3 Hz, H-9), 8.44 (dd, J = 8.1, 1.3 Hz,

H-7), 8.27 (d, J = 8.4 Hz, H-6), 7.92 (dd, J = 8.1, 7.3 Hz, H-8) 7.86 (d, J = 10.1 Hz, H-3),
7.69 (d, J = 8.6 Hz, H-5), 7.62 (dd, J = 8.8, 5.5 Hz, H-2´-6´), 7.38 (dd, J = 9.0, 8.8 Hz, H-3´5´), 6.64 (d, J = 10.1 Hz, H-2);

13

C NMR (C3D6O, 125.75 MHz) (C-1), 145.5 (C-4),

141.0 (C-3), 136.9 (C-7), 134.4 (C-1´), 134.2 (C-2´´-6´´, d, JC-F = 8.0 Hz), 133.8 (C-6), 133.8
(C-6a), 132.0 (C-9), 131.5 (C-9a), 131.3 (C-5), 130.7 (C-2), 129.8 (C-9b), 129.0 (C-8), 126.2
(C-3a), 117.3 (C-3´´-5´´, d,

JC-F = 21.2 Hz). HREIMS: m/z 274.0868 (calcd for C19H11FO,

274.0794).
3-(2-(1H-Pyrazol-4-yl)naphthalene-1-yl)propanoic acid: Prepared from ethyl 3-(2(((trifluoromethyl)sulfonyl)oxy)naphthalen-1-yl)propanoate (6) (200 mg, 0.54 mmol) and 4pyrazoleboronic

acid

pinacol

ester

(126

mg,

0.65

mmol)

and

bis(triphenylphosphine)palladium(II)chloride (19 mg, 5 mol%), 22 h reflux, to afford 151 mg of
ethyl 3-(2-(1H-pyrazol-4-yl)naphthalen-1-yl)propanoate (95%). The product was submitted to
hydrolysis (25 mL, aq. NaOH 30%, 16 h reflux) to afford 132 mg (97%) of the acid after
acidification and extraction with ether. 1H NMR (C3D6O, 500.13 MHz) 8.19 (d, J = 8.4 Hz, H8´), 7.92 (d, J = 7.5 Hz, H-5´), 7.86 (s, H-3´´-5´´), 7.81 (d, J = 8.4 Hz, H-4´), 7.60 (ddd, J = 8.4,
7.0, 1.3 Hz, H-7´), 7.51 (ddd, J = 7.5, 7.0, 1.0 Hz, H-6´), 7.50 (d, J = 8.4 Hz, H-3´), 3.51 (t, J =
8.6 Hz, H-3), 2.68 (t, J = 8.6 Hz, H-2);

13

C NMR (C3D6O, 125.75 MHz) (C-1),

135.6 (C-1´), 135.0 (C-4a´), 134.9 (C-3´´-5´´), 134.0 (C-8a´), 132.2 (C-2´), 130.7 (C3´),
130.6 (C-5´), 128.6 (C-4´), 128.4 (C-6´), 127.2 (C-7´), 125.8 (C-8´), 123.0 (C-4´´), 36.6 (C2), 26.7 (C-3). HREIMS: m/z 266.1051 (calcd for C16H14N2O2, 266.1055).
4-(1-H-Pyrazol-4-yl)-1H-phenalen-1-one (2c): For this compound, DDQ dehydrogenation
was followed due to unsatisfactory results using NBS/light. 3-(2-(1H-Pyrazol-4- yl)naphthalene118
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1-yl)propanoic acid (132 mg, 0.50 mmol) was treated with SOCl2 (2 mL) and the residual
SOCl2 was evaporated by means of a heat gun. The reaction mixture was diluted with CH2Cl2
(8 mL) and AlCl3 (220 mg, 1.65 mmol) was added in one portion with agitation for 20 min.
The reaction crude was dried and picked with 2 mL of a Hexane/CH2Cl2/MeOH
5:3:1 solution, filtered with a cotton plug and submitted to Sephadex LH-20 column
chromatography (Hexane/CH2Cl2/MeOH 5:3:1)

to

give 82

mg (66%) of the 4-

pyrazolperinaphthanone. Dehydrogenation of the 4-pyrazolperinaphthanone (82 mg) with DDQ
(75 mg, 0.33 mmol) in CH2Cl2 (10 mL, 1.5 h reflux) afforded 31 mg (38%, 44% bsrm) of 4(1-H-pyrazol-4-yl)-1H-phenalen-1-one (2c) after Sephadex LH-20 column
(Hexane/CH2Cl2/MeOH 5:3:1).

1

chromatography

H NMR (MeOH-d4, 500.13 MHz) 8.64 (dd, J = 7.5, 1.1

Hz, H-9), 8.36 (dd, J = 7.7, 1.1 Hz, H-7), 8.30 (d, J = 9.9 Hz, H-3), 8.19 (d, J = 8.6 Hz, H-6),
8.02 (s, H-3´-5´), 7.84 (dd, J = 7.7, 7.5 Hz, H-8), 7.76 (d, J = 8.6 Hz, H-5), 6.75 (d, J = 9.9 Hz,
H-2).

13

C NMR (MeOH-d4, 125.75 MHz) (C-1), 142.0 (C-3), 138.7 (C-4), 137.1 (C-7),

134.1 (C-6), 132.8 (C-6a), 132.1 (C-9), 130.8 (C-5), 130.5 (C-9a), 129.2 (C-9b), 129.1 (C-2),
128.0 (C-8), 124.7 (C-3a), 120.7 (C-4´). HREIMS: m/z 246.0787 (calcd for C16H10N2O,
246.0793).
3-(2-(4-Methylthiophen-3-yl)naphthalene-1-yl)propanoic acid: Prepared from ethyl 3(2-(((trifluoromethyl)sulfonyl)oxy)naphthalen-1-yl)propanoate (6) (666 mg, 1.8 mmol) and 4methyl-3-thiopheneboronic

acid

pinacol

ester

(400

mg,

1.8

mmol)

and

bis(triphenylphosphine)palladium(II)chloride (60 mg, 5 mol%), 4 h reflux. To afford 550 mg
of ethyl 3-(2-(4-methylthiophen-3-yl)naphthalene-1-yl)propanoate (94%). The product was
immediately submitted to hydrolysis (25 mL, aq. NaOH 30%, 3 h reflux) to afford 400 mg
(80%) of the acid. 1H NMR (C3D6O, 500.13 MHz) 8.19 (d, J = 8.4 Hz, H-8´), 7.96 (d, J = 8.3
Hz, H-5´), 7.83 (d, J = 8.6 Hz, H-4´), 7.62 (ddd, J = 8.4, 7.7, 1.5 Hz, H-7´), 7.55 (ddd, J =
8.3, 7.7, 1.1 Hz, H-6´), 7.33 (d, J = 3.1 Hz, H-2´´), 7.26 (d, J = 8.6 Hz, H-3´), 7.24 (dd, J = 3.1,
0.9 Hz, H-5´´), 3.3 (brm, H-3), 2.52 (t, J = 8.4 Hz, H-2), 2.00 (d, J = 0.9 Hz, - CH3);

