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ABSTRACT 

Blackleg disease, caused by the fungus Leptosphaeria maculans/Phoma lingam, is one 

of the most economically important diseases of canola and rapeseed. Detoxification of 

canola chemical defenses (phytoalexins and others) is an important mechanism used by 

the blackleg fungus to overcome the plantôs natural defenses. Phytoalexins are anti-

microbial defense metabolites produced de novo by plants in response to pathogen 

attack and other forms of stress. L. maculans is successful in detoxifying several 

cruciferous phytoalexins to different products. For example, brassinin, a key 

phytoalexin from crucifers, is transformed to indole-3-carboxaldehyde. This thesis 

includes investigation of phytoalexin metabolism by L. maculans and related work: (i) 

transformation pathways of cruciferous phytoalexins and analogs; (ii) design and 

synthesis of potential inhibitors of brassinin detoxification.  

In continuation of previous work, homologues, analogs and structural relatives of 

brassinin were analysed for metabolism by L. maculans. Products of metabolism of 

these compounds were identified and the overall metabolic pathways were established. 

It was concluded that structural relatives of brassinin metabolized differently from 

brassinin. Antifungal bioassays of the products suggested that all these transformations 

were detoxification reactions. Among the phytoalexins, rapalexin A was not 

metabolized whereas, erucalexin was metabolized. Results of these metabolism studies 

using L. maculans along with the syntheses and antifungal activities of the metabolites 

will be presented.  

In the second part of this thesis, inhibition of the detoxification of brassinin by L. 

maculans using quinolines and isoquinolines was investigated. These compounds 

resulted from replacement of indolyl containing structures with quinoline and 

isoquinoline moieties, and various substitutions such as phenyl, thiazolyl, bromo, 

chloro, hydroxyl and methoxy groups. All these compounds were tested for their effect 
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on brassinin detoxification and antifungal activity. Overall, a significant effect on the 

rate of brassinin detoxification in cultures of L. maculans was detected in the presence 

of compounds 6-bromo-2-phenylquinoline, 2-phenylquinoline, 3-phenylquinoline and 

1-thiazolylisoquinoline. 6-Bromo-2-phenylquinoline was the most effective compound 

in slowing down the metabolism of brassinin and also was a weak inhibitor of the 

growth of L. maculans (virulent on canola). Results of the syntheses and evaluation of 

the compounds are discussed.  
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Chapter 1: Introduction 

 

1.1 General objectives 

Phytoalexins are secondary metabolites synthesized de novo by plants in response to 

external stress such as pathogen invasion. So far, about 44 cruciferous phytoalexins 

have been isolated from Brassicaceae. Pedras and co-workers investigated the 

detoxification of several cruciferous phytoalexins by their pathogens and determined 

the pathways of phytoalexin metabolism (Pedras, Yaya et al., 2011c). My research 

work explores the detoxification of cruciferous phytoalexins by the phytopathogenic 

fungus of canola Leptosphaeria maculans (Desm.) Ces. et de Not., asexual stage 

Phoma lingam (Tode ex Fr) Desm. and the effects of quinoline and isoquinoline 

derivatives on the brassinin detoxification. The specific objectives are to: 

¶ Determine the products of transformation of the cruciferous phytoalexins 

rapalexin A (22), erucalexin (29) and brussalexin (36) by Leptosphaeria 

maculans (isolates virulent on canola); 

¶ Determine the products of transformation of synthetic compounds related to 

brassinin (96, 111, 153, 320, 325, 327, 331 and 333) by L. maculans (isolates 

virulent on canola);   

¶ Determine antifungal activity of the phytoalexins 17, 22, 29, 36 and compounds 

96, 111, 153, 320, 325, 327, 331 and 333 against L. maculans (isolates virulent 

on canola);  

¶ Design, synthesize and determine the antifungal activity of potential inhibitors 

(350-366) of brassinin detoxification based on quinoline and isoquinoline 

moieties; 

¶ Determine the effect of compounds 350-366 on the rate of brassinin 

detoxification by L. maculans (isolates virulent on canola). 
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1.2 Cruciferous plants and fungal pathogens 

Blackleg of cruciferous oilseeds and vegetables is an economically important disease 

and is a serious concern in view of the yield losses that are associated with the disease 

(Gugel and Petrie, 1992). Blackleg disease is caused by L. maculans and L. biglobosa. 

L. biglobosa is less virulent on canola than L. maculans, but could be more damaging 

to Brassica juncea (Rimmer, Shattuck et al., 2007). 

