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Chapter 1  
General introduction  

 

Plants possess chemical defense systems to protect themselves against biotic stress. 

Antifungal compounds in plants, such as phytoanticipins and phytoalexins, contribute to 

the rejection of pathogen infections. Phytoanticipins are defined as low molecular 

weight, antimicrobial compounds that are present in plants before challenge by 

microorganisms or are produced after infection solely from preexisting constituents 

(VanEtten et al., 1994). On the other hand, phytoalexins are defined as low molecular 

weight, antimicrobial compounds produced by plants in response to pathogen infection, 

and provide a chemical barrier against pathogen attacks.  

The significance of phytoanticipin and phytoalexin accumulation in the 

interaction between plants and pathogenic microorganisms has been demonstrated 

experimentally. For example, a wild oat species (Avena longigluminis) lacking the oat 

phytoanticipins, avenacins, demonstrated susceptibility to Gaeumannomyces graminis 

var. tritici, the causal agent of take-all disease of wheat, while oat (Avena sativa) that 

accumulates avenacins showed resistance to the disease (Osbourn et al., 1994). 

Incompatible combinations of oat cultivars and crown rust fungus (Puccinia coronata f. 

sp. avenae) races were found to induce a rapid accumulation of phytoalexins at high 

concentrations (Mayama et al., 1982). In Arabidopsis thaliana, plants without the 

ability to produce phytoanticipins and phytoalexins were shown to be more susceptible 

to pathogenic infection compared with phytoanticipin- and phytoalexin-producing wild-

type plants (Schlaeppi et al., 2010; Thomma et al., 1999). The genetically modified 

tobacco (Nicotiana tabacum) plant that accumulates a foreign phytoalexin, resveratrol, 

showed enhanced resistance to pathogens (Hain et al., 1993). Moreover, tolerance to 

phytoanticipins and phytoalexins, due to their degradation and exclusion, has been 

identified as a factor contributing to virulence of pathogenic microorganisms (Sandrock 

and VanEtten, 1997; Coleman et al., 2011).  
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In species belonging to the family Poaceae, benzoxazinones (Bxs) are 

representative phytoanticipins. Bxs are present in wheat (Triticum aestivum), rye 

(Secale cereale), maize (Zea mays), and other Poaceae species (Niemeyer, 1988; 2009; 

Sicker et al., 2000; Kokubo et al., 2017). The major Bxs, 2,4-dihydroxy-1,4-

benzoxazin-3-one (DIBOA) and its 7-methoxy derivative (DIMBOA), are constitutively 

stored in vacuoles in the form of glucosides (DIBOA-Glc and DIMBOA-Glc). Due to 

their anti-aphid, antimicrobial, and phytotoxic activities, Bxs have been considered to 

function as defense mechanisms against various biological stresses (Argandoña et al., 

1980; Barnes and Putman, 1987; Niemeyer, 1988; 2009; Sicker et al., 2000; Meihls et 

al., 2013). Gramine (N,N-dimethyl-3-aminomethylindole) is another class of defensive 

metabolites found in barley (Hordeum vulgare ssp. vulgare) and several poaceous 

species (Kokubo et al., 2017). Similar to Bxs, gramine has been implicated in resistance 

against aphids and pathogenic fungi (Zúñiga et al., 1986; Matsuo et al., 2001). Both Bxs 

and gramine are derived from the tryptophan biosynthetic pathway (Frey et al., 1997; 

Gross et al., 1974).  

In contrast to the general accumulation of Bxs among Poaceae species, 

hordatines are specialized metabolites characteristic to barley. These compounds 

possess strong antifungal activity and accumulate at high concentrations in young 

seedlings (Stoessl, 1967; Stoessl and Unwin, 1970). Hordatine A (HA) is a dimer of p-

coumaroylagmatine (CouAgm), whereas hordatine B (HB) is a heterodimer of CouAgm 

and feruloylagmatine (FerAgm) (Stoessl, 1966). Hordatines are also present in the form 

of glycosides (Kageyama et al., 2011; Kohyama and Ono, 2013), and other minor 

hordatines have been detected in seeds and seedlings of barley by mass spectroscopic 

analysis (Gorzolka et al., 2014; Pihlava, 2014). Hordatines are biosynthesized via two 

reactions from agmatine and hydroxycinnamoyl-CoA esters (Fig. 1.1). The first reaction 

comprises the condensation of agmatine and hydroxycinnamoyl-CoA esters by agmatine 

coumaroyltransferase to form hydroxycinnamic acid amides (HCAAs) of agmatine 

(CouAgm and FerAgm) (Bird and Smith, 1981, 1983; Burhenne et al., 2003). The 
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second reaction involves the dimerization of the HCAAs. The enzyme that catalyzes the 

second reaction has not been identified to date (Nomura et al., 2007), although a radical 

coupling reaction catalyzed by peroxidase has been shown to generate hordatines in 

vitro (Stoessl 1966, 1967; Negrel and Smith, 1984).  

Poaceous species accumulate phytoalexins with diverse chemical structures, 

including phenylamides, flavonoids, and terpenoids (Fig. 1.2). For example, rice (Oryza 

sativa) plants accumulate 19 phytoalexins — 15 labdane-related diterpenes 

(momilactones, oryzalexins, and phytocassanes), 1 casbene-type diterpene (ent-10-

oxodepressin), 1 flavanone (sakuranetin), and 2 phenylamides (N-benzoyltryptamine 

and N-cinnamoyltryptamine) (Kodama et al., 1992a,b; Park et al., 2013; Yamane et al., 

2013; Horie et al., 2016). In maize (Zea mays), the diterpenoids, kauralexins and 

dolabralexins, (Schmelz et al. 2011; Mafu et al., 2018) and the sesquiterpenoid, 

zealexin, were identified as phytoalexins (Huffaker et al., 2011). In oats, 

avenanthramide phytoalexins, which are hydroxycinnamic acid amides with 

anthranilates, have been extensively studied in the interaction with crown rust fungus 

(Mayama et al., 1982; Miyagawa et al., 1995). It has been shown that the dimers of 

serotonin, 5′-dihydroxy-2,4′-bitryptamine, and 3-(2-aminoethyl)-3-hydroxyindolin-2-

one are induced in barley leaves infected by Bipolaris sorokiniana, the causal agent of 

brown spot in the Poaceae plants. They were considered to serve the function of 

phytoalexins in barley (Ishihara et al., 2017). It may be reasonable to assume that barley 

possesses additional phytoalexins because other Poaceae species accumulate various 

kinds of specialized metabolites as phytoalexins. To the best of our knowledge, the 

presence of phytoalexins has not been reported in wheat to date, but it seems somewhat 

strange considering the dense distribution of phytoalexins in the poaceous species.  

 In many poaceous species, Bxs are representative phytoanticipins, but barley 

possesses characteristic specialized metabolites, hordatines. These differences in 

defensive metabolites between barley and the other Poaceae species suggest that 

significant metabolic changes might have occurred during the evolution of barley. In 
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addition, inducible defensive metabolites in barley and wheat remain to be elucidated 

while various kinds of phytoalexins have been identified in other poaceous species. In 

this study, we focus on the constitutive and inducible defensive system using specialized 

metabolites in Hordeum species and wheat. 

 

 
Fig. 1.1. Biosynthetic pathways for defensive specialized metabolites found in poaceous 

species.   
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Fig. 1.2. Inducible defensive metabolites found in poaceous species.  
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Chapter 2 
Evolutionary changes in defensive specialized metabolism  

in the genus Hordeum 

 

2.1 Introduction 
 

Over the course of evolution, plants have acquired chemical defense systems using 

specialized metabolites to protect themselves against biotic stresses. In general, closely 

related species accumulate similar specialized metabolites. However, in the genus 

Hordeum (Poaceae), which includes cultivated barley (Hordeum vulgare L. ssp. 

vulgare), the occurrence of multiple defensive metabolites such as hordatines, 

benzoxazinones (Bxs), and gramine has been reported (Stoessl, 1966; Barria et al., 

1992; Grün et al., 2005; Smith and Best, 1978).  
Hordatines are characteristic specialized metabolites present in barley and the 

accumulation was limited. On the other hand, a few wild Hordeum species have been 

shown to accumulate Bxs (Barria et al., 1992; Grün et al., 2005) as well as other 

Poaceae species. Bxs are present in wheat (Triticum aestivum), rye (Secale cereale), 

maize (Zea mays), and other Poaceae species (Niemeyer, 1988; 2009; Sicker et al., 

2000; Kokubo et al., 2017). Gramine (N,N-dimethyl-3-aminomethylindole) is another 

class of defensive metabolites found in barley. Both Bxs and gramine are derived from 

the tryptophan biosynthetic pathway (Frey et al., 1997; Gross et al., 1974).  