13

C NMR

(C3D6O, 125.75 MHz) (C-1), 144.4 (C-3´´), 138.5 (C-2´), 137.2 (C-1´), 136.1 (C-4´´),
135.5 (C-4a´), 133.7 (C-8a´), 130.7 (C-5´), 130.1 (C-3´), 128.43 (C-7´), 128.36 (C-4´), 127.5
(C-6´), 125.9 (C-8´), 124.9 (C-2´´), 123.4 (C-5´´), 36.3 (C-2), 26.6 (C-3), 16.0 (-CH3).
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HREIMS: m/z 296.0864 (calcd for C18H16O2S, 296.0871).
6-Methyl-1H-naphtho[2´,1´:3,4]cyclohepta[1,2-b]thiophen-3-(2H)-one (2d): Prepared
from 3-(2-(4-methylthiophen-3-yl)naphthalene-1-yl)propanoic acid (400 mg, 1.4 mmol), SOCl2
(1 mL) and AlCl3 (628 mg, 4.7 mmol) to obtain 255 mg (68%) of 2d after Sephadex LH-20
column chromatography (Hexane/CH2Cl2/MeOH 5:3:1).

1

H NMR (C3D6O, 500.13 MHz)

8.35 (d, J = 8.6 Hz, H-12), 7.96 (d, J = 8.1 Hz, H-9), 7.90 (d, J = 8.6 Hz, H-8), 7.66 (d, J
= 0.9 Hz, H-5), 7.63 (d, J = 8.6 Hz, H-7), 7.60 (ddd, J = 8.6, 7.0, 1.7 Hz, H-11), 7.56 (ddd, J =
8.1, 7.0, 1.1 Hz, H-10), 3.53 (brm, H-1), 2.84 (brm, H-2), 2.40 (d, J = 0.9 Hz, -CH3); 13C NMR
(C3D6O, 125.75 MHz) (C-3), 145.3 (C-3a), 142.4 (C-5), 140.2 (C-12b), 138.8 (C-8a),
135.3 (C-6a), 132.72 (C-12a), 132.69 (C-6), 131.5 (C-9), 130.6 (C-8), 128.8 (C-6b), 128.5 (C11), 128.3 (C-10), 128.1 (C-7), 126.0 (C-12), 46.3 (C-2), 24.6 (C-1), 18.0 (-CH3). HREIMS:
m/z 278.0755 (calcd for C18H14OS, 278.0765).
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Chapter 6
Discussion
6.1 General discussion
Plant secondary metabolites, which do not appear to participate directly in growth and
development of the plant, have gained much attraction by the scientific community during the
last decades in order to figure out their possible role in the plant, especially in the context of
ecological functions. In this sense, secondary metabolites are now well recognized for playing a
role in direct and indirect plant defense against microbial pathogens and herbivores, as attractants
of pollinators and as allelopathic agents (Buchanan et al. 2000). According to the specific
occurrence in individual plant families or species, the term “secondary metabolites” nowadays is
going to be replaced by the term “specialized metabolites”. Phenylphenalenones, a group of
polycyclic aromatic compounds, are specialized metabolites found in the Haemodoraceae,
Pontederiaceae, Strelitziaceae and Musaceae plant families (Munde et al. 2013). After the first
plant

phenalenone

“Haemocorin”

was

isolated

from

Haemodorum

corymbosum

(Haemodoraceae) (Cooke & Segal 1955), to date, more than 140 phenylphenalenone-type
compounds have been characterized from these related plant families (Hölscher et al. 2015).
Furthermore, their biosynthesis (Thomas 1971; Hölscher & Schneider 1995; Schmitt et al. 2000;
Munde et al. 2011) as well as their role in the plant protection has been studied during the last
decades (Luis et al. 1993; Luis et al. 1995; Otálvaro et al. 2007; Hölscher et al. 2014).
However, several questions remain to be addressed towards exploring the precursor-product
relationship in the biosynthesis of phenylphenalenones as well as their role in Musa plant
protection against pathogens. Thus, these topics were encompassed in the present doctoral thesis
along with chemical synthesis of phenylphenalenones and structural analogues for being probed
as antimicrobial agents.
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6.2 Biosynthesis of phenylphenalenones in Haemodoraceae plants
In

vitro

root

cultures

of

Anigozanthos

preissii

and

Wachendorfia

thyrsiflora

(Haemodoraceae plants) are suitable biological systems for studying the biosynthesis of
phenylphenalenones under sterile conditions since these metabolites are constitutively
synthesized in root cultures and allow facile administration of precursors via the liquid nutrient
medium. Furthermore, it is well known that phenylphenalenones are formed by condensation of
two phenylpropanoids units with one malonate unit (Hölscher & Schneider 1995). Previous
studies in A. preissii have shown that the substitution pattern of the lateral phenyl ring attached
to C-9 in the phenylphenalenone depends on the intact incorporation of a specific
phenylpropanoid with the same substitution motif (Schmitt et al. 2000).
Therefore, our hypothesis was to probe whether phenylpropanoids differing in their
substitution pattern can be successfully incorporated into the phenylphenalenone skeleton as
result of promiscuous enzymatic machinery. Thus, 13C-labelled phenylpropanoids differing in the
substitution pattern at the lateral phenyl ring were administered to root cultures of A. preissii and
W. thyrsiflora, followed by

13

C NMR-guided analysis of

13

C-labelled phenylphenalenones.

Successful incorporation of two of the precursors (ferulic acid, 4-methoxycinnamic acid) into
phenylphenalenones was achieved in A. preissii but not in W. thyrsiflora. For root cultures of the
latter, previous phytochemical studies have shown that phenylphenalenone-type compounds
were characterized for bearing an unsubstituted lateral phenyl ring (Fang et al. 2011). Therefore,
the biosynthetic origin of the lateral phenyl ring attached to the phenylphenalenone scaffold
seems to be almost restricted to cinnamic acid pointing out a highly specific substrate-enzyme
relationship. In the other hand, ferulic acid and the unusual 4-methoxycinnamic acid were
successfully

incorporated

into

the

phenylphenalenones

musanolone

F

and

4'-O-

methylanigorufone, respectively, in A. preissii. Here, we demonstrated that the substitution
pattern in the lateral phenyl ring of the phenylphenalenone depends exclusively on the specific
phenylpropanoid found in the plant. Although the phenylphenalenone-type compounds in both
species are derived from the general phenylpropanoid pathway, at least one of the enzymes
involved in the phenylphenalenone biosynthesis in A. preissii (e.g. the CoA ligase, the
diarylheptanoid synthase, or the putative “Diels-Alderase”) seems to be more promiscuous than
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the corresponding enzyme in W. thyrsiflora. Thus, A. preissii is able to produce
phenylphenalenones with different substitution pattern in the lateral phenyl ring while W.
thyrsiflora produces almost only phenylphenalenones with an unsubstituted lateral phenyl ring.
Furthermore, isotope dilution approach along with