Canola is defined by the Canola Council of Canada (http://www.canola-council.org) as 

seeds of Brassica genus (B. napus, B. rapa or B. juncea ) whose oils contain < 2% 

erucic acid and seed meal contains < 30 µmol of aliphatic glucosinolates (any one or 

any mixture of 3-butenyl glucosinolate, 4-pentenyl glucosinolate, 2-hydroxy-3-butenyl 

glucosinolate and 2-hydroxy-4-pentenyl glucosinolate) per gram of the air-dry, oil-free 

solid (http://www.canola-council.org/ind_definition.aspx). Canola is the second largest 

grown crop in Saskatchewan. In 2007, four million tonnes of canola was produced in 

Saskatchewan, which amounted to 45% of Canadaôs total production (Source: 

http://www.agriculture.gov.sk.ca/Saskatchewan_Picture). Blackleg disease is a major 

concern in canola growing areas all over the world. However, disease management 

practices such as  the use of disease resistant cultivars, crop rotation, management of 

infested stubble, use of disease-free seeds has proved to be effective (Gugel and Petrie, 

1992; Rimmer, Shattuck et al., 2007).  

Seeds are the major source of spread of blackleg as L. maculans can survive in seeds 

for long time. Hence, disease-free seeds obtained by fungicidal treatment were found 

effective for controlling blackleg disease (Gugel and Petrie, 1992). In Canada, 

carbathin, thiram and iprodione are registered fungicides used in seed treatments (West, 

Kharbanda et al., 2001). Besides, azoxystrobin, fludloxanil, metalaxyl and other 

fungicidal mixtures are recommended for the purpose (Source: www.ag.ndsu.edu). 

Despite the measures taken, statistics from the Canadian plant disease survey of 2010 

showed that blackleg infections were found in 55% of the tested canola fields and that 

the mean incidence of the disease has not decreased in Saskatchewan over last 10 years 

http://www.canola-council.org/
http://www.canola-council.org/ind_definition.aspx
http://www.agriculture.gov.sk.ca/Saskatchewan_Picture
http://www.ag.ndsu.edu/
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(Dokken-Bouchard, Anderson et al., 2011). These statistics suggest that better practices 

are required for the control of blackleg disease.         

 

1.3 Secondary metabolites of cruciferous plants and blackleg 
fungi in attack and defense 
 

Interactions among plants and pathogens are complex and involve attack and 

counterattack mechanisms (Hahlbrock, Bednarek et al., 2011). Secondary metabolites 

of fungi and plants play a major role in these interactions (Berger, Sinha et al., 2007). 

In general, fungal invasion of the plant involves production of toxins and other 

metabolites by the pathogen, which damages the plant cells irreversibly. During the 

infection process, some of the plant receptor sites can recognize fungal metabolites 

(elicitors) that induce defense responses such as production of antifungal compounds 

(Pedras, 2011; Berger, Sinha et al., 2007). Besides, both plants and pathogens produce 

enzymes to detoxify the toxic chemicals produced by the opponent. Thus, there exists a 

continuous arms race between plants and fungal pathogens (Pedras, 2011). It is 

important to understand the chemistry and biochemistry involved in these interactions 

to find better ways to protect plants.    

 

1.3.1 Fungal metabolites 

Crucifer pathogens produce structurally diverse metabolites. Some of them are known 

to be host-selective phytotoxins, which cause disease symptoms only on the plants that 

host the fungal species (Pedras and Yu, 2009). The actual role of these phytotoxins/ 

metabolites in fungal defense is not well understood. However, some of the metabolites 

are characteristic of a particular fungal species (Pedras, Chumala et al., 2007a). 

Metabolites produced by various fungal pathogens of crucifer crops were reported for 

Alternaria brassicicola (Pedras, Chumala et al., 2009a), Rhizoctinia solani (Pedras, Yu 

et al., 2005a) and Sclerotinia sclerotiorum (Pedras and Ahiahonu, 2004). Metabolite 

production by L. maculans was extensively studied and has been reviewed (Pedras and 

Yu, 2009; Pedras, 2001). The blackleg disease is caused by two species L. maculans 
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and L. biglobosa.  L. maculans has several sub groups known to produce quite different 

metabolites. Isolates of L. maculans virulent on canola (Pedras and Yu, 2009) and 

mustard (Pedras, Chumala et al., 2004b; Pedras and Yu, 2009) produce several 

metabolites and phytotoxins.  

 

 

Figure 1.1 Selected structures of phytotoxins: sirodesmins 1-5, phomalirazine (6), 

phomalide (7), maculansins 8a and 8b produced by Leptosphaeria maculans (virulent 

on canola) (Pedras and Yu, 2009; Pedras, Chumala et al., 2007a). 