The genus Hordeum, which belongs to the Triticeae tribe in the Poaceae family, 

consists of 31 species. The genus has been classified into four clades H, Xu, Xa, and I, 

among which H and Xu comprise a monophyletic group, and I and Xa form a separate 

monophyletic group (Taketa et al., 1999, 2005; Blattner, 2009). Cultivated barley 

belongs to the H clade, together with the closely related wild species H. vulgare ssp. 

spontaneum (C. Koch.) Thell. Phylogenetic relationships among the 31 species of the 

genus Hordeum have been analyzed in detail; thus, it is the ideal genus to track 
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metabolic evolution. The presence or absence of defensive specialized metabolites in 

Hordeum has been analyzed in several species (Smith and Best, 1978; Barria et al., 

1992; Grün et al., 2005). However, the correlation between the phylogenetic 

relationships among species and the distribution of defensive metabolites remains to be 

elucidated because of the lack of information from some of the phylogenetically 

important species. 

 In the present study, we analyzed the presence or absence of hordatines, Bxs, 

and gramine in representative Hordeum species, including all of the four clades. 

Furthermore, we focused on the metabolites in H. murinum ssp. glaucum (Steudel.) 

Tzvelev., as this species belongs to the Xu clade, which is the major branch of the 

lineages leading to cultivated barley in the phylogenetic tree of the genus Hordeum. We 

detected two compounds that differed from these known metabolites in H. murinum ssp. 

glaucum. These compounds were also detected in H. murinum spp. leporinum (Link.) 

Arcang. and H. bulbosum L. We purified these two compounds, determined their 

chemical structures by spectroscopic analysis, and characterized their biological 

activity. 

 

2.2 Results 
  

2.2.1. Distribution of defensive specialized metabolites in Hordeum species 

We analyzed the contents of hordatines, Bxs, gramine, and HCAAs (CouAgm and 

FerAgm) in Hordeum species at the seedling stage by HPLC and LC-MS/MS. The 

species analyzed were H. vulgare ssp. vulgare, H. vulgare ssp. spontaneum, and H. 

bulbosum in the H clade; H. murinum ssp. glaucum and H. murinum ssp. leporinum in 

the Xu clade; H. marinum ssp. marinum Hudson. in the Xa clade; and H. bogdanii Wil., 

H. brachyantherum Nevski. ssp. californicum (Cov. & Steb.) Both. & et al., H. chilense 

Roem. & Schult., H. flexuosum Steud., H. pusillum Nutt., and H. jubatum L. in the I 

clade. Because Bxs are constitutively stored in the vacuoles as glucosides, we analyzed 
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DIBOA-Glc and DIMBOA-Glc. 

Hordeum species accumulated different varieties of defensive metabolites, 

depending on the clade (Fig. 2.1 and Table 2.S1). H. vulgare ssp. vulgare and H. vulgare 

ssp. spontaneum contained CouAgm, HA, and HB at high concentrations. H. bulbosum 

did not accumulate hordatines, but it accumulated low levels of CouAgm and FerAgm. 

Gramine content varied in the H clade: H. vulgare ssp. vulgare cv. Shunrai and H. 

vulgare ssp. spontaneum accumulated gramine at high concentrations in the shoots, 

whereas gramine concentrations in the shoots and roots of H. vulgare ssp. vulgare cv. 

Sachiho Golden were below the detection limit, and those in H. bulbosum were also 

low. Bxs were not detected in the H clade species studied. In addition, the HPLC 

analysis for hordatines in the extracts from H. bulbosum showed two peaks (1 and 2), 

which were absent in the extracts from H. vulgare.  

Xu clade species did not accumulate hordatines or Bxs, but they contained 

CouAgm and FerAgm. The high concentration of FerAgm was characteristic of Xu 

clade species. H. murinum ssp. glaucum did not contain gramine, but H. murinum ssp. 

leporinum accumulated gramine at a level similar to that in H. vulgare cv. Shunrai. 

Importantly, compounds 1 and 2 were detected in Xu clade species, as well as in H. 

bulbosum (an H clade species).  

All the Xa and I clade species accumulated DIBOA-Glc. H. bogdanii, H. 

jubatum, H. brachyantherum, H. chilense, and H. pusillum also contained gramine in 

the roots, although its concentrations were far lower than those in H. vulgare ssp. 

vulgare cv. Shunrai, ranging from 51.8 nmol/gFW (H. brachyantherum) to 10.2 

nmol/gFW (H. jubatum). Among these species, only H. jubatum accumulated detectable 

amounts of gramine (19.9 nmol/gFW) in the shoots. In the I and Xa clades, species 

other than H. pusillum accumulated CouAgm to some extent, but hordatines were below 

the detection limits. DIMBOA-Glc was not detected in any of the Hordeum species 

analyzed. 
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Fig. 2.1. Accumulation of p-coumaroylagmatine, hordatine A, hordatine B, gramine, 

and DIBOA-Glc in Hordeum species. Shoots (A) and roots (B) of young seedlings of 

Hordeum species were extracted with 80% methanol. The bars in the graphs show the 

amounts of p-coumaroylagmatine (light blue), feruloylagmatine (light green), hordatine 

A (dark blue), hordatine B (dark green), gramine (yellow), and DIBOA-Glc (red). Data 

are means with standard deviation from three independent experiments. 

 

2.2.2 Identification of hydroxycinnamic acid amide dimers in H. bulbosum, H. murinum 

ssp. glaucum, and H. murinum ssp. leporinum 

Compounds 1 and 2 were purified from 96-h-old seedlings of H. murinum ssp. glaucum 

by ODS column chromatography and preparative HPLC. Compound 1 had the 

molecular formula C30H43N8O6, as determined by HRMS (m/z 611.3301, [M+H]+), 

which suggested that 1 was a dehydrodimer of FerAgm. 1H-NMR spectra of 1 (Table 

2.1) revealed the presence of two aromatic rings (A and B), an isolated double-bond 
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proton (d 7.27 ppm), two coupled methines (d 3.75 and 4.32 ppm), and two methoxy 

groups (d 3.79 and 3.88 ppm) (Fig. 2.2). Although HRMS indicated the presence of 30 

carbons in the structure, the 13C-NMR spectra showed only 29 carbon signals. The 

carbon signal that was not observed in the 13C-NMR spectra overlapped with the 

solvent signal at dC 49.0 ppm because the HMQC spectra showed a cross peak of the 

coupled methine proton at d 4.32 ppm and a carbon signal overlapping with the signal 

of the solvent. All protonated carbons were assigned using the HMQC spectra. 

Because the aromatic protons at d 6.43 and 6.93 ppm did not show coupling, ring A was 

a 1,3,4,6-tetrasubstituted benzene ring. The coupling pattern of proton signals at d 6.51, 

6.69, and 6.76 ppm indicated that ring B was a 1,3,4-trisubstituted benzene ring. COSY 

and HMQC spectra indicated the presence of two -CH2-CH2-CH2-CH2- units and two 

carbon signals at dc 158.57 and 158.64 ppm, suggesting the presence of guanidino 

carbons. Thus, 1 was deduced to contain two agmatine chains derived from FerAgm. 

Assuming that 1 was a dehydrodimer of FerAgm, the major differences in the 

comparison of the spectra of 1 with those of FerAgm were (1) the disappearance of two 

double-bond protons and appearance of two coupled methines at d 3.75 and 4.32 ppm, 

(2) the disappearance of another double-bond proton, and (3) the disappearance of an 

aromatic proton at C-6 in ring A. Thus, the carbons involved in the linkages were two 

coupled methine carbons, one of double-bond carbons, and C-6 in ring A.  

 According to HMBC spectra, ring A and the double-bond proton consisted of 

one FerAgm unit, while ring B and two coupled methines consisted of the other 

FerAgm unit (Fig. 2.2). The signals of C-1, 2, and 6 in ring A showed cross-peaks with 

the double-bond proton (H-7) at d 7.27 ppm, indicating a connection between C-1 in 

ring A and C-7. The signals of C-1′, 2′, and 6′ in ring B showed cross-peaks with a 

coupled methine proton (H-7′) at d 4.32 ppm, indicating a connection between ring B 

and the coupled methine.  

The HMBC spectrum also displayed correlations between one of the coupled 

methine protons at d 3.75 ppm (H-8′) and the double-bond carbons (C-7 and C-8), 
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indicating a linkage of C-8 and C-8′ (Fig. 2.2). In addition, the signal of C-1, C-5, and 

C-6 showed cross-peaks with the coupled methine proton H-7′ at d 4.32 ppm, indicating 

a linkage between C-6 and C-7′. Therefore, we concluded that 1 was a dehydrodimer of 

FerAgm with two FerAgm units connected at 8-8′ and 6-7′. 

The relative stereochemistry between the coupled methines at d 3.75 and 4.32 

ppm were assigned by a combination of NOESY and analysis of coupling constants. 