13

C NMR spectroscopy was demonstrated to

be an excellent system not only in precursor-product relationship studies but also in the detection
and identification of trace metabolites in plants. Using this approach, 4-methoxycinnamic acid
was identified as a natural product in root cultures of A. preissii (Chapter 3.1). As most of the
enzymes of the phenylphenalenone pathway, the putative O-methyltransferase catalyzing the
biosynthetic formation of 4-methoxycinnamic acid from p-coumaric acid remains to be studied.
Whereas the phenylphenalenone-type compounds in A. preissii displayed their characteristic
features in the ring A and D, phenylphenalenones of W. thyrsiflora reflect their diversity by
oxygenated functional groups on both ring A and B (so-called 7-phenylphenalenones, see Fig. 9)
and also by bearing a nitrogen in position 2 of ring B of the 7-phenylphenalenones (Fang et al.
2011). Until the publication of our study (Chapter 3.2, Munde et al., 2011), the oxidation
sequences in the biosynthesis of 1,2,5,6-tetraoxygenated phenylphenalenones occurring in W.
thyrsiflora was unknown. Incubation of W. thyrsiflora root cultures in an atmosphere of

18

O2

along with administration of 13C-labelled precursors allowed to explore the origin of the oxygen
functionalities in the tricyclic phenalenone part of tetraoxygenated phenylphenalenones. As in A.
preissii, the oxygen functionalities in the ring A of the phenylphenalenones in W. thyrsiflora
originated from the parent phenylpropanoid p-coumaric acid followed by an o-hydroxylation at
the stage of an diarylheptanoid intermediate (Chapter 3.2, Fig. 9) (Munde et al. 2011).
Furthermore, we demonstrated that the oxygen functionality in the position C-5 of
tetraoxygenateded phenylphenalenones from W. thyrsiflora, is formed downstream during the
biosynthesis. Thus, the “early hydroxylation” hypothesis about the involvement of an α-hydroxyl
in the starter phenylpropanoid was ruled out. Overall, the general biosynthetic formation of the
phenylphenalenone skeleton seems to be closely related not only in both of the Haemodoraceae
plant species (A. preissii and W. thyrsiflora) but also in Musa plants. The major diversification
likely occurs after the phenalenone tricycle has been closed. Such structural modifications are
responsible for the species-specific metabolic profiles of phenylphenalenone-producing plants.
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Although the ecological role of phenylphenalenone-type compounds in Haemodoraceae
plants is poorly understood, they could protect the plant against biotic challenges (pathogens
such bacteria or fungi) and abiotic factors (in oxidative stress due to the antioxidant activities
found of some phenylphenalenones) (Otálvaro et al. 2007; Duque et al. 2013; Hölscher et al.
2014). Phenylphenalenones may also have allelopathic effects which would be an interesting
subject for future studies. In contrast to the Haemodoraceae, the role of phenylphenalenone-type
compounds in the economically important Musa genus has been studied in some detail and will
be discussed in the next paragraph.

Fig. 9. Biosynthesis of
phenylphenalenones

in

A.

W.

preissii

thyrsiflora

and
and

their

potential precursors.