 

Sirodesmin PL (1) and deacetylsirodesmin PL (2) were the first phytotoxins isolated 

from L. maculans (virulent on canola) (Ferezou, Riche et al., 1977). Since then, other 

phytotoxins such as sirodesmin H (3), sirodesmins J (4) and K (5) belonging to this 

family have been isolated from cultures of L. maculans (virulent on canola) grown in 

minimal medium (MM) (Pedras, Seguinswartz et al., 1990). All these sirodesmins, 

which are polythiodioxopiperazines, cause yellow necrotic lesions on leaves of 

different plants, including crucifers (Pedras, Chumala et al., 2007a). Phomalirazine (6) 

was also produced by isolates of L. maculans virulent on canola. Compound 6 caused 

nectrotic lesions on both susceptible and resistant plants (Pedras, Abrams et al., 1989). 

Phomalirazine (6) was a proposed intermediate in the biosynthesis of sirodesmin PL (1) 

(Pedras, Abrams et al., 1989). Phomalide (7) is the first host-selective phytotoxin 

isolated from cultures of L. maculans (virulent on canola) grown in MM (Pedras, 
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Taylor et al., 1993). Compound 7 caused necrotic lesions on canola leaves but not on 

those of brown mustard (Pedras and Yu, 2009; Pedras and Biesenthal, 1998). The 

biosynthesis of phomalide (7) was inhibited in the presence of sirodesmin PL (1) 

(Pedras and Biesenthal, 1998). Maculansin A (8a) was identified as major metabolite 

from cultures of L. maculans (isolates virulent on canola) grown in PDB medium 

(Pedras and Yu, 2008).  Compound 8a caused lesions on both susceptible and resistant 

plants (Pedras and Yu, 2008; Pedras, 2011). The phytotoxins produced by L. maculans 

(isolates virulent on canola) are shown in figure 1.1.  

Depsilardin (9) is a host-selective toxin produced by isolates of L. maculans (virulent 

on mustard). Compound 9 caused nectrotic lesions when sprayed on leaves of brown 

mustard but not canola (Pedras, Chumala et al., 2004b). The total synthesis of 

compound 9 was recently accomplished (Ward and Pardeshi, 2010). Polanrazines B 

(10) and C (11) were identified as phytotoxic among the group of structurally similar 

compounds produced by Polish type isolates of L. maculans (Pedras and Biesenthal, 

2001). Phomalairdenol A (12) and phomalairdenones A (13) and D (14) were also 

isolated from isolates of L. maculans (virulent on mustard) (Figure 1.2) (Pedras, Erosa-

Lopez et al., 1999a). 

 

Figure 1.2 Selected structures of phytotoxins 9-14 produced by Leptosphaeria 

maculans (virulent on mustard) (Pedras and Yu, 2009) . 

 

There is another group of fungal metabolites known as elicitors. Elicitors bind to 

receptor sites in plant tissues and induce production of phytoalexins (Hahn, 1996).  
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Phytoalexins are antimicrobial plant metabolites produced de novo upon exposure to 

biotic and abiotic stresses (Bailey and Mansfield, 1982). A mixture of cerebrosides C 

(15) and D (16) are the only known specific elicitors isolated from L. maculans 

(virulent on canola) (Figure 1.3). In addition, sirodesmin PL (1) and deacetylsirodesmin 

PL (2) were identified as non-specific elicitors (Pedras and Yu, 2009). 

 

Figure 1.3 Elicitors 15 and 16 produced by Leptosphaeria maculans (virulent on 

canola) (Pedras and Yu, 2009) . 

 

1.3.2 Cruciferous plant metabolites 

Phytoalexins (inducible) (Bailey and Mansfield, 1982) and phytoanticipins 

(constitutive) (Vanetten, Mansfield et al., 1994) play important ecological roles in 

defense against pathogens (Hammond-Kosack and Jones, 1996). Phytoanticipins are 

constitutive plant defenses, whose concentrations increase under stress conditions 

(Vanetten, Mansfield et al., 1994). The developments in cruciferous phytoalexin 

research have been reviewed recently (Pedras, Yaya et al., 2011c; Pedras and Yaya, 

2010; Pedras, 2008; Pedras, Zheng et al., 2007e; Pedras and Ahiahonu, 2005; Pedras, 

Jha et al., 2003b; Pedras, Okanga et al., 2000).   

Phytoalexins 

Recently, Pedras et al., published a comprehensive review dealing with cruciferous 

phytoalexins (Pedras, Yaya et al., 2011c). For this reason, only work of immediate 

interest to this thesis will be reviewed here. Phytoalexins are generally found at the site 

of infection at inhibitory concentrations. Localization studies carried out on several 

species infected with the pathogens illustrated that phytoalexins have specific roles in 

defense (Hammerschmidt, 1999).   
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Figure 1.4 Structures of selected cruciferous phytoalexins: brassinin (17), 1-

methoxybrassinin (18), cyclobrassinin (19), 1-methoxycyclobrassinin (20), rutalexin 

(21), rapalexin A (22), rapalexin B (23), caulilexin B (24), wasalexins A (25) and  B 

(26), spirobrassinin (27), 1-methoxyspirobrassinin (28), erucalexin (29), brassilexin 

(30), sinalexin (31), camalexin (32), 6-methoxycamalexin (33), brassicanal A (34), 

brassicanate A (35) and brussalexin (36) (Pedras, Yaya et al., 2011c). 