The NOESY spectrum displayed a correlation between the coupled methines, and the 

coupling constant between the coupled methines was 7.1 Hz. Thus, 1 had a cis 

configuration of the coupled methines. 

Compound 2 had the same molecular formula as 1, C30H43N8O6, as revealed by 

HRMS (m/z 611.3301, [M+H]+), suggesting that 2 was also a dehydrodimer of FerAgm. 

The 13C-NMR spectra showed 30 carbon signals. 1H-NMR spectra of 2 (Table 2.1) 

revealed the presence of two aromatic rings (C and D), a double-bond proton (d 7.48 

ppm), two coupled methines (d 3.99 and 4.61 ppm), and two methoxy groups (Fig. 2.2). 

Rings C and D were 1,3,4-trisubstituted rings with resonance for ortho- and 

meta-coupled protons at d 6.80, 6.99, and 7.01 ppm for ring C, and at d 6.73, 6.79, and 

6.82 ppm for ring D. The presence of two agmatine units was confirmed by COSY, 

HMQC, and 13C-NMR. 

The comparison of the spectra of 2 with those of FerAgm showed the 

following differences: (1) the disappearance of two double-bond protons of FerAgm and 

the appearance of two coupled methines at d 3.99 and 4.61 ppm and (2) the absence of 

another double-bond proton of FerAgm. Thus, the carbons involved in the linkages 

were two coupled methine carbons and one double-bond carbon. In addition, because all 

the other carbons seemed to be intact, a nitrogen or oxygen atom was considered to be 

involved in the connection. 

In the HMBC spectrum, the signals of C-1, 2, and 6 in ring C showed cross-

peaks with the double-bond proton (H-7), indicating the connection between ring C and 

the double-bond carbon C-7 (Fig. 2.2). The signal of C-1′, 2′, and 6′ in ring D showed 
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cross-peaks with H-7′, indicating a connection between ring D and C-7′. Thus, ring C 

and the double-bond comprised one FerAgm unit, whereas ring D and the coupled 

methines comprised the other FerAgm unit. 

HMBC spectrum displayed correlations between H-8′ and C-8, indicating the 

connection between C-8 and C-8′. In addition, the signal of C-9 showed cross-peaks 

with H-7′, indicating a connection between C-7′ and N in the amide bond. Therefore, 2 

was an FerAgm dehydrodimer with the 8-8′ and 9-N-7′ linkages. 

The relative stereochemistry between H-7′ and H-8′ was assigned as trans 

configuration by a combination of the NOESY spectrum and analysis of coupling 

constants. The J7′-8′ was 2.8 Hz, indicating that the dihedral angle between H-7′ and H-8′ 

was about 60° or 120° on the basis of the Karplus rule. In addition, the NOESY 

spectrum did not display a correlation between H-7′ and H-8′. 

According to the chemical shift of H-7 at d 7.48 ppm, the configuration of the 

double-bond between C-7 and C-8 was suggested to be of E geometry. The alkene 

protons in alkylidene lactone and lactams with E geometry tend to appear at 7.5–7.7 

ppm, whereas the protons of the Z isomer appear upfield by 0.5–0.6 ppm (Younai et al., 

2010). Bisavenanthramide (dehydrodimer of N-feruloyl-5-hydroxyanthranilate) and 

heliotropamide (dehydrodimer of N-caffeoyltyramine) have similar alkylidene lactams 

with E geometry. In these compounds, the chemical shifts of the corresponding alkene 

protons were d 7.69 ppm and d 7.47 ppm, respectively (Okazaki et al., 2004; Guntern et 

al., 2003), which are close to d 7.48 ppm of H-7 in 2.  

Because 1 and 2 are compounds that have not been reported before, we 

designated them as murinamides A (MA) and B (MB) (derived from “murinum”) (Fig. 

2.3).  
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Table 2.1. 1H (600 MHz) and 13C (150 MHz) NMR spectral data for murinamides A and B in methanol-d 4

Position 1H muti, J  (Hz) 13C 1H muti, J  (Hz) 13C
1 125.1 127.6
2 6.93 (1H, s) 113.1 6.99 (1H, d, 1.7) 114.6
3 148.1 149.1
4 149.5 149.5
5 6.43 (1H, s) 116.9 6.80 (1H, d, 8.2) 116.6
6 132.8 7.01 (1H, dd, 1.8, 8.3) 124.8
7 7.27 (1H, s) 134.2 7.48 (1H, d, 2.2) 135.8
8 128.9 127.5
9 171.0 171.2
10 3.27 (2H, m) 39.9 3.10-3.2 (2H, m) 40.0
11 27.2 a 27.0 b

12 27.7 a 27.6 b

13 3.18 (2H, m) 42.11 3.03-3.08 (2H, m) 42.0 c

14 158.64 158.6 d

MeO-C3 3.88 (3H, s) 56.7 3.84 (3H, s) 56.6
1' 135.1 132.4
2' 6.76 (1H, d, 1.9) 113.1 6.79 (1H, d, 1.9) 110.8
3' 149.0 149.8
4' 146.4 148.5
5' 6.69 (1H, d, 8.1) 116.1 6.82 (1H, d, 8.1) 116.8
6' 6.51 (1H, dd, 1.9, 8.1) 122.1 6.73 (1H, dd, 1.9, 8.1) 120.8
7' 4.32 (1H, d, 7.1) 49* 4.61 (1H, d, 2.8) 66.5
8' 3.75 (1H, d, 7.1) 51.8 3.99 (1H, dd, 2.2, 2.8) 54.3
9' 175.4 173.4
10' 3.10, 3.03 (2H, m) 39.6 3.68, 2.91 (2H, m) 41.7 c

11' 26.8 a 25.0 b

12' 27.5 a 26.9 b

13' 3.03 (2H, m) 42.14 3.10-3.2 (2H, m) 41.9 c

14' 158.57 158.5 d

MeO-C3' 3.79 (3H, s) 56.40 3.82 (3H, s) 56.5
* Overrapping with solvents.
a-d Assignments may be interchanged.

Murinamide A (1) Murinamide B (2)

1.59 (4H, m) 1.28-1.40 (4H, m)

1.27 (4H, m) 1.52-1.59 (4H, m)
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Fig. 2.2. Key HMBC (indicated by arrows from 13C to 1H) and COSY (indicated by 

bold lines) for 1 and 2. 

 

 
Fig. 2.3. Chemical structures of murinamides A and B. 
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2.2.3. Dimerization of feruloylagmatine by peroxidase 

To verify that 1 was a dehydrodimer of FerAgm, we performed a peroxidase reaction 

using FerAgm as a substrate under acidic conditions. The reaction resulted in the 

formation of 1, with a 22% yield, thereby confirming the identity of 1 (Fig. 2.S1A). 

Compound 2 was not formed by the peroxidase reaction with FerAgm in the presence of 

H2O2 under acidic conditions. Therefore, we performed the reaction under basic 

conditions (Fig. 2.S1B). The reaction resulted in the formation of 2 with 8.0% yield. 

Hordatine C (HC, Fig. 2.S2) was generated as the major product in the peroxidase 

reactions for the syntheses of 1 and 2 under acidic and basic conditions (Fig. 2.S1). The 

determination of the structure is described in the supplementary material.  

 

2.2.4. Optical resolution of murinamides A and B 

Synthesized MA was separated into two peaks with almost the same peak areas by 

chiral HPLC. The CD spectra of the compounds obtained from the two peaks were 

mirror images of each other, indicating that synthesized MA was a racemic mixture 

(Fig. 2.S3). MB also separated into two peaks with the same peak area by chiral HPLC, 

and their CD spectra indicated that the synthesized MB was also a racemic mixture (Fig. 

2.S4). 

MA and MB purified from H. murinum ssp. glaucum were subjected to chiral 

HPLC, which separated MA into two peaks corresponding to the enantiomers. The 

percentages of the peak areas of the earlier and later peaks were 20% and 80%, 

respectively. On the other hand, MB eluted as a single peak, corresponding to the later 

peak in the analysis of synthesized MB. 

 

2.2.5. Determination of the concentrations of murinamides and feruloylagmatine in H. 

bulbosum and H. murinum  

We determined the amounts of MA, MB, and HC in the shoots and roots of H. 

bulbosum, H. murinum ssp. glaucum, and H. murinum ssp. leporinum (Table 2.2). H. 
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bulbosum accumulated MA and MB in the shoots and MA in the roots. H. murinum ssp. 

glaucum accumulated MA in the shoots and roots and MB in the shoots at high 

concentrations, whereas H. murinum ssp. leporinum accumulated MA and MB in both 

the shoots and roots. HC was detected in the shoots and roots of H. murinum spp. 

leporinum (27.0 nmol/gFW and 15.8 nmol/gFW, respectively), although its 

concentrations were far lower than those of MA and MB. HC was not detected in H. 

bulbosum or H. murinum ssp. glaucum. HC was present in the shoots of H. vulgare ssp. 

vulgare at a low concentration (11.9 nmol/gFW). In other Hordeum species, MA, MB, 

and HC were below the detection limits. 