6.3 Phenylphenalenones involved in chemical defense of Musa
A general overview on the current situation that threat both smallholders as well as banana
industry worldwide was presented in special attention to the pathogen Mycosphaerella fijiensis,
one of the most detrimental pathogens of banana crops. In this regard, application of fungicides
has been the effective method for maintaining the crop free of this microorganism or at least
reduces the losses caused by it. Nevertheless, the use of pesticides in the banana production is
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not only costly but also risky in the health care both for the farmers as well as consumers of the
fruit. In fact, there is a tendency to reduce the fruit import into several countries, mainly due to
the concern generated by the abuse in the application of fungicides in the commercial banana
crops. Nonetheless, the concomitant fungicide resistance developed by M. fijiensis which
prompted to search for new reliable and effective antifungal compounds is one of the urgent
issues to be resolved. As an alternative to the chemical control, the conventional or genetic
breeding of banana is nowadays more attractive in terms of searching for an ecological solution
that can contribute to the agriculture sustainability. Basically, the last strategy has been
performed by using Musa varieties which have shown to be highly resistant to this pathogen.
Although some hybrids of Musa, derived from conventional breeding, have shown satisfying
resistance against M. fijiensis, there are still issues regarding to the fruit quality and the genetic
stability of the clone in the in vitro plant propagation. However, the role of pathogenesis-related
proteins (PR-proteins) (Vishnevetsky et al. 2011; Torres et al. 2012; Kovacs et al. 2013), early
recognition of effector proteins by the host (Stergiopoulos et al. 2010), activation of enzymes
involved in the phenylpropanoid pathway (such as phenylalanine-ammonia-lyase, PAL) (Wuyts
et al. 2006; Alvarez et al. 2013) and early accumulation of phytoalexins in the plant (Luis et al.
1993; Luis et al. 1995; Otálvaro et al. 2002; Otálvaro et al. 2007) are among the main strategies
which could result in or contribute to resistance of Musa.
Although there are several studies about the identification of phytoalexins in Musa, to the
best of our knowledge there are no reports about the metabolic changes initiated in the plant
during the interaction with M. fijiensis. This gap in the knowledge about the effect of the fungus
on the plant metabolism motivates us to study the chemical aspects of the plant-fungus
interaction in this part of the doctoral project (Chapter 4).
Nowadays, metabolomics studies have gained extremely much attention due to the useful
information that can be extracted in a wide range of topics, such as in medicine (Moazzami et al.
2011; Mastrangelo et al. 2014; Guo et al. 2015), food quality control (Thissen et al. 2011; OmsOliu et al. 2013) and plant physiology. Studies on the plant’s natural product variations under
biotic or abiotic stress conditions has contributed in a deeper understanding of the plant defense
mechanisms (Mandavi et al. 2015; Noctor et al. 2015; Ordoudi et al. 2015; Sade et al. 2015).
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Therefore, we analyzed the chemical responses of the susceptible 'Williams' and the resistant
'KTR' Musa varieties during the interaction with M. fijiensis by using 1H NMR-based
metabolomics as a suitable approach. In fact, the principal component analysis (PCA) proved to
be useful in this study. A high discrimination between infected versus non-infected plant tissue
was observed and the corresponding loading plots analysis allowed us to distinguish some of the
metabolic changes after infection with the microbial pathogen. In both Musa varieties, changes
in the primary metabolism, especially an increasing level of carbohydrates (glucose and sucrose),
were observed in the infected leaf area whereas a negative correlation (decreasing level) was
found for the identified amino acids L-alanine and L-threonine, but not for L-methionine.
Several studies have already reported that, according to high biosynthetic consumption of
carbohydrates, accelerated translocation from roots or systemic leafs to the infected areas take
place (Herbers et al. 1996; Herbers et al. 2000). In parallel, carbohydrates can mediate gene
expression in the biosynthesis of pathogenesis-related proteins, such as chitinases and
glucanases, which are hydrolytic enzymes that break glucosidic bonds in the chitin and glucans,
respectively, fundamental components of the fungal cell walls (Herbers et al. 1994; Herbers et al.
2000; Adams 2004). Additional, it has also been reported that sugars can influence the
biosynthesis of specialized metabolites, especially phytoalexins (Hara et al. 2003; Morkunas et
al. 2013; Formela et al. 2014). Therefore, an activation of the plant defense mediated by
accumulation of sugars cannot be ruled out in the Musa - M. fijiensis pathosystem but, it needs to
be further studied.
A plausible explanation for the downregulation of L-alanine and L-threonine could be
attributed to the high demand for free amino acids needed for the synthesis of overexpressed
pathogenesis-related (PR) proteins, which can led to successful plant defense. Intriguing, Lmethionine was upregulated in the chemical response of both Musa varieties. This is not
surprising since this amino acid is required for to synthesis of S-adenosylmethionine (SAM),
which is the classical methyl donor for methyltransferases involved in O-methylation of
phenylpropanoids and likely in O-methylation of phenylphenalenone-type compounds (Otálvaro
et al. 2010).
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It must be highlighted the strong influence that 1H NMR signals in the aromatic region had
on the analysis performed by PCA and the corresponding loading plots. The data demonstrated
that the synthesis of inducible defense metabolites (phytoalexins) takes place locally only in the
infected tissue. Thus, it was the main challenge for us to identify these induced metabolites.
At first, we identified dopamine for being present both in control leaves of Musa plants and
in those leaf areas of infected plants where the infection took place. Dopamine occurs in banana
fruit (Kanazawa & Sakakibara 2000) but, to the best of our knowledge, to date there is no report
on the occurrence of this metabolite in leaves of Musa. Interestingly, the PCA analysis between
“control plant samples” versus “healthy leave tissue of infected plants” addressed the question to
figure out the metabolite (s) responsible for the group discrimination observed between these
plant tissues. Detailed inspection of the whole set of 1H NMR spectra allowed to detect some
candidates signals that were enhanced in spectra of “healthy tissue of infected plants” but not in
the spectra of “untreated control plants”. By using 1D- and 2D NMR experiments and confirmed
by HRMS, we identified dopaol-β-D-glucoside as the compound mainly responsible for the
result observed in PCA analysis. Dopaol-β-D-glucoside is reported here for the first as a
metabolite occurring in Musa plants (Chapter 4).
The biological function of catecholamines such as dopamine in plants is not completely
understood but its synthesis seems to be regulated by stress conditions. Overall, catecholamines
have been reported to affect the action of several plant hormones, regulate carbohydrate
metabolism and protect plants against pathogens (Kulma & Szopa 2007). On the other hand, the
chemical structure of dopaol-β-D-glucoside is closely related to dopamine. Therefore, the idea
that dopamine may serve as substrate for the biosynthesis of its glucoside through an
oxidation/reduction step followed by the enzymatic reaction by a β-glucosyltransferase could be
reasonable (Strack et al. 2003; Satoh et al. 2012) (Fig. 10). Thus, conversion into dopaol-β-Dglucoside would explain the low level of dopamine found in the healthy areas of the infected
plants. In order to investigate if these metabolites play a role as phytoalexins in Musa, we
assessed them under in vitro conditions against M. fijiensis but no growth inhibition of the
fungus at all was observed even at the highest concentration evaluated (100 ppm). Therefore,
their biological function in the Musa - M. fijiensis interaction is open for being explored.
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Fig. 10. Pathway for oxidation of dopamine to hydroxytyrosol followed by 1-O-glucosyltransfer in the synthesis of
dopaol-β-D-glucoside

(initial

steps

starting

from

L-tyrosin

are

shown).

3,4-DHPAA:

3,4-

dihydroxyphenylacetaldehyde.

Among other metabolites identified from comparing the infected plant tissue with control
ones, it becomes important to highlight 1'-O-(E)-4-coumaroyl-β-glucoside. In both Musa
varieties, a downregulation of this metabolite in the infected areas of the leaf suggested a high
consumption of this phenylpropanoid in the biosynthesis of specialized metabolites such as
phenylphenalenones (Luis et al. 1993; Luis et al. 1994; Luis et al. 1995). Indeed, two
phenylphenalenone-type compounds (irenolone and hydroxyanigorufone) were identified by
means of the 1H NMR spectra (and confirmed by 2D NMR) of infected leafs from 'Williams' and
'KTR' Musa varieties. In addition, the loading plots confirmed that these metabolites were
strongly upregulated only in the infected areas of the leaves which was associated with the low
levels of its precursor p-coumaric acid simultaneously found in the same plant tissue (Hölscher
& Schneider 1995). p-Coumaric acid may be released by a β-glucosidase from 1'-O-(E)-4coumaroyl-β-glucoside, which may function as a depot compound (Chong et al. 1999).
NMR spectroscopy is a powerful tool for structure elucidation of organic compounds. We
used this analytical technique for screening the chemical profile of Musa plants during biotic
stress in response to the infection with M. fijiensis. Nonetheless, most of the induced metabolites
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were difficult to assign through 1H NMR, basically because of heavily overlapping signals as
shown in Fig. 11. 2D NMR represents a good alternative to overcome such drawback as has been
reported in several studies and summarized in excellent reviews focused on direct identification
of metabolites from complex mixture of crude plant extracts (Kim et al. 2010; Bingol &
Bruschweiler 2014; Man et al. 2014; Guennec et al. 2015; Mahrous & Farag 2015). Therefore, as
an attempt to elucidate the secondary metabolites in infected Musa plants, 2D NMR was applied
without much success since the overlapping signals were not only an issue in the 1H NMR but
even in 2D NMR spectra. Therefore, a conventional phytochemical study was necessary in order
to figure out the chemical profile of both Musa varieties in their interaction with the fungal
pathogen.