 

The phytoalexins brassinin (17) and 1-methoxybrassinin (18) were isolated from 

Chinese cabbage by Takasugi and coworkers in 1986 and these compounds were the 

first phytoalexins reported from Brassicaceae (Takasugi, Katsui et al., 1986). Since 

then, 44 cruciferous phytoalexins have been isolated and their structures have been 

elucidated (Pedras, Yaya et al., 2011c). Crucifers belong to the only plant family 

known to date to produce sulfur-containing phytoalexins. Phytoalexins such as 

brassinins 17 and 18 contain a dithiocarbamate group. The dithiocarbamate group was 

present in several fungicides used in 20
th
 century (Atkinson, 1970). Wasalexins 25, 26 

and camalexins 32 and 33 were isolated from wild crucifers (Pedras, Yaya et al., 

2011c). Selected structures of cruciferous phytoalexins 17-36 are shown in figure 1.4. 

Cruciferous phytoalexins are also known to exhibit broad spectrum of antifungal 

activities against several pathogens (Pedras, Yaya et al., 2011c). The phytoalexin 
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brassinin (17) is a strong inhibitor of the growth of L. maculans, S. sclerotiorum and B. 

cinerea. Brassinins 17 and 18 are considered crucial metabolites among the cruciferous 

phytoalexins, because they are precursors of several other phytoalexins. Scheme 1.1 

summarizes the biosynthetic relationships among the various cruciferous phytoalexins 

(Pedras, Yaya et al., 2011c). 

 

 

Scheme 1.1 Biosynthetic relationship among brassinins 17 and 18, and other 

phytoalexins cyclobrassinin (19), 1-methoxycyclobrassinin (20), rutalexin (21), 

spirobrassinin (27), erucalexin (29), brassilexin (30), brassicanal A (34), brassicanate A 

(35) (Pedras, Yaya et al., 2011c). 

 

Phytoanticipins  

Phytoanticipins are constitutive plant metabolites whose concentrations increase after 

the stress conditions are applied (Vanetten, Mansfield et al., 1994). The distinction 

between phytoalexins and phytoanticipins is sometimes ambiguous, as the same 

compound can be a phytoanticipin in one species and be inducible (phytoalexin) in 

others. For example, arvelexin (39) was isolated from the wild crucifer Thlapsi arvense 

as a phytoalexin (Pedras, Chumala et al., 2003a), while compound 39 was isolated as 

phytoanticipin from canola treated with Plasmodiophora brassicae (Pedras, Zheng et 

al., 2008b). Methyl 1-methoxyindole-3-carboxylate (41) was first isolated as a 



   

9 

 

phytoalexin from wasabi (Pedras, Sorensen et al., 1999b), whereas the same compound 

was isolated as a phytoanticipin in Arabidopsis  thaliana (Pedras and Adio, 2008). 

Compounds 38-40 and 42 are phytoanticipins detected in A. thaliana (Pedras and Adio, 

2008). Phytoanticipins 43 and 44 were isolated from oilseed canola infected with P. 

brassicae (Pedras, Zheng et al., 2008b). Besides, ascorbigen (45), neoascorbigen (46), 

dihydroascorbigens 47, 48 and indole glucosinolates 49-51 were the other 

phytoanticipins isolated (Figure 1.5) (Pedras and Adio, 2008). 

 

Figure 1.5 Structures of phytoanticipins: indole-3-acetonitriles 37-39, compounds 40-

44, ascorbigens 45-48 and glucobrassicins 49-51, produced by cultivated crucifers  

(Pedras, Zheng et al., 2008b) and wild crucifers (Pedras and Adio, 2008). 

 

Several phytoanticipins of Brassicaceae are indole glucosinolates 49-51 and their 

degradation products 37-39. Glucosinolates are derived from aminoacids and are 

produced by several plant families. Grouping of 120 cruciferous glucosinolates into 10 

(A-J) groups by Fahey and co-workers (Fahey, Zalcmann et al., 2002) was recently 

revised by Clarke. Clarke compiled a list of 200 glucosinolates into 13 (A-M) groups 

(Clarke, 2010).  
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1.4 Biotransformation of cruciferous phytoalexins and related 

structures by phytopathogenic fungi 

Fungal pathogens produce detoxifying enzymes, which metabolize plant defense 

compounds such as phytoalexins to less toxic products (Pedras, Yaya et al., 2011c; 

Pedras and Yaya, 2010; Pedras, 2008; Pedras and Ahiahonu, 2005). The metabolism of 

crucifer phytoalexins by several pathogens such as L. maculans, L. biglobosa, A. 

brassicicola, S. sclerotiorum and R. solani were reviewed (Pedras, Yaya et al., 2011c; 

Pedras, 2008; Pedras and Ahiahonu, 2005; Pedras, Okanga et al., 2000). However, the 

metabolism of the compounds related to phytoalexins has not been covered in these 

reviews. Thus, the synthesis and metabolism of compounds related to brassinin (17), 

brassilexin (30) and camalexin (32) by pathogens such as L. maculans (virulent on 

canola), L. biglobosa, A. brassicicola, S. sclerotiorum and R. solani will be reviewed in 

this section. 