 

2.2.6. Antimicrobial activities of murinamides A and B 

The antifungal activities of MA and MB against pathogenic fungi Bipolaris 

sorokiniana and Fusarium asiaticum were evaluated by the inhibition of conidia 

germination and germ tube elongation. Murinamides showed a marked inhibitory effect 

in both assays, but FerAgm showed no activity (Fig. 2.4). MA and MB showed similar 

activity, completely inhibiting the spore germination of B. sorokiniana at 1 mM (Fig. 

2.4A). In an assay for the inhibition of conidia germination of F. asiaticum, MB 

exhibited stronger activity than MA did; MB completely inhibited conidia germination 

Table 2.2. Accumulation of  murinamides A and B in H. bulbosum and H. murinum.

Plant Extracted part Murinamide A (1) Murinamide B (2)

(nmol/gFW) (nmol/gFW)

H. bulbosum Shoota 3530 ± 315 102 ± 19.4

Roota 273 ± 97.6 n.d.c

H. murinum  ssp. glaucum Shootb 2000 ± 129 1570 ± 108

Rootb 2280 ± 162 n.d.

H. murinum  ssp. leporinum Shootb 83.0 ± 0.62 890 ± 14.0

Rootb 385 ± 120 223 ± 65.7

bShoots and roots of 3-day-old seedlings.
cn.d.: not detected.

aYoung shoots and roots emerged from bulbs of H. bulbosum.
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at 0.3 mM, whereas MA inhibited conidia germination by only 50% even at 1 mM (Fig. 

2.4B). MB almost completely inhibited the germ tube elongation of B. sorokiniana at 

0.3 mM, while FerAgm and MA inhibited it only by 35% and 66%, respectively, even at 

1 mM (Fig. 2.4C). On the other hand, MA and MB showed similar dose-response 

curves for the inhibition of germ tube elongation of F. asiaticum, with almost complete 

inhibition at 0.3 mM (Fig. 2.4D). The activity against Pseudomonas syringae pv. 

japonica was assayed by growth inhibition in liquid culture. Murinamides did not show 

inhibitory effects on the growth of P. syringae pv. japonica even at 1 mM.  

 

Fig. 2.4. Inhibition of conidia germination (A and B) and germ tube elongation (C and 

D) of Bipolaris sorokiniana (A and C) and Fusarium asiaticum (B and D) by 

murinamides A (circles) and B (diamonds), and feruloylagmatine (triangles). Data are 

means with standard deviation from three independent experiments. 
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2.3. Discussion 

 

In the present study, we analyzed the presence or absence of three groups of defensive 

specialized metabolites in Hordeum species. The analysis provides an overall picture of 

the distribution of these metabolites in Hordeum species for the first time. First, species 

in the I and Xa clades accumulated the Bx glucoside DIBOA-Glc but not hordatines. 

Second, in H clade species, H. vulgare ssp. vulgare and H. vulgare ssp. spontaneum 

accumulated hordatines but not Bxs. Third, H. bulbosum in the H clade and H. murinum 

in the Xu clade accumulated MA and MB but not Bxs. Fourth, species that accumulated 

gramine at high concentrations were found only in the H and Xu clades. This biased 

distribution indicates that specialized metabolism has changed dynamically during the 

evolution of Hordeum species.  

On the basis of these findings, Hordeum species were classified into two 

groups: (1) I and Xa clade species, which accumulate the Bx glucoside DIBOA-Glc and 

(2) H and Xu clade species, which accumulate dehydrodimers of HCAAs with 

agmatine, although their chemical structures showed interspecific variation among H 

and Xu clade species. Bxs are present in a wide range of Poaceae species (Niemeyer, 

1988; Kokubo et al., 2017); thus, the common ancestor of Hordeum species is 

considered to have accumulated Bxs. In the evolution of the genus Hordeum, the 

defensive specialized metabolism has shifted from Bxs to dehydrodimers of HCAAs of 

agmatine in H and Xu clade species (Fig. 2.5). Moreover, H. bulbosum, a wild H-

genome species closest to barley, together with Xu clade species, accumulated 

murinamides. The plausible scenario is that murinamide biosynthesis was acquired in 

the common ancestor of the H and Xu clade species, and that murinamides were 

subsequently replaced by the other type of HCAA dimers—hordatines—during 

speciation between H. vulgare and H. bulbosum.  

Grün et al. (2005) suggested that the presence of gramine and Bxs was 

mutually exclusive on the basis of the results obtained by the analysis of these 
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compounds in two subspecies of H. vulgare in the H clade and four species in the I 

clade. This seems reasonable because gramine and Bxs share a common biosynthetic 

pathway. Our analysis in the genus Hordeum supported this notion. We analyzed seven 

additional species in the genus and found that most species accumulated detectable 

amounts of gramine, but the concentrations of gramine in the I and Xa clade species 

accumulating DIBOA-Glc were much lower than the concentrations of gramine in H. 

vulgare. Because Bxs and gramine were detected outside of the Hordeum species 

(Niemeyer et al., 1988; Kokubo et al., 2017), their origin predated the genus formation. 

Thus, the common ancestor of Hordeum species should have contained both 

metabolites. After the split of the H/Xu clades from the I/Xa clades, the gramine 

biosynthetic pathway might have been activated in ancestral species of the H/Xu clades 

that had lost the Bx pathway, and thus had large capacity for the supply of gramine 

precursors. 

Among H and Xu clade species, H. vulgare ssp. vulgare cv. Sachiho Golden 

and H. murinum ssp. glaucum did not accumulate gramine. H. murinum ssp. leporinum 

is a tetraploid derived from H. murinum ssp. glaucum and an extinct species with an Xv 

genome (Cuadrado et al., 2013). Gramine accumulation in H. murinum ssp. leporinum 

might be a trait introduced from the extinct Xv species. In cultivated barley, a lack of 

gramine accumulation in some cultivars has been reported (Lovett et al., 1994). The 

deletion of the gene encoding the methyltransferase catalyzing the conversion of AMI to 

gramine was indicated to be responsible for the lack of gramine (Larsson et al., 2006). 

Murinamides are hitherto undescribed dehydrodimers of FerAgm in H. 

bulbosum and H. murinum instead of hordatines (dehydrodimers of CouAgm). 

Hordatines have been detected in H. vulgare ssp. vulgare and H. vulgare ssp. 

spontaneum by Smith and Best (1978), who also reported that H. murinum and H. 

bulbosum contained hordatines. They separated the compounds by TLC, and detected 

spots by spraying with Sakaguchi reagent, which visualizes compounds bearing 

guanidino groups. They reported that the Rf values of the spots detected in the H. 
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bulbosum and H. murinum extracts were somewhat smaller than those of HA and HB. 

Thus, the spots detected in the analyses of extracts from H. bulbosum and H. murinum 

probably corresponded to MA and MB.  

On the basis of their chemical structures, MA and MB can be classified into the 

lignanamides, which are lignans possessing at least one amide group (McCredie et al., 

1969). MA and MB had common 8′-8′ linkages in the hydroxycinnamic acid moieties. 

This type of linkage has also been found in cannabisins (Sakakibara et al., 1995), 

jacpaniculines (Henrici et al., 1994), hyoscyamide (Ma et al., 2002), lignanamides from 

Porcelia macrocarpa (Chaves and Roque, 1997), and bisavenanthramides (Okazaki et 

al., 2004, 2007). The 8′-8′ linkages can be formed by a radical coupling reaction 

catalyzed by peroxidase. We found that reactions of FerAgm with peroxidase led to the 

generation of MA and MB. Hordatines are also generated by a peroxidase reaction in 

vitro (Stoessl, 1966, 1967; Negrel and Smith, 1984). It is likely that similar enzymes 

are involved in the generation of hordatines and murinamides. The accumulation of 

HCAAs with agmatine is not limited to the H and Xu clades; some I clade species 

accumulated CouAgm at low concentrations. Thus, species in the H and Xu clades 

might have acquired an enzyme that catalyzes this coupling reaction between two 

HCAA units.  