Fig. 11. 1H NMR region from δ 6.8-8.6 (500 MHz, MeOH-d4) of crude extracts of infected Musa leaf tissue from
‘Williams’ (panel a) and ‘Khai Thong Ruang’ (panel b). Numbers represent the signal of H/C-3'/5' of irenolone (4)
and hydroxyanigorufone (5) identified in the plant extract (for details, see Chapter 4)

Identification of induced phenylphenalenones in Musa - M. fijiensis interaction
NMR/PCA analysis proved to be a valuable tool for exploring metabolic variations in the
Musa – M. fijiensis pathosystem and left open several findings which need to be studied in more
detail, as for example, the physiological role of dopaol-β-glucoside and dopamine, and the
accumulation of sugars during the plant responses against biotic stress. It turned out that most of
the metabolic changes take place in the infected leaf areas, with the production of specialized
compounds, mainly phenylphenalenone-type phytoalexins, as the major metabolites (Luis et al.
1993; Quiñones et al. 2000). Furthermore, the chemical responses of the resistant variety 'KTR'
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was stronger than that of the susceptible variety 'Williams', since many more signals appeared in
the aromatic region of the 1H NMR spectra of the infected samples of 'KTR' than in infected
samples of 'Williams' (Fig 11).
The phytochemical study of both Musa varieties by using NMR and MS analyses allowed us
to identify a total of fifteen phenylphenalenones or structural analogues from 'KTR'. In contrast,
'Williams' variety produced a smaller number of these metabolites (ten compounds), displaying a
weaker chemical defense (details in Chapter 4, Table 2). Due to the diversity of
phenylphenalenones induced during the response of the 'KTR' variety against M. fijiensis, we
hypothesized that the resistant phenotype could be largely correlated with the expression of
phytoalexins, especially, phenylphenalenones as has been reported previously (Otálvaro et al.
2002; Otálvaro et al. 2007). In order to test this hypothesis in more detail, an experimental design
involving two strains of M. fijiensis E22 and Ca10_13 differing in their tolerance to the fungicide
propiconazole (Cañas-Gutierrez et al. 2009) were used as fungal inoculum for both Musa
varieties. We assumed that the fungicide tolerance of the microorganism could correlate with the
virulence of the fungal strain, and thus the plant could respond differentially to each pathogen.
Therefore, three factors were evaluated and correlated in this experiment: time after infection,
progress of the disease (Black Leaf Sigatoka Disease) and concentration of the
phenylphenalenones found in different part of the plant (Chapter 4, Table 2).
The results showed that the Musa 'Williams' variety was susceptible to the pathogen attack
independently of the strain of M. fijiensis used. This susceptibility was attributed to some extend
to the late recognition of the pathogen, the disease symptoms progression during the time
evaluated and low quantities of phenylphenalenones produced in the response to the biotic stress
caused by the fungus (except hydroxyanigorufone whose concentration was over 25 nmol mg-1
DW) (Chapter 4, Fig. 6b). Nevertheless, it was observed that the BLSD symptoms were slightly
stronger when the plant was treated with the strain Ca10_13.
On the other hand, the resistance of the 'KTR' variety was demonstrated when the plant was
infected with M. fijiensis strain E22 (small size of the symptomatic areas and slowly progressing
disease after 25 dpi); however, in contrast to our expectations, the resistance in this variety was
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overcome when the experiment was performed with the strain Ca10_13 (tolerant to
propiconazole) since large necrotic symptoms and a time-depending progress of the disease were
observed. In this case, the necrotic lesions were even worse in comparison with those of the
susceptible 'Williams' variety. These results draw our attention basically to two aspects:


Some plant pathogens have developed strategies to circumvent the activation of plant
defenses through effector proteins that interfere with a wide range of physiological
processes in the host (Alba et al. 2011; Doehlemann & Hemetsberger 2013).



Plant pathogens can even degrade preformed and induced antimicrobial compounds
(Bouarab et al. 2002) into substances less toxic to the microorganism (Pedras &
Ahiahonu 2005; Pedras et al. 2011).

Regarding the first hypothesis, it has to be stated that effector proteins from M. fijiensis that
can suppress plant defenses are still unexplored. Only few reports refer to two effector proteins
that can trigger plant defenses (see Chapter 1, section 1.4) (Stergiopoulos et al. 2010). Therefore,
the

second

hypothesis,

namely

exploring

possible

detoxification

mechanism

of

phenylphenalenones by the microorganism, became a major aim of this work. The results are
discussed in the following section.
Metabolism of phenylphenalenones by the ascomycete fungus M. fijiensis
Interestingly the breakdown resistance of the 'KTR' variety by the virulent M. fijiensis strain
Ca10_13 raised the question, how this fungus was able to survive against the plant defenses
(specifically phenylphenalenone-type phytoalexins) and cause larger foliar damage than
observed with the strain E22. Therefore, a series of experiments was conducted in which the
fungus was incubated with specific phenylphenalenones (at 10, 20 and 40 ppm) under in vitro
conditions. Variables such as biomass, soluble extracellular proteins, ergosterol concentration
and phenylphenalenone concentration both in mycelial biomass and fungal medium were
determined after 8 days of incubation. The major results can be summarized as follows:
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M. fijiensis strain Ca10_13 was able to metabolize most of the tested phenylphenalenones in
a concentration-dependent manner. Hydroxyanigorufone (5), for example, disappeared
completely at a concentration of 10 ppm in the culture medium. This observation led us to
analyze both the fungal medium and the mycelium for possible phenylphenalenone-derived
metabolites. The occurrence of sulfate conjugates in the well-growing mycelium cells suggested
that M. fijiensis was able to transform the phenylphenalenones into products which could be less
toxic for the fungus than the parent compounds. In this regard, we could hypothesize that a
typical 3'-phosphoadenosine-5'-phosphosulfate (PAPS) was used as a sulfate donor during the
sulfation reaction (Fig. 12). Nevertheless, the sulfate transfer by an arylsulfate sulfotransferases
(ASSTs) could not be ruled out since these enzymes have been reported for some microorganism
(Kaysser et al. 2010). In addition to sulfate conjugation, a considerable amount of the parent
phenylphenalenones seemed to be converted into structures not detectable by UV, i.e. the
tricyclic aromatic system must have been degraded into a non-chromophoric system or
completely decomposed.