 

1.4.1 Syntheses of phytoalexin-related structures 

In this section, general routes used in the synthesis of analogs and related structures of 

brassinin (17), brassilexin (30) and camalexin (32) will be discussed. Compounds 

related to brassinin (17) with changes in the aryl moiety and functional group were 

prepared to test as inhibitors of brassinin detoxification (Pedras and Jha 2006). Similar 

to brassinin, their syntheses were initiated with oximation of aldehydes of general 

structure 52 in presence of NH2OH.HCl to yield oximes of general structure 53, which 

were reduced to the corresponding amines of general structure 54. Treatment of these 

amines 54 with different reagents (iii -vi) as shown in scheme 1.2 afforded the 

compounds of general structure 55, which included dithiocarbamates, ureas, thioureas 

and carbamates (Pedras and Jha, 2006).  
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Scheme 1.2 Synthesis of brassinin analogs of general structure 55. Reagents and 

conditions: (i) NH2OH.HCl, Na2CO3, EtOH; (ii) NiCl2.6H2O, NaBH4, MeOH; (iii) CS2, 

Pyr, Et3N, alkyliodide; (iv) Et3N, alkyl/aryl isocyanate; (v) Et3N, alkyl/aryl 

isothiocyanate; (vi) Et3N, alkylchloroformate (Pedras and Jha, 2006). 

 

 

A general procedure by Ayer and co-workers (Ayer, Craw et al., 1992) was used to 

synthesize substituted camalexins of general structure 57. Solutions of 2-bromothiazole 

in benzene were added to indoles of general structure 56 and MeMgI, and refluxed to 

afford camalexins 57 (Pedras and Ahiahonu, 2002; Pedras and Liu, 2004). Similarly, 

Fischer indole synthesis was used to synthesize the substituted 3-phenylindoles of 

general structure 61 (Scheme 1.3) (Robinson, 1963). Substituted phenyl hydrazines of 

general structure 58 and phenyl acetaldehydes of general structure 59 were heated to 

give the hydrazine intermediates of general structure 60, which were heated  in EtOH 

in presence of ZnCl2 to afford the substituted 3-phenylindoles 61 (Pedras and Hossain, 

2007).    

 

 

Scheme 1.3 Synthesis of camalexin analogs of general structure 57 and 61. Reagents 

and conditions: (i) MeMgI, Et2O; (ii) 2-bromothiazole, benzene (Ayer and Craw et al., 

1992; Pedras and Ahiahonu, 2002; Pedras and Liu, 2004); (iii) heat; (iv) ZnCl2, EtOH, 

heat (Pedras and Hossain, 2007). 
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Some of the analogs of brassilexin (30) reported in the literature have various 

substituents on the indole ring. Synthesis of brassilexins of general structure 64 was 

carried out using an optimized procedure (Pedras and Jha, 2005). Indoline-2-thiones of 

general structure 63 obtained from thionation of various substituted oxindoles of 

general structure 62 were subjected to Vilsmeier formylation followed by aqueous 

ammonia work-up to afford the substituted brassilexins 64. Other brassilexin related 

compounds of general structure 67 with isothiazolyl moieties in their structure were 

synthesized according to the general procedure (Pedras and Suchy, 2006) (Scheme 1.4). 

Aryl acetic acids of general structure 65 were converted to substituted aryl 

acrylaldehydes of general structure 66, which in presence of NH4SCN were cyclized to 

isothiazoles 67. 

 

 

Scheme 1.4 Synthesis of brassilexin analogs of general structure 64 and 67. Reagents 

and conditions: (i) P4S10, NaHCO3, THF; (ii) POCl3, DMF, NH4OH; (iii) I2, Pyr,  

(Pedras and Jha, 2005); (iv) POCl3, DMF; (v) NaOH, EtOH/H2O; (vi) SOCl2, DCM; 

(vii) NH4SCN, DMF, (Pedras and Suchy, 2006). 