It is noteworthy that the products of the peroxidase reaction with FerAgm 

differed depending on the reaction conditions. In an acidic reaction mixture, the 

generation of MA was predominant and MB was hardly detectable, whereas MB was 

the main product under basic conditions. The reaction scheme leading to MA and MB is 

shown in Fig. 2.S5. The preferred generation of MB in alkaline conditions is reasonable 

because these conditions enhance the nucleophilicity of the amide nitrogen. The 

nucleophilic attack of the amide nitrogen to the 7′ position of the other FerAgm unit 

leads to the formation of a C-9-N-C-7′ linkage. In the biosynthesis of MA and MB in 

plant cells, some factor enabling the simultaneous production of MA and MB might be 

present at moderate pH in plant cells. 
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The analysis of the stereochemistry of murinamides extracted from H. murinum 

ssp. glaucum indicated that MA is a 1:4 mixture of enantiomers, whereas MB is 

optically pure. If murinamides are biosynthesized by a peroxidase reaction in plant 

cells, a factor controlling the configuration of intermediate species formed with two 

FerAgm units linking 8′ positions might exist (Fig. 2.S5). Hordatines have also been 

shown to be optically pure (Wakimoto et al., 2009). In lignin biosynthesis, a protein has 

been shown to control the stereochemistry of the radical coupling reaction (Davin et al., 

1997; Pickel et al., 2007). In this context, it is of interest that a factor might be involved 

in the control of cyclization after the radical coupling between two FerAgm molecules 

leading to murinamides.  

MA and MB showed inhibitory effects against fungal pathogens at 

concentrations roughly higher than 100 µM, although the activities depended on the 

fungal species and bioassay method. The total concentrations of MA and MB ranged 

from 270 nmol/gFW (root of H. bulbosum) to 3600 nmol/gFW (shoot of H. bulbosum) 

in murinamide-accumulating species. Thus, it is reasonable to assume that murinamides 

play defensive roles in these species. The inhibitory activities of MA and MB were 

similar in bioassays for conidia germination in B. sorokiniana and germ tube elongation 

in F. asiaticum, whereas MB had a higher inhibitory activity towards conidia 

germination of F. asiaticum and germ tube elongation of B. sorokiniana than MA, 

suggesting that MA and MB may play distinct roles in plant defense against pathogens.  

Murinamides showed strong inhibitory activity against pathogens compared 

with FerAgm. HA is also a strong antifungal compound (Stoessl and Unwin, 1970), 

whereas the activity of CouAgm is weak. The viniferins of grapevines are phytoalexins 

comprising a dimer and oligomers of resveratrol, and they demonstrate stronger 

antifungal activities than those of resveratrol (Langcake, 1981). Thus, dimerization and 

oligomerization are considered to be efficient mechanisms that increase the diversity of 

plant metabolites by building new carbon skeletons, thereby creating compounds with 

potentially stronger biological activities. 
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Fig. 2.5. Schematic representation of evolutionary changes in defensive specialized 

metabolism in the genus Hordeum. 

 

In the present study, we found that dramatic metabolic changes have occurred 

after the separation of the H/Xu claddes from the I/Xa clades in the genus Hordeum. 

The changes were the replacement of Bxs by gramine and the dehydrodimers of 

agmatine HCAAs such as hordatines and murinamides in the H/Xu clades (Fig. 2.5). 

The accumulation of dehydrodimers of agmatine HCAAs appears to have occurred by 

the activation of precursor supply, expression of coupling enzyme for HCAAs, and 

acquisition of factors that control the stereo- and regioselectivity of cyclization reactions 

after the coupling reaction.  
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2.4. Experimental 
 

2.4.1. General 
1H- NMR, 13C-NMR, and 2-D NMR spectra (COSY, HMQC, HMBC, and NOESY) 

were recorded using an Avance II 600 spectrometer (Bruker, Billerica, MA, USA). 

HRMS analyses were performed using an Exactive mass spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA), and ESI-MS mesurements were performed using a 

Quattro Micro API mass spectrometer (Waters, Milford, MA, USA) connected to an 

Acquity UPLC system (Waters). HPLC was performed using a 10Avp HPLC system 

(Shimadzu, Kyoto, Japan). CD spectra were recorded using a J-820 CD 

spectrophotometer (JASCO, Tokyo, Japan). 

 

2.4.2. Plant materials 

H. vulgare L. ssp. vulgare ʻSachiho Golden’, H. vulgare L. ssp. spontaneum (C. Koch.) 

Thell., H. bulbosum L., H. murinum ssp. glaucum (Steudel.) Tzvelev., H. marinum ssp. 

marinum Hudson., H. chilense Roem. & Schult., H. brachyantherum Nevski. ssp. 

californicum (Cov. & Steb.) Both. & et al., H. bogdanii Wil., H. flexuosum Steud., H. 

pusillum Nutt. (these nine species are all diploids), H. murinum ssp. leporinum (Link.) 

Arcang. and H. jubatum L. (both species are tetraploids) were stocks from the Institute 

of Plant Science and Resources, Okayama University, Japan. Taxonomy of the Hordeum 

species follows Bothmer et al. (1995). The details of Hordeum species that we used in 

this study are summarized in Table 2.S2. H. vulgare L. ssp. vulgare ‘Shunrai’ was 

purchased from JA Tottori Chu-Oh (Tottori, Japan). Seeds were sown on a layer of filter 

paper in a petri dish, kept at 4°C in the dark for 2 days to stimulate germination, and 

incubated at 15°C in the light for several days. For the self-incompatible species H. 

bulbosum, shoots and roots were obtained from a clone at the tillering stage. 

 

2.4.3. Pathogenic fungi and bacteria 
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The causal agent of spot blotch of barley, B. sorokiniana (OB-25-1), was a stock from 

the Laboratory of Natural Product Chemistry, Faculty of Agriculture, Tottori University. 

The causal agent of Fusarium head blight, F. asiaticum (MAFF 305134), was obtained 

from the National Institute of Agrobiological Sciences (NIAS) Genebank 

(https://www.gene.affrc.go.jp/about.php). B. sorokiniana and F. asiaticum were 

inoculated to V8 agar plates. B. sorokiniana was cultured for 4 weeks at 25°C under 

black light bulb (BLB: FL15BL-B, Hitachi, Tokyo) radiation to obtain conidia. F. 

asiaticum was cultured at 25°C in the dark for 1 week, and under BLB for several days 

after aerial hyphae were removed for simultaneous conidia formation. 

The causal agent of bacterial black node, P. syringae pv. japonica (MAFF 

301072), was obtained from the NIAS Genebank. P. syringae was cultured on potato 

semi-synthetic medium (300 g potato, 2 g Na2PO4·12H2O, 15 g sucrose, 5 g peptone, 

0.5 g Ca(NO3)2·4H2O, and 1 L distilled water) at 25°C with shaking at 200 rpm for 

24 h. 

 

2.4.4. Chemicals 

HA and HB were purified from 96-h-old seedlings of barley (H. vulgare cv. Shunrai) 

according to a previously described method (Nomura et al., 2007) with slight 

modifications. Whole seedlings (304 g) were extracted with 3 L of 80% methanol 

containing 2% acetic acid for 24 h. After concentrating the extract to 200 mL by 

evaporation, we added 80% methanol (200 mL) to the concentrate, and applied it to an 

ODS column (Cosmosil 75C18-OPN, Nacalai Tesque, Kyoto, Japan) equilibrated with 

80% methanol to remove hydrophobic materials. The column was eluted with 80% and 

100% methanol. The flow-through fraction and 80% methanol fraction were combined 

and concentrated to a small volume by evaporation, and the solution was applied to an 

ODS column equilibrated with water containing 1% acetic acid. The column was eluted 

with 0%, 5%, 10%, 20%, and 30% methanol containing 1% acetic acid. HA and HB 

eluted in the 20% methanol fraction, so this fraction was concentrated and subjected to 
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preparative HPLC. The HPLC conditions were as follows: column, Cosmosil 5C18-AR-

II 20 I.D. × 200 mm (Nacalai Tesque); solvents, 22% B/(A+B), A: 0.1% trifluoroacetic 

acid aq., B: acetonitrile; flow rate, 6.0 mL/min; column temperature, 40°C; detection, 

280 nm. HA and HB eluted at 18.0 min and 16.4 min, respectively. The peaks 

corresponding to HA and HB were collected and concentrated to dryness to yield HA 

(29.8 mg) and HB (0.8 mg). The identities of the compounds were confirmed by 

comparison of 1H-NMR spectra with reported data (Wakimoto et al., 2009; Stoessl, 

1967). 

 p-Coumaroyl- and feruloyl-N-hydroxysuccinimide esters were synthesized 

from p-coumaric acid and ferulic acid, respectively, according to the methods described 

by Stöckigt and Zenk (1975). CouAgm and FerAgm were synthesized from the 

corresponding N-hydroxysuccinimide esters and agmatine sulfate (Sigma Aldrich) in 

line with the method described by Negrel and Smith (1984). The authenticity of the 

compounds was confirmed by comparing their 1H-NMR spectra with previously 

reported spectra (Ogura et al., 2001; Jin et al., 2003). 

 DIBOA-Glc and DIMBOA-Glc were prepared from the seedlings of rye and 

maize, respectively, according to Sue et al. (2000). Gramine was purchased from Wako 

Pure Chemical Industries (Osaka, Japan). 