Fig. 12. Hypothetical reaction catalyzed
by sulfotransferases for anigorufone.
PAPS:

3'-phosphoadenosine

5'-

phosphosulfate

As already mentioned above, hydroxyanigorufone (5) was completely metabolized at 10
ppm and had only a slightly negative effect on the fungal biomass and soluble extracellular
protein production. Since hydroxyanigorufone (5) was the major compound produced by the
susceptible Musa variety 'Williams' in response to the pathogen infection, the chemical defense
of this variety seems to be easily counteracted by the M. fijiensis Ca10_13 and likely, also by the
strain E22.
138

Chapter 6 - Discussion

An interesting result was indeed that metabolites such as 2-phenyl-1,8-naphthalic anhydride
(3) did not cause any negative effect on the fungus. All the in vitro experimental variables
analyzed were similar to those obtained from untreated fungal control. Therefore, oxidized
phenylphenalenones seem to be not toxic for the fungus. Since the major structural difference
between phenylphenalenones and naphthalic anhydrides is the presence of an α-hydroxyenone
moiety in the first group of compounds and its absence in the second group, such a structural
feature seems to be essential for the antimicrobial activity. Previous biosynthetic studies have
suggested that the formation of naphthalic anhydrides from the corresponding 4- or 9phenylphenalenones seems to occur by the action of an unidentified decarboxylase (Edwards &
Weiss 1974; Kamo et al. 2000). Curiously, in most of the cases such oxidizedphenylphenalenones have been reported once the plant material – Musa plants or banana fruits –
were treated with fungal inoculum of pathogens such as Colletotrichum musae (Hirai et al. 1994;
Kamo et al. 2000) with non-pathogenic fungus as Sporobolomyces salmonicolor (Jitsaeng &
Schneider 2010) or, in another case, with the burrowing nematode Radopholus similis (Hölscher
et al. 2014). Here, not only is reported for the first time such class of compounds produced by
Musa plants in response to M. fijiensis but also it is proposed to gain future insights into the
possible role of decarboxylases as potentially responsible enzymes in the metabolization of
phenylphenalenones during plant-microbe or plant-nematode interactions. Deactivation of such
enzymes in vivo could result in a plant resistant against pathogens such as M. fijiensis. Therefore,
decarboxylases may be considered as a target for further genetic Musa breeding.
On the other hand, metabolites such as methoxyanigorufone (7) and isoanigorufone (11)
were the most relevant metabolites among the compounds assessed under in vitro conditions.
They influenced the overproduction of fungal extracellular proteins by above threefold in
comparison with the control sample. In addition, they reduced the biomass production by levels
below 70% and 20%, respectively, when compared with the control sample. While
methoxyanigorufone (7) inhibited enormously the production of ergosterol (ergosterol was not
detectable at all when the fungus was treated at 20 and 40 ppm) isoanigorufone (11) influenced
positively the production of this fungal cell wall component. Here, it was shown that the
undetectability of ergosterol in the samples treated with methoxyanigorufone (7) is correlated
with the reduced levels of fungal biomass produced. Due to the results observed with this
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metabolite, it seems to represent a special case, which deserves to be studied in more detail.
Methoxyanigorufone (7) does not possess a free hydroxyl group at C-2 and therefore, it cannot
be conjugated with a sulfate group for further degradation/metabolism by the fungus as occurred
with the other phenylphenalenones tested. This could explain to some extent the recovery rates
of more than 94.5% of this metabolite during the in vitro bioassays performed with the fungus
(Chapter 4). To the best of our knowledge, isoanigorufone (11) and/or methoxyanigorufone (7)
have been reported for being induced metabolites mainly in resistant Musa varieties such as
Yangambi km5 (Otálvaro et al. 2007; Hölscher et al. 2014), the resistant cultivar hybrid SH 3481
(Luis et al. 1999), Musa balbisiana 'Thepanom' (Jitsaeng et al. 2010) and, in very low quantities
(~ 0.016µg of methoxyanigorufone per gram fresh weight), in the susceptible Musa variety 'Gran
Nain' (Luis et al. 1995). However, in our study both compounds were found in the resistant Musa
variety 'KTR' but not in the susceptible 'Williams' variety. Recently it has been reported that the
biosynthesis of O-methylated phenylphenalenones is mediated by S-adenosyl-methioninedependent O-methyltransferases (OMT) both in Haemodoraceae and Musaceae plants (Otálvaro
et al. 2010). The role of OMT enzymes in disease-resistance against pathogens has been reported
for several plant systems (Busam et al. 1997; Christensen et al. 1998; Berr et al. 2010) and
insects (Meihls et al. 2013). Therefore, a specific O-methylation occurring at OH-2 of the 9phenylphenalenones in Musa during the pathogen attack seems to be an important trait that
mediates an ecologically relevant trade-off between susceptibility and resistance of the plant
against pathogens and pests, perhaps as a result of a co-evolutionary process. Thus, an
overexpression of OMT’s could improve the defensive traits of susceptible Musa varieties
against microbial pathogens, which opens another possibility for further investigations in genetic
breeding of Musa plants.
6.4 Design of new antimicrobial compounds against M. fijiensis
Several efforts have been addressed in order to develop ecologically friendly ways to control
BLSD in banana plants. Breeding resistant Musa varieties would help to reduce the extensive
application of fungicides and other chemicals in banana production. However, no resistant Musa
varieties are available so far, which are meeting the quality requirements for commercial
purposes. Therefore, chemical control is still the most effective method among the management
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practices of banana crops as was described in the introduction part of the thesis. However, the
use of such chemicals has resulted in the development of fungicide resistance and thus led to
another serious issue for the control of this disease. The development of new and effective
therapeutic agents is therefore still highly desirable in order to treat the infection caused by M.
fijiensis. Since natural products have demonstrated to be the main source of inspiration for
developing new medicines and drugs (Newman & Cragg 2012), here we used the structure of
phenylphenalenones as a template scaffold for chemically synthesizing new molecules with
improved antimicrobial properties against the pathogen M. fijiensis.
The Chapters 5.1 and 5.2 describe the chemical approaches used for synthesizing a series of
4-phenylphenalenones along with 2-arylnaphthalene derivatives. The modes of action of
phenylphenalenones are so far not yet completely understood and therefore, studies towards
understanding the mechanisms behind the antimicrobial properties exerted against fungal
pathogens should be undertaken. However, we have found that some phenylphenalenone-type
compounds displayed an enhanced antifungal activity when controlled light conditions were used
during the in vitro bioassay, suggesting a photodynamic behavior. As a first hypothesis, the
absorption of light energy by the compound can led to the production of singlet oxygen, a toxic
substance, as has been reported for several phenylphenalenones in previous work (Lazzaro et al.
2004). Nevertheless, it is not clear how phenylphenalenones act under darkness conditions. Since
an α-hydroxyenone moiety is present in the phenylphenalenone molecule, a Michael-type 1,4addition with nucleophilic active site residues of proteins or other biomolecules to form a
covalent linkage between the phenylphenalenone and the biomolecule could interfere thus with
the normal physiological fungal growth. It is intriguing to investigate how these compounds
deploy their activities and further synthetic, mechanistic, and bioassay studies could contribute to
better understand the biochemical reactions, which happen in the phenylphenalenone - M.
fijiensis interaction.
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Chapter 7
Summary
Phenylphenalenones are polycyclic phenolic natural products occurring in the four
monocotyledoneous plant families Musaceae (banana plants), Haemodoraceae, Pontederiaceae
and Strelitziaceae. Overall, their biosynthesis involves the condensation of two phenylpropanoids
with one malonate unit through the diarylheptanoid pathway. Labelling experiments using