 

 

1.4.2 Biotransformations in fungal cultures  

Detoxification is a general strategy used by organisms to convert toxic compounds to 

less toxic products. Detoxification processes involve chemical modifications or 

degradation of the compound.  In general, the first step in the metabolism is the 

detoxification process. The range of transformations of phytoalexins by crucifer 

pathogens is very broad as shown in several reviews (Pedras, Yaya et al., 2011c; 

Pedras, 2008; Pedras and Ahiahonu, 2005; Pedras, Okanga et al., 2000). Besides 
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phytoalexins, several related compounds have been probed for metabolism by crucifer 

pathogens. In this section, first the transformations of compounds closely related to 

brassinin (17) are reviewed. Then, examples highlighting the metabolic transformations 

carried out by fungal pathogens of crucifers are ill ustrated using analogs of brassilexin 

(30) and camalexin (32). 

Brassinin (17) is antifungal against L. maculans, B. cinerea and S. sclerotiorum, and 

more importantly, compound 17 is a biosynthetic precursor of other phytoalexins 

(Scheme 1.1) (Pedras, Yaya et al., 2011c). Thus, brassinin (17) is considered as an 

important compound among crucifer defenses. Metabolism of brassinin (17) has been 

extensively studied in crucifer pathogens and these studies led to the isolation of four 

brassinin detoxifying enzymes BOLm (Pedras, Minic et al., 2008a), BHLmL2 (Pedras, 

Minic et al., 2009b), BHAb (Pedras, Minic et al., 2009c) and SsBGT1 (recombinant) 

(Sexton, Minic et al., 2009). In fact, the metabolism of compound 17 to indole-3-

carboxaldehyde (74) by L. maculans was the first detoxification of phytoalexins 

identified in cruciferous pathogenic fungi (Pedras and Taylor, 1991). Later, several 

analogs of compound 17 have been probed for the metabolism by L. maculans. These 

compounds were designed by modifying the structure of brassinin (17): i) replacement 

of the indolyl ring in structure 17 with other aromatic moieties; ii) isosteric replacement 

of the hetero atoms in dithiocarbamate side chain (-N-C(S)-SMe) in the structure 17 to 

incorporate thiourea, carbamate, carbonate, ester and thiocarbamate analogs (Pedras 

and Jha, 2006). Based on these results, structural features required for metabolism of 

brassinin-related compounds by L. maculans were highlighted (Pedras, Jha et al., 

2007c). For brassinin-like structures to be metabolized through oxidative degradation 

by L. maculans, the compounds were required to have at least a methylene bridge 

separating the aromatic moiety and the dithiocarbamate side chain. Compounds 68-73 

were metabolized in a similar manner to compound 17 (Scheme 1.5). However, 

brassinin (17) was metabolized differently by L. maculans (virulent on mustard) 

(Pedras, Gadagi et al., 2007b). 
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Scheme 1.5 Biotransformation of brassinin (17) and analogs 68-73 by (i) 

Leptosphaeria maculans (virulent on canola) (Pedras and Jha, 2006; Pedras, Jha et al., 

2007c); (ii) Leptosphaeria maculans (virulent on mustard) (Pedras, Gadagi et al., 

2007b; Pedras, Minic et al., 2009b). 

 

Isolates of L. biglobosa and L. maculans (virulent on mustard) metabolized brassinin 

(17) to 3-indolylmethanamine (76) followed by Nb-acetyl-3-indolylmethanamine (77)  

(Pedras, Gadagi et al., 2007b). Similar to brassinin (17), compounds 68-73 were 

metabolized giving the respective acetylated amines 77 or 78 (Scheme 1.5) (Pedras, 

Gadagi et al., 2007b; Pedras, Minic et al., 2009c). 

 Compounds 79-84 were metabolized to the corresponding acids 85-89 in cultures of L. 

maculans (Scheme 1.6) (Pedras and Jha, 2006; Pedras, Khan et al., 1997). The 

corresponding aldehydes were not detected in fungal cultures, unlike with the 

metabolism of compound 17 (Pedras and Jha, 2006; Pedras, Khan et al., 1997).  

 

However, transformations of the non-indolyl dithiocarbamates such as compounds 79, 

81 and compound 17 were found to be similar in L. maculans (virulent on mustard). 

Compounds 79 and 81 were metabolized to respective products of dithiocarbamate 

hydrolysis followed by acetylation to yield the final products 90 and 91 (Scheme 1.6) 

(Pedras, Khan et al., 1997).  
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Scheme 1.6  Biotransformation of dithiocarbamate analogs 79-84 by (i) Leptosphaeria 

maculans (virulent on canola) (Pedras and Jha, 2006; Pedras, Khan et al., 1997); (ii) 

Leptosphaeria biglobosa (Pedras, Khan et al., 1997). 

 

Both virulent and avirulent isolates of L. maculans metabolized compound 92 in 

identical manner. Compounds 93 and 94 were also hydrolyzed to indolyl-3-propanoic 

acid (95) in cultures of L. maculans (virulent on canola) (Scheme 1.7).  