 

2.4.5. Analysis of defensive specialized metabolites 

Shoots and roots of Hordeum species at the seedling stage were extracted with 80% 

methanol for 24 h. The extracts were subjected to HPLC for the analysis of CouAgm, 

FerAgm, HA, and HB, and to LC-MS/MS analysis in multiple-reaction monitoring 

mode for Bxs and gramine. HPLC conditions were as follows: column, Cosmosil 5C18-

AR-II 4.6 I.D. × 150 mm (Nacalai Tesque); gradient, 10%–20% B/(A+B) within 30 

min, A: 0.1% trifluoroacetic acid aq., B: acetonitrile; flow rate, 0.8 mL/min; column 

temperature, 40°C; detection, 280 nm. HC, MA, and MB were analyzed under the same 

conditions. Respective retention times and detection limits of CouAgm, FerAgm, HA, 
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HB, HC, MA, and MB were 11.8, 14.3, 25.3, 24.8, 26.4, 13.2, and 17.4 min, and 2.5, 

5.5, 6.0, 8.5, 7.5, 14.0, and 10.6 nmol/g FW, respectively. The trans isomers of the 

compounds were analyzed because the peak areas of cis isomers were negligible in 

freshly prepared plant extracts. The LC conditions for LC-MS/MS analysis were as 

follows: column, Acquity UPLC BEH C18 column 2.1 × 50 mm (1.7 µm) (Waters); 

gradient, 5%–40% B/(A+B) within 5 min, A: 0.1% formic acid aq., B: 0.1% formic acid 

in acetonitrile; flow rate: 0.2 mL/min; column temperature, 40°C. Monitored mass 

transitions were from m/z 175 to m/z 130 for gramine, m/z 344 to m/z 182 for DIBOA-

Glc, and m/z 374 to m/z 212 for DIMBOA-Glc in positive ESI mode. Cone voltage and 

collision energy were optimized by using authentic compounds. Detection limits for 

gramine, DIBOA-Glc, and DIMBOA-Glc were 0.08, 10, and 2.0 nmol/g FW, 

respectively. 

 

2.4.6. Isolation of unidentified compounds from the seedlings of H. murinum ssp. 

glaucum 

We detected two hitherto unidentified compounds, 1 and 2, in the seedlings of H. 

bulbosum, H. murinum ssp. glaucum, and H. murinum ssp. leporinum. Compounds 1 

and 2 were purified from 96-h-old seedlings of H. murinum ssp. glaucum. Seedlings (37 

g) were extracted with 80% methanol (370 mL) for 24 h. The extract was applied to an 

ODS column (Cosmosil 75C18-OPN) equilibrated with 80% methanol to remove 

hydrophobic materials. The column was eluted with 80% and 100% methanol. The 

flow-through and 80% methanol fractions were combined and concentrated by 

evaporation, and the solution was subjected to preparative HPLC. The HPLC conditions 

were as follows: column, Cosmosil 5C18-AR-II 10 I.D. × 200 mm; gradient, 11%–18% 

B/(A+B) within 35 min, A: 0.1% trifluoroacetic acid aq., B: acetonitrile; flow rate, 3.0 

mL/min; column temperature, 40°C; detection, 280 nm. Compounds 1 and 2 were 

eluted at 15.5 min and 18.6 min, respectively.  

1 [murinamide A (MA), 7.1 mg], HRMS (ESI): m/z 611.3301 [M+H]+ (calcd 
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for C30H43O6N8, m/z 611.3300); UV-Vis (acetonitrile-water containing 0.1% formic 

acid): lmax 238, 277 (sh), 328 nm; 1H-NMR and 13C-NMR (Table 2.1). 

2 [murinamide B (MB), 3.7 mg], HRMS (ESI): m/z 611.3301 [M+H]+ (calcd 

for C30H43O6N8, m/z 611.3300); UV-Vis (acetonitrile-water containing 0.1% formic 

acid): lmax 234, 284 (sh), 324 nm; 1H-NMR and 13C-NMR (Table 2.1). 

 

2.4.7. Enzymatic preparation of murinamides A and B 

MA and MB were synthesized from FerAgm using an enzymatic reaction with horse 

radish peroxidase (HRP; Wako Pure Chemical Industries) according to Zoia et al. 

(2008). 

FerAgm (200 mg, 0.65 mmol) was dissolved in DMSO-ethanol-McIlvaine 

buffer (pH 3.5) (9:91:10, v/v, 10 mL) and cooled to 0°C. A mixture of 0.8 M H2O2 aq. 

(0.5 mL, 0.4 mmol) and 9.0 mg/mL HRP aq. (0.5 mL, 450 U) was added to the solution. 

The mixture was stirred at 0°C for 6 h, and 2 M HCl (0.2 mL) was added to stop the 

reaction. The mixture was concentrated by evaporation to remove ethanol, and was 

applied to an ODS column (Cosmosil 75C18-OPN) equilibrated with water. The column 

was eluted with 0%, 5%, 10%, 20%, and 30% methanol in water (each solvent was 

divided into three fractions). The 10%-3 and 20%-1 fractions, which contained MA and 

MB, were combined, concentrated by evaporation, and subjected to preparative HPLC. 

The HPLC conditions were as follows: column, Cosmosil 5C18-MS-II 10 I.D. × 200 

mm; solvent, 13% B/(A+B), A: 0.1% trifluoroacetic acid aq., B: acetonitrile; flow rate, 

3.0 mL/min; column temperature, 40°C; detection, 280 nm. MA was eluted at 16.4 min. 

The identity of synthetic MA (44.6 mg, 0.073 mmol, yield 22%) was confirmed by 1H-

NMR spectra. 

MB was also synthesized using a peroxidase reaction under basic conditions. 

FerAgm (100 mg, 0.33 mmol) was dissolved in 9.11 mL of DMSO-ethanol-water 

(90:810:11, v/v, 9.11 mL) and heated to 40°C. A mixture of 0.8 M H2O2 aq. (0.25 mL, 

0.2 mmol) and 9.0 mg/mL HRP aq. (0.25 mL, 225 U) was added to the solution. After 
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30 s, 1 M NaOH aq. (0.09 mL) was added to the mixture, followed by a 2-h incubation 

at 40°C. The reaction was stopped by the addition of 2 M HCl (0.06 mL). The reaction 

mixture was concentrated and applied to an ODS column (Cosmosil 75C18-OPN) 

equilibrated with water. The column was eluted with 0%, 5%, 10%, 20%, and 30% 

methanol in water. The 5% and 10% fractions were concentrated by evaporation and 

subjected to preparative HPLC. The HPLC conditions were as follows: column, 

Cosmosil 5C18-AR-II 20 I.D. × 200 mm; solvent, 16% B/(A+B), A: 0.1% trifluoroacetic 

acid aq., B: acetonitrile; flow rate, 7.0 mL/min; column temperature, 40°C; detection, 

280 nm. MB was eluted at 21.2 min. The identity of synthetic MB (8.1 mg, 0.013 mmol, 

yield 8.0%) was confirmed by 1H-NMR spectra. 

 

2.4.8. Optical resolution of murinamides A and B 

The HPLC conditions for the optical resolution of MA were as follows: column, 

CHIRAL PAK IA 4.6 I.D. × 150 mm (Daicel, Osaka, Japan); solvent, 10% B/(A+B), A: 

0.1% trifluoroacetic acid aq., B: acetonitrile; flow rate, 0.6 mL/min; column 

temperature, 30°C; detection, 280 nm. MA synthesized by peroxidase reaction eluted as 

two peaks at 21.2 min and 23.5 min. The fractions corresponding to the peaks were 

collected, and the CD spectra of MA enantiomers were recorded (Fig. 2.S3). The HPLC 

conditions for the optical resolution of MB were the same for MA, except that the 

column was CHIRAL PAK IB 4.6 I.D. × 150 mm (Daicel) and the solvent was changed 

to 9% B/(A+B). MB synthesized by the peroxidase reaction eluted as two peaks at 35.8 

min and 37.9 min. The fractions corresponding to the peaks from synthetic MB were 

collected, and their CD spectra were recorded (Fig. 2.S4). 

 

2.4.9. Antimicrobial activity 

In the assay for the inhibition of conidia germination, conidia of pathogenic fungi were 

suspended (1.5 × 105 conidia/mL) in 10, 30, 100, 300, and 1000 µM solutions of 

FerAgm, MA, and MB containing 0.5% DMSO, and droplets of the suspensions were 
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placed on a slide glass and incubated at 25°C in the dark. The number of germinated 

conidia was counted after 18-h (for B. sorokiniana) and 10-h incubation (for F. 

asiaticum) using a microscope (BX43, Olympus, Tokyo, Japan).  

In the assay for inhibition of germ tube elongation, the conidial suspension (1.5 

x 105 conidia/mL) was incubated for 2 h, and a photomicrograph of germinated conidia 

was recorded. After adding the same volumes of solutions of compounds at 20, 60, 200, 

600, and 2,000 mM in 1% DMSO, the suspension was incubated for an additional 4 h, 

and another photomicrograph of the conidia was recorded. The length of the germ tube 

was measured using the public domain image analysis software ImageJ 

(http://rsb.info.nih.gov/ij/). 