13

C-

labelled substrates have demonstrated to be an elegant and suitable approach for establishing
new insights into the precursor-product relationship in the biosynthesis of phenylphenalenones.
Some Hamodoraceae plants constitutively produce phenylphenalenones and therefore, they have
become highly useful plant systems for exploring the biosynthesis of these specialized
metabolites. Previous studies have hypothesized that the substitution pattern at the lateral phenyl
ring attached to the phenalenone nucleus depends on the intact incorporation of the precursor
used. Therefore,

13

C-labeled phenylpropanoids with different substitution at that phenyl ring

were synthesized and administered to Haemodoraceae root cultures. In A. preissii but not in W.
thyrsiflora, ferulic acid and the unusual phenylpropanoid 4-methoxycinnamic acid were
incorporated into phenylphenalenones bearing the same substitution at the phenyl ring as the
precursor. This result suggested a certain promiscuity of the enzymes involved in
phenylphenalenone biosynthesis in Anigozanthos. The unsubstituted lateral phenyl ring of most
of the phenylphenalenones from W. thyrsiflora could be explained by the preference of the
biosynthetic machinery of this plant for the precursor cinnamic acid. One of the
phenylphenalenones biosynthetically produced in A. preissii, 4'-O-methylanigorufone, is
reported here for the first time as a natural product (Chapter 3.1).
Another intriguing feature of the biosynthesis of phenylphenalenones is the sequence in
which the oxygen functionalities are introduced. This is of special interest for 1,2,5,6tetraoxygenated phenylphenalenones produced, for example, by W. thyrsiflora. Incubating root
cultures

under

an

18

O2

atmosphere,

simultaneous

administration

of

13

C-labelled

phenylpropanoids and diarylheptanoids, and introduction of O13CH3 groups by O-methylation
with 13CH2N2 generated isotopologues, which were analysed by HRMS and NMR. Especially the
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detection of

18

O-induced effects on the NMR chemical shifts of the O-13CH3 groups allowed

conclusions about the sequence of oxygenation of the phenylphenalenone molecule. The results
suggest that the oxygen atoms decorating the phenalenone tricycle are introduced at different
biosynthetic stages in the sequence O-1 → O-2 → O-5. Oxygen atoms ending up C-1 and C-6
are incorporated from the activated precursor 4-coumaroyl-CoA and the oxygen group attached
to C-5 was determined to occur late in the biosynthesis of phenylphenalenone, once
lachnanthocarpone, a trioxygenated phenylphenalenone, has been biosynthesized (Chapter 3.2).
Little is known about the role of the phenylphenalenones in plants of the Haemodoraceae
family. However, due to the antimicrobial, nematicidal and antioxidant activities exhibited by
these metabolites, a protective function of the plant against biotic and abiotic stresses could be
suggested. In this sense, plants of the Musaceae (banana) family provide a good experimental
system for exploring the ecological role of phenylphenalenones in plant chemical defense. In
fact, phenylphenalenones are considered as phytoalexins of the Musa genus since these
specialized metabolites are induced in response to attack by pathogens and herbivores. In
addition, the level of their biosynthesis has been correlated to some extent with the resistance
against pathogens and pests. Therefore, the metabolic changes in the chemical responses of the
susceptible 'Williams' and the resistant 'Khai Thong Ruang' ('KTR') Musa varieties were studied
(Chapter 4). Mycosphaerella fijiensis, the causing agent of the most devastating disease in
banana crops named Black Leaf Sigatoka Disease (BLSD), has been used as the fungal pathogen.
Principal component analysis displayed a strong discrimination of the metabolic pattern between
infected versus non-infected plant tissue. Phenylphenalenones were identified as the major
induced metabolites in the infected tissue, confirming data reported by other authors. In addition,
the number and turnover of phenylphenalenones biosynthesized in the local infected tissue
together with the slow progression of the disease was correlated with the resistance level
observed for the 'KTR' Musa variety. However, a virulent strain of M. fijiensis was able to
overcome plant resistance by converting fungitoxic phenylphenalenones to sulfate conjugates.
Phenylphenalenone sulfates are reported here for the first time. They are metabolic detoxification
products to evade the chemical defense of Musa plants. Further studies are in progress in order to
get new insights about this hypothesis.
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Currently, pest management of banana crops is exclusively depending on the application of
fungicides and pesticides. However, the excessive use of these chemicals has become a serious
problem for the health and safety of the banana farmers. The extensive treatment with fungicides
generates environmental contaminations and facilitates development of resistance by the fungus.
Therefore, searching for more efficient control strategies with an environmentally friendly value
are the challenges assumed by several scientific groups in crop protection worldwide. In this
sense, new antifungal agents were synthesized based on the phenylphenalenones moiety and
assessed against M. fijiensis under in vitro conditions. 4-Phenylphenalenones and structural
analogues displayed good antifungal activities and enhanced antimicrobial properties were
observed when the fungal incubation system was irradiated with light, suggesting a
photodynamic activity by the phenylphenalenones assessed. It has been demonstrated that
phenylphenalenones can be used as potential compounds for the development of fungicides,
relying on a dual mode of action (Chapter 5.1 and 5.2).

145

Chapter 7 – Summary/Zusammenfassung

Zusammenfassung
Phenylphenalenone sind polyzyklische phenolische Naturstoffe, die in den vier monokotylen
Pflanzenfamilien

Musaceae

(Bananenpflanzen),

Haemodoraceae,

Pontederiaceae

und

Strelitziaceae vorkommen. Ihre Bildung erfolgt grundsätzlich durch Kondensation von zwei
Phenylpropanoiden mit einer Malonyleinheit über die Diarylheptanoid-Biosyntheseroute. Es ist
bekannt, dass Fütterungsexperimente mit

13

C-angereicherten Substanzen einen eleganten und

geeigneten Ansatz darstellen, um neue Einblicke in die Edukt-Produkt-Beziehung während der
Biosynthese von Phenylphenalenonen zu eröffnen. Haemodoraceae-Pflanzen mit konstitutiver
Phenylphenalenon-Produktion sind dabei besonders gute Modellsysteme für die Erforschung der
Biosynthese dieser spezialisierten Metaboliten. Frühere Studien gingen davon aus, dass das
Substitutionsmuster des lateralen Phenylrings, der an den Phenalenon-Kern gebunden ist, vom
Einbau der eingesetzten, intakten Vorstufe abhängt. Deswegen wurden

13

C-markierte

Phenylpropanoide mit unterschiedlicher Substitution am Phenylring synthetisiert und den
Haemodoraceae-Wurzelkulturen zugeführt. In A. preisii, aber nicht in W. thyrsiflora, konnte ein
solcher Einbau ohne Veränderung des Substitutionsmusters nach Fütterung von Ferulasäure und
der ungewöhnlichen 4-Methoxyzimtsäure beobachtet werden. Dieses Ergebnis wies auf eine
gewisse Indifferenz der Enzyme hin, die an der Biosynthese der Phenylphenalenone in
Anigozanthos

beteiligt

sind.