 

Scheme 1.7 Biotransformation of brassinin analogs 92-94 by (i) Leptosphaeria 

maculans (virulent on canola) (Pedras and Jha, 2006; Pedras, Jha et al., 2007c); (ii) 

Leptosphaeria maculans (virulent on mustard) (Pedras, Gadagi et al., 2007b). 

 
 

Metabolic detoxification of brassinin (17) in S. sclerotiorum was first reported in 2004 

(Pedras, Ahiahonu et al., 2004a). Brassinin (17) and its analog 96 were metabolized 

similarly to products 97 and 98, adding glycosyl moiety at N-1 in both the compounds 

(Scheme 1.8) (Pedras, Ahiahonu et al., 2004a). S. sclerotiorum carried out the 

glycosylation of S-methyl 1-methyltryptamine dithiocarbamate (99) at C-7 of indole, 

since position C-1 of indole was protected with a ïCH3 group. Compound 101 was the 

final product of the transformation of 99 by S. sclerotiorum (Ahiahonu, Ph. D. Thesis, 

2004). Similar transformation of compound 100 to compound 102 was observed in 

cultures of S. sclerotiorum incubated with 100, which has the N atom replaced by S at 

position 1 of indole (Pedras and Hossain, 2007). When S in compound 100 at position 
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1 was replaced by O, the resultant compound 103 was resistant to degradation by S. 

sclerotiorum (Scheme 1.9) (Pedras and Hossain, 2007).  

 

Metabolism of compound 84 in S. sclerotiorum yielded compound 104 as a result of 

glycosylation at position 5 of the naphthyl ring (Scheme 1.10) (Pedras, Ahiahonu et al., 

2004a). Examples in schemes 1.9 through 1.11 suggest that glycosylation of 

phytoalexins or analogs is the main transformation carried out by S. sclerotiorum for 

detoxification.   

 

Scheme 1.8 Metabolism of brassinin (17) and analog 96 by Sclerotinia sclerotiorum 

(Pedras, Ahiahonu et al., 2004a). 

 

 

Scheme 1.9 Metabolism of compounds 99 and 100 by Sclerotinia sclerotiorum (Pedras 

and Hossain, 2007). 

 

 

Scheme 1.10 Detoxification of methyl 2-naphthylmethyl dithiocarbamate (84) by 

Sclerotinia sclerotiorum (Pedras, Ahiahonu et al., 2004a). 
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Scheme 1.11 Metabolism of spirobrassinins 27, 28 and 105 by Sclerotinia sclerotiorum 

(Pedras and Hossain, 2006). 

 

No glycosylation was observed in detoxifications of spirobrassinin (27) and analogs 1-

methoxyspirobrassinin (28) and 1-methylspirobrassinin (105), compounds with lower 

inhibition effect against S. sclerotiorum (Scheme 1.11) (Pedras and Hossain, 2006). 

Spirobrassinins 27 and 28 were metabolized to corresponding spirothiazolidinones 106 

and 107 by S. sclerotiorum. Besides, a minor metabolite 108 was detected from 

metabolism of compound 28 by S. sclerotiorum (Pedras and Hossain, 2006). On the 

other hand, compound 105 was first metabolized to its demethylated product 27 

through the intermediate 109, which underwent loss of the hydroxymethyl group at N-1 

to give compound 27. In addition metabolite 110 was also detected from metabolism of 

compound 105 by S. sclerotiorum (Pedras and Hossain, 2006).  S. sclerotiorum carried 

out both glycosylation and non-glycosylation modes of transformation in the case of a 

compound 111, wherein the compound was hydroxylated at C-3 and glycosylated at N-

1 to yield compound 112 (Scheme 1.12) (Pedras and Hossain, 2007).  
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Scheme 1.12 Metabolism of isobrassinin (111) by Sclerotinia sclerotiorum (Pedras and 

Hossain, 2007). 

 

The metabolism of camalexin (32) by several cruciferous fungi was investigated. 

Compound 32 was found to be metabolized by R. solani (Pedras and Khan, 1997), S. 

sclerotiorum (Pedras and Ahiahonu, 2002) and B. cinerea (Pedras, Hossain et al., 

2011a). In addition, analogs of camalexin were screened for metabolism by S. 

sclerotiorum (Pedras and Ahiahonu, 2002) and R. solani (Pedras and Liu, 2004). These 

compounds were derivatives of camalexin (32) in which the indolyl hydrogens were 

replaced with atoms such as F, Me, OMe etc., or the thiazolyl ring was replaced with a 

phenyl ring (Pedras and Ahiahonu, 2002; Pedras and Liu, 2004; Pedras and Hossain, 

2007). Camalexin (32) was metabolized by S. sclerotiorum to 6-oxy-(O-ɓ-

glucopyranosyl)camalexin (116) via 6-hydroxycamalexin (115) (Pedras and Ahiahonu, 

2002). If C-6 of camalexin was blocked with OMe group, as in compound 33, S. 

sclerotiorum metabolized compound 33 in the same manner to compound 32 via an 

oxidative demethylated intermediate 6-hydroxycamalexin (115). In addition, compound 

33 was transformed to a minor metabolite 117 (Pedras and Ahiahonu, 2002).   