 P. syringae pv. japonica was inoculated into a potato semi-synthetic medium 

(5 mL) and cultured at 25°C with shaking at 200 rpm for 24 h. Two microliters of 

cultured medium was inoculated into 198 µL of medium containing FerAgm, MA, and 

MB at 1 mM containing 1% DMSO in a well of a microplate. After incubation for 24 h 

at 25°C in the dark, the OD600 of the medium was determined using a microplate reader 

(Infinite M200PRO, Tecan Group Ltd., Männedorf, Switzerland). 
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Chapter 3 
Identification of phenylamide phytoalexins and characterization of 

inducible phenylamide metabolism in wheat 
 

3.1. Introduction 

 
Phenylamides are amide compounds of hydroxycinnamic or benzoic acids with 

biogenic amines, which function in plant defense responses. Representative 

hydroxycinnamic acids composing phenylamides are cinnamic (Cin), p-coumaric (Cou), 

caffeic (Caf), ferulic (Fer), and benzoic (Ben) acids, while amines parts were derived 

from tryptamine (Try), serotonin (Ser), tyramine (Tyr), agmatine (Agm), and putrescine 

(Put). Herein, we refer to specific phenylamides using combined abbreviations of the 

acid parts and amines, e.g. CinTry (cinnamoyltryptamine). Induced phenylamide 

accumulation has been reported in a wide range of plant species. In rice, infection by the 

brown spot fungus (Cochliobolus miyabeanus) induced the accumulation of FerTry, 

CouSer, and FerSer, together with Ser (Ishihara et al., 2008). In addition, rice leaves 

irradiated with ultraviolet (UV) light accumulate CinTry, CinTyr, CouSer, and BenTry 

(Park et al., 2013, 2014). In barley, Lee et al. (1997) reported the induced accumulation 

of CouAgm in methyl jasmonate (MeJA)-treated leaves. Similarly, Ogura et al. (2001) 

reported the accumulation of CouPut and Cou-3-hydroxy-Put, as well as CouAgm, in 

barley leaves treated with jasmonic acid (JA). In oats, avenanthramides, which are 

phytoalexins, are hydroxycinnamic acid amides with anthranilic acids (Miyagawa et al. 

1995). 

In wheat, benzoxazinoids (Bxs) are the representative defensive specialized 

metabolites (Niemeyer, 1988; 2009; Sicker et al., 2000). Because of their anti-aphid, 

antimicrobial, and phytotoxic activities, Bxs are thought to function in the defense 

against various biological stresses (Argandoña et al., 1980; Barnes and Putnam, 1987; 

Niemeyer, 1988, 2009; Sicker et al., 2000; Meihls et al., 2013). Conversely, reports on 
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inducible specialized metabolites in wheat are limited. From a metabolic analysis, 

Gunnaiah et al. (2012) found the differential accumulation of metabolites in rachis and 

spikelets of near isogenic wheat lines with resistant or susceptible alleles of Fhb1 upon 

Fusarium graminearum infection. Phenolics, lignans, hydroxycinnamic acid amides 

(phenylamides), flavonoids, compounds related to signaling molecules, terpenoids, 

indole alkaloids, and compounds related to methionine biosynthesis were suggested to 

be involved in Fhb1 mediated resistance against F. graminearum. Those authors 

suggested that cell-wall thickening due to the deposition of hydroxycinnamic acid 

amides and flavonoids was the potential resistance mechanism.  

Plants often activate multiple specialized metabolic pathways upon pathogen 

infection. Rice plants accumulate diterpenoid phytoalexins and a flavonoid phytoalexin 

in addition to serotonin and hydroxycinnamic amides, which are biosynthesized by 

different pathways. Similarly, maize plants accumulate Bxs as constitutive defensive 

compounds, and produce kauralexins, dolabralexins, and zealexins as phytoalexins in 

response to pathogen attack. This variety of defense compounds may be important for 

forming multiple layers of chemical barriers, which are effective against different 

classes of pathogens with different sensitivity to each compound. In addition, the 

multiplicity of defense metabolites may be important for preventing acquisition of 

tolerance against a specific compound. However, in wheat, the compounds involved in 

inducible defense mechanisms have not been identified, although the accumulation and 

function of Bxs have been widely studied. Since wheat is likely possess a phytoalexin 

defense mechanism, the leaves infected with B. sorokiniana were metabolically 

profiled, and undescribed inducible phenylamides were identified. In addition, we 

analyzed the accumulation of other phenylamides in wheat leaves to characterize the 

activated metabolic pathways. This study provides a frame work of multiple chemical 

barriers endowed by phytoalexins in wheat that protect against pathogen attack. 
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3.2. Results 
 
3.2.1. Detection of inducible metabolites in wheat leaves infected by B. sorokiniana  

B. sorokiniana conidia were inoculated to the third leaves of 3-week-old wheat 

seedlings. We extracted metabolites from the leaves with 80% methanol 48 h after 

inoculation, and subjected the extracts to HPLC analysis. As shown in Fig. 3.1, the 

accumulation of compounds 1–6 was induced in leaves inoculated with B. sorokiniana. 

Compounds 3–6 were collected by preparative HPLC and subjected to LC-MS analysis. 

3–6 showed [M+H]+ ions at m/z 251, 293, 291, and 277, respectively. Comparison of 

the detected ions and retention time by HPLC analysis with those of authentic 

compounds revealed 6 was CouAgm. LC-MS/MS analysis of 3–6 showed different 

fragment ions at m/z 88 in 3, m/z 130 in 4, m/z 128 in 5, and m/z 114 in 6 in addition to a 

commonly detected fragment ion at m/z 147 corresponding to coumaroyl moiety (Fig. 

3.S1). The fragment ion at m/z 114 in 6 corresponded to an agmatine moiety. 

Differences in fragment ions among 3–5 were due to the conversion of a guanidine 

group to amine (-42), the addition of a hydroxy group (+16), and dehydrogenation (-2) 

in an agmatine moiety, respectively. Accordingly, we predicted 3–5 as p-coumaric acid 

amides of hydroxyputrescine, hydroxyagmatine, and hydroxydehydroagmatine, 

respectively. The induction of these compounds was previously shown in wheat and 

barley. p-Coumaroyl-3-hydroxyputrescine accumulated in wheat leaves inoculated with 

rust fungus (Stoessl et al., 1969). p-Coumaroyl-3-hydroxyagmatine and CouAgm 

accumulation was induced under snow cover in wheat (Jin et al., 2003). p-Coumaroyl-3-

hydroxydehydroagmatine accumulation was induced in response to powdery mildew in 

barley leaves (von Röpenack et al., 1998), as well as CouAgm and p-coumaroyl-3-

hydroxyagmatine. Compounds 1 and 2 in the upper left inset showed [M+H]+ ions at 

m/z 321 and m/z 305, respectively. These ions did not correspond to those of the 

inducible compounds previously reported in wheat.  
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Fig. 3.1. High-performance liquid chromatography (HPLC) analysis of extracts from B. 

sorokiniana-inoculated, control, and intact leaves.  

A suspension of B. sorokiniana conidia (inoculation) or distilled water containing 

0.25% Tween20 (control) was placed on the third leaves of 3-week-old wheat seedlings. 

The leaves were extracted 48 h after inoculation and subjected to HPLC analysis. 

Untreated leaves (intact) were also extracted and analyzed by HPLC. Insets were zoom 

up views of the chromatograms. 

 

3.2.2. Identification of 1 and 2 

We examined the effects of CuCl2 solution on wheat leaves, because CuCl2 acts as an 

elicitor for other plants (Rakwal et al., 1996); we found that the accumulation of 1 and 2 

was also induced by the treatment with 0.5 mM CuCl2 solution for 72 h. Thus, we 

purified the compounds from 98.4 g of wheat leaves treated with 0.5 mM CuCl2 for 72 

h.  
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First, we describe the chemical structure of compound 2. Compound 2 had the 

molecular formula C19H16O2N2, as determined by HRMS (m/z 305.1284, [M+H]+). 1H-

NMR and COSY spectrum of 2 (Table 3.1) showed two groups of aromatic proton 

signals at dH 7.30, 7.32, 7.59, and 8.27 ppm for a 1, 2-disubstituted benzene ring (ring 

A) and at dH 7.47–7.58 and 7.70 ppm for a monosubstituted benzene ring (ring B). In 

addition, 1H-NMR spectrum revealed the presence of two coupled double-bond protons 

(dH 6.96 and 7.57 ppm, J = 15.6 Hz), a methylene proton (dH 4.73 ppm) and three 1H 

protons (dH 8.53, 8.57, and 12.15 ppm). 