Der

unsubstituierte,

laterale

Phenylring

der

meisten

Phenylphenalenone von W. thyrsiflora konnte durch die Präferenz des Biosyntheseapparates
dieser Pflanze für die Zimtsäure-Vorstufe erklärt werden. Außerdem gelang in diesem
Zusammenhang

die

Identifizierung

eines

neuen

Phenylphenalenones,

des

4'-O-

Methylanigorufons, in A. preisii (Kapitel 3.1)
Ein weiterer faszinierender Aspekt der Phenylphenalenon-Biosynthese ist jener Schritt, in
dem Sauerstoff-Funktionalitäten eingeführt werden. Dies ist von speziellem Interesse für 1,2,5,6tetraoxygenierte Phenylphenalenone, wie sie beispielsweise W. thyrsiflora produziert. Inkubation
von Wurzelkulturen in einer

18

O2-Atmosphäre, gleichzeitige Verabreichung von

13

C-markierten

Phenylpropanoiden bzw. Diarylheptanoiden sowie Einführung von O13CH3-Gruppen durch OMethylierung mit

13

CH2N2 erzeugten Isotopologe, die mittels HRMS und NMR analysiert

wurden. Speziell die Detektion von

18

O-induzierten Isotopieeffekten auf die chemischen
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Verschiebungen

der

O-13CH3-Gruppen

erlaubte

Rückschlüsse

auf

die

Abfolge

der

Oxygenierungen des Phenylphenalenonmoleküls. Die Ergebnisse legen nahe, dass die
Sauerstoffatome am Phenalenon-Trizyklus in verschiedenen Biosynthesestadien in der
Reihenfolge O-1 → O-2 → O-5 eingeführt werden. Sauerstoffatome an Position C-1 und C-6
werden aus der aktivierten Vorstufe 4-Cumaryl-CoA bezogen, wohingegen der an C-5
gebundene Sauerstoffsubstituent im Verlauf der Biosynthese erst spät auftritt, nämlich nachdem
Lachnanthocarpon, ein trioxygeniertes Phenylphenalenon, gebildet wurde (Kapitel 3.2)
Über die Rolle der Phenylphenalenone in den Pflanzen aus der Familie der Haemodoraceae
ist wenig bekannt. Aufgrund ihrer antimikrobiellen, nematiziden und antioxidanten Aktivität
liegt es jedoch nahe, dass diese Metabolite dem Schutz der Pflanze gegen biotischen und
abiotischen Stress dienen. In diesem Sinne stellen die Pflanzen der Musaceae-Familie (Bananen)
ein

gutes

experimentelles

Modellsystem

dar,

um

die

ökologische

Funktion

der

Phenylphenalenone in der chemischen Verteidigung zu untersuchen. Tatsächlich gelten die
Phenylphenalenone als Phytoalexine des Musa-Genus, weil ihre Bildung als Abwehrreaktion
gegen den Befall durch Pathogene oder Herbivore induziert wird. Des Weiteren besteht zu
einem gewissen Grad eine Korrelation zwischen dem Level ihrer Biosynthese und der Resistenz
gegen Pathogene und Schädlinge. Aus diesem Grund erfolgte die Untersuchung der
metabolomischen Änderungen während der chemischen Antwort bei zwei Musa-Varietäten, der
empfindlichen „Williams“ und der resistenten „Khai Thong Ruang“ (KTR) (Kapitel 4). Als
fungaler Erreger wurde Mycosphaerella fijiensis eingesetzt. Er verursacht die für
Bananenpflanzen verheerendste Krankheit, die sogenannten Schwarzen Blattmasern. Die
Auswertung einer

Hauptkomponentenanalyse zeigte, dass deutliche Unterschiede im

Metabolitenprofil von gesunden und erkrankten Pflanzen bestehen. Die Bildung der
Phenylphenalenone wurde im infizierten Gewebe am stärksten induziert, womit sich die
Ergebnisse anderer Autoren bestätigten. Weiterhin korrelieren Anzahl und Menge der
biosynthetisierten Phenylphenalenone im Bereich der Infektion sowie die langsame Ausbreitung
der Krankheit mit dem Resistenzgrad der Musa-Varietät „KTR“. Jedoch überwand der virulente
Erregerstamm M. fijiensis diese Resistenz durch die Umwandlung der fungiziden
Phenylphenalenone in ihre Sulfatkonjugate, deren Auftreten in dieser Arbeit erstmals
nachgewiesen wurde. Es handelt sich offensichtlich um metabolische Entgiftungsprodukte, die
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dazu dienen, die chemische Verteidigung der Musa-Pflanzen zu überwinden. Aktuell laufen
weitere Studien, um neue Einblicke zu diesem Thema zu ermöglichen.
Gegenwärtig erfolgt die Schädlingsbekämpfung an Bananenpflanzen ausschließlich durch
das Aufbringen von Fungiziden und Pestiziden. Unterdessen ist der exzessive Gebrauch dieser
Chemikalien zu einem ernsthaften Problem für die Gesundheit und Sicherheit der
Bananenfarmer geworden. Die ausgiebige Verwendung von Fungiziden kontaminiert die
Umwelt und erleichtert dem Pilz gleichzeitig die Resistenzentwicklung. Aus diesem Grund zählt
die

Suche

nach

einer

effizienteren

Bekämpfungsstrategie

zur

Erntesicherung

mit

umweltfreundlichen Eigenschaften zu den Herausforderungen, der sich weltweit viele
wissenschaftliche Gruppen stellen. Zu diesem Zweck erfolgte die Synthese von antifungalen
Substanzen basierend auf dem Strukturmotiv der Phenylphenalenone, deren Wirkung gegen M.
fijiensis unter in vitro Bedingungen untersucht wurde.

Die 4-Phenylphenalenone und ihre

Strukturanaloge zeigten eine gute antifungale Wirkung und erhöhte antimikrobielle
Eigenschaften, wenn das Inkubationssystem Licht ausgesetzt wurde, woraus sich eine mögliche
photodynamische Aktivität der Phenylphenalenone ableitet. Das demonstriert die Eignung der
Phenylphenalenone zur Entwicklung von Fungiziden, die auf einem dualen Wirkmechanismus
beruhen (Kapitel 5.1 und 5.2).
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