However, if C-6 of camalexin was blocked with F, the compound 113 was metabolized 

to N-glucosylated product 118 by S. sclerotiorum (Pedras and Ahiahonu, 2002). On the 

other hand, if C-6 and N-1 of camalexin analogs were blocked, as in compound 114, 

the fungus glycosylated the compound 114 at C-7 (Scheme 1.13). Compound 114 was 

transformed to metabolite 119 by S. sclerotiorum.  In addition, compound 114 was also 

converted to compound 120 by S. sclerotiorum (Pedras and Ahiahonu, 2002). In 

general, O-glycosidation and N-glycosidation, but not C-glycosidation was observed 

among the detoxification reactions by S. sclerotiorum. In compounds where there are 

no NH/OH functionalities available for glycosylation, oxidation preceded the 

glycosylation.  
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Scheme 1.13 Pathways of metabolism of camalexin (32) and analogs 33, 113 and 114 

by Sclerotinia sclerotiorum (Pedras and Ahiahonu, 2002). 

 

 

3-Phenylindole (121) was metabolized to the N-glycosylated compound 125  whereas, 

the analogs 122 and 123 were not metabolized by S. sclerotiorum (Pedras and Hossain, 

2007).  In addition, 3-phenylbenzofuran (124) in contrast to 3-phenylindole (121) was 

not metabolized by S. sclerotiorum (Scheme 1.14) (Pedras and Hossain, 2007). 

 

Scheme 1.14 Transformation of 3-phenylindole (121) and other compounds 122-124 

by Sclerotinia sclerotiorum (Pedras and Hossain, 2007). 

 



   

20 

 

Camalexin analogs were metabolized by R. solani through various pathways (Pedras 

and Khan, 1997, 2000; Pedras and Liu, 2004). Oxidation of the indole ring is the 

predominant step in metabolism of compounds 32 and 126. Camalexin (32) was 

metabolized to compound 129 through hydroxylation of C-5 (Pedras and Khan, 2000) 

whereas, compound 126, with a Me group at position C-5 was metabolized to the 

hydroxymethyl compound 132. Compound 129 was further metabolized to compounds 

130 and 131 (Pedras and Liu, 2004). Compound 126 was metabolized by R. solani to 

the products 133 and 134 (Pedras and Liu, 2004). Compound 127 was metabolized to 

products 135-137 (Pedras and Liu, 2004) whereas, compound 128 was metabolized to 

products 138-140 (Pedras and Liu, 2004). Nitriles 135 and 138 were found to be the 

major metabolites in these transformations of compounds 127 and 128 by R. solani 

(Scheme 1.15). These examples demonstrated that C-5 of the indole ring is the 

preferred site of transformation by R. solani. However, the site of transformation was 

switched to the thiazole ring if C-5 was blocked by F (Pedras and Liu, 2004). 

 

Scheme 1.15 Metabolism of camalexin (32) and analogs 126-128 by Rhizoctinia solani 

(Pedras and Khan, 2000; Pedras and Liu, 2004). 
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Brassilexin (30) was transformed by isolates of L. maculans virulent on canola (Pedras 

and Suchy, 2005) and mustard (Pedras and Snitynsky, 2010), and by S. sclerotiorum 

(Pedras and Hossain, 2006). The isothiazolyl ring was found to be the preferred site for 

transformation of brassilexin and its analogs by L. maculans (virulent on canola). 

Compound 30 was metabolized to 3-aminomethylene-indoline-2-thione (143)   by L. 

maculans (virulent on canola) (Pedras and Suchy, 2005). Similarly, brassilexin 

derivatives 141 and 142 were metabolized to products 144 and 145 respectively. 

However, analog 146 and others 147-149, in which the isothiazole ring system was 

fused with quinoline, phenyl or benzothiophene moieties were not metabolized by L. 

maculans (virulent on canola) (Scheme 1.16) (Pedras and Suchy, 2006).  

 

Scheme 1.16 Metabolism of brassilexin (30) and other compounds 141, 142 and 146-

149 by Leptosphaeria maculans (virulent on canola) (Pedras and Suchy, 2006). 

 

Brassilexin (30) was metabolized to compound 150 by S. sclerotiorum through 

glycosylation at N-1, whereas compound 141 was first oxidized at the N-Me group and 

then glycosylated to product 151 (Scheme 1.17) (Pedras and Hossain, 2006). Many 

phytoalexin analogs and related compounds were resistant to metabolism by 

cruciferous fungi (Appendix).  
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