Although HRMS indicated the presence of 19 carbons in the structure, the 13C-

NMR spectrum showed 17 carbon signals. In the HMQC spectrum, two carbon signals 

at dC 127.6 and 128.9 ppm showed cross-peaks with two 2H proton signals at dH 7.70 

and 7.54 ppm, respectively, indicating that these signals corresponded to the 2- and 6-, 

and 3- and 5-positions of ring B. Because no correlation was detected for two 1H proton 

signals at dH 8.53 and 12.15 ppm in the HMQC spectrum, these signals correspond to 

active protons. All other protonated carbons were assigned using the HMQC spectrum. 

The presence of two carbonyl carbons was indicated by signals at dC 190.1 and 

165.2 ppm in the 13C-NMR spectra. Taking the molecular formula into account, no 

oxygen atom was available for OH group, and thus, two active proton signals at dH 8.53 

and 12.15 ppm were considered to correspond to NH signals. In the COSY spectrum, 

NH signals at dH 12.15 ppm showed a cross-peak with a 1H proton at dH 8.57 ppm. 

According to the HMBC spectrum, a 1H proton at 8.57 ppm (H-2) showed cross-peaks 

with carbon signals at dC 136.4 (C-7a), 125.4 (C-3a), and 114.0 ppm (C-3). These 

results indicated that ring A, NH, C-3, and C-2 comprise an indole group (Fig. 3.3).  

The carbon signal at dC 134.9 ppm (C-1’) in ring B showed a cross-peak with 

the double-bond protons at dH 7.57 ppm (H-7’) in the HMBC spectrum, indicating a 

connection between C-1’ and C-7’. Two double-bond protons (H-7’ and H-8’) were 

connected to the carbonyl carbons (C-9’) at dC 165.2 ppm based on HMBC correlations, 

indicating the presence of a cinnamoyl moiety in the structure.  
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The C-9’ signal showed a cross-peak with the -NH proton at dH 8.53 ppm in the 

HMBC spectrum, indicating an amide group (NH [NH-10] and C-9’). Furthermore, 

based on HMBC correlations, the linkages between this NH and the methylene group at 

9-position, and between this methylene group and the carbonyl carbon at 8-position, are 

established. 

Then, this carbonyl carbon (C-8) was considered to bind to the quaternary 

carbon C-3 in the indole moiety because no position can form a linkage in the molecule. 

The presence of a carbonyl group at 8-position was supported by the downfield shift of 

the H-2 proton (dH 8.57 ppm) (Ma et al., 2009). Thus, we concluded that 2 is N-

cinnamoyl-8-oxotryptamine (Fig. 3.2).  

To confirm this conclusion, we attempted synthesis of compound 2 by 

condensation of the N-hydroxysuccinimide ester of cinnamic acid and 8-oxotryptamine. 

The reaction resulted in the formation of 2 with a 31.2% yield, thereby confirming the 

identity of 2. 

Next, compound 1 had the molecular formula C19H16O3N2, as determined by 

HRMS (m/z 321.1229, [M+H]+); thus, 1 had an additional oxygen atom compared with 

2. The 1H- and 13C-NMR spectra of 1 were similar to those of 2; however, there was a 

downfield shift in a methylene proton signal at dH 4.73 ppm (H-9) in 2 to a methine 

proton signal at dH 6.48 ppm in 1 (Table 3.1). This difference was attributable to the 

deshielding effect of the hydroxy group. Therefore, 1 was the hydroxy derivative of 2 at 

C-9, N-cinnamoyl-9-hydroxy-8-oxotryptamine (Fig. 3.2). These compounds were 

designated as triticamides A and B, respectively, because these compounds purified 

from wheat (Triticum aestivum). Correlations observed in the 2D NMR spectra were 

consistent with these structures (Fig. 3.3). 
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Fig. 3.2. Chemical structures of 1 and 2. 

Position ¹H muti, J  (Hz) ¹³C Position ¹H muti, J  (Hz) ¹³C
NH-1 - - NH-1 12.15 (1H, s) -

2 8.27 (1H, s) 135.7 2 8.57 (1H, s) 133.7
3 - 114.3 3 - 114.0

3a - 127.5 3a - 125.4
4 7.47 (1H, dd, 6.5, 1.5) 113.0 4 7.59 (1H, d, 7.8) 112.2
5 7.24 (1H, m) 123.5 5 7.30 (1H, m) 121.8
6 7.26 (1H, m) 124.6 6 7.32 (1H, m) 122.9
7 8.30 (1H, dd, 6.8, 2.2) 122.8 7 8.27 (1H, d, 7.2) 121.1

7a - 138.3 7a - 136.4
8 - 191.3 8 - 190.1
9 6.48 (1H, s) 74.2 9 4.73 (2H, d, 5.4) 45.9

NH-10 - - NH-10 8.53(1H, t, 5.4) -
1´ - 136.1 1´ - 134.9
2´ 7.58 (2H, dd, 1.9, 8.0) 129.1 2´ 7.70 (2H, d, 7.2) 127.6
3´ 130.0 3´ 128.9
4´ 131.1 4´ 129.5
5´ 130.0 5´ 128.9
6´ 7.58 (2H, dd, 1.9, 8.0) 129.1 6´ 7.70 (2H, d, 7.2) 127.6
7´ 7.66 (1H, d, 15.7) 143.2 7´ 7.57 (1H, d, 15.6) 138.9
8´ 6.54 (1H, d, 15.7) 121.5 8´ 6.96 (1H, d, 15.6) 122.1
9´ - 168.3 9´ - 165.2

N -Cinnamoyl-9-hydroxy-8-oxotryptamine (1) N -Cinnamoyl-8-oxotryptamine (2)

7.36-7.40 (3H, m) 7.47-7.58 (3H, m)

Table 3.1. 1H (600 MHz) and 13C (150 MHz) NMR spectral data for compounds 1 (in CD3OD) and 2 (in DMSO-d 6)

H
N

O

OHN
N-Cinnamoyl-8-oxotryptamine (2)

H
N

O

OHN OH
N-Cinnamoyl-9-hydroxy-8-

oxotryptamine (1)
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Fig. 3.3. Key HMBC (indicated by arrows from 13C to 1H) and COSY (indicated by bold 

lines) correlations of 1 and 2. 

 

2.3. Accumulation of 1 and 2 by pathogen infection and elicitor treatment  

The kinetics of 1 and 2 accumulation were investigated in B. sorokiniana-infected 

leaves (Fig. 3.4A). The amounts of 1 and 2 increased from 24 h after inoculation and 

reached maximum levels 48 h after inoculation, before levelling off thereafter. 

Compounds 1 and 2 were not detected in the control and intact leaves. Inoculation of F. 

graminearum also induced the accumulation of 1 and 2 in leaves, as well as B. 

sorokiniana, and the amounts were 33.1 and 21.8 nmol/gFW, respectively, 72 h after 

inoculation (Fig. 3.4B). To examine the localization of 1 and 2 in B. sorokiniana- and F. 

graminearum-inoculated leaves, lesioned and healthy tissues were extracted separately 

and subjected to HPLC analysis. Compounds 1 and 2 were detected at high 

concentrations in the lesioned tissue of the inoculated leaves (Figs. 3.4C and 3.4D). The 
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respective amounts of 1 and 2 were 587 and 286 nmol/gFW in lesioned tissue in B. 

sorokiniana-inoculated leaves, and 222 and 89.6 nmol/gFW in those in F. 

graminearum-inoculated leaves.   

 

 
Fig. 3.4. Accumulation of 1 (blue bars) and 2 (pink bars) in pathogen-infected wheat 

leaves. B. sorokiniana and F. graminearum conidia were inoculated onto the third 

leaves. The kinetics of 1 and 2 accumulation in B. sorokiniana-infected leaves were 

analyzed (A). The amounts of 1 and 2 in F. graminearum-infected leaves (inoculation) 

were determined 72 h after inoculation (B). As a control, distilled water containing 

0.25% Tween20 was placed on the leaves (control). Metabolite levels in untreated 

leaves were also analyzed (intact). Localization of 1 and 2 in leaves infected by B. 

sorokiniana (C) and F. graminearum (D) was analyzed 48 and 72 h after inoculation, 

respectively. Lesioned and healthy tissues in the infected leaves were separately 

extracted. Data are the mean and standard deviation from three independent 

experiments. ‘n.d., not detected. 
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We treated the third leaves with 0.5 mM CuCl2, 1.0 mM jasmonic acid (JA), 

0.5 mM isopentenyladenine (IP), and 1.0 mM salicylic acid (SA) for 72 h, and analyzed 

the accumulation of 1 and 2 (Fig. 3.5). Under CuCl2 treatment, the accumulation of 1 

and 2 was induced, and their amounts were 72.3 and 15.3 nmol/gFW, respectively. 

These compounds were also induced by treatment with JA and IP, although to lower 

levels as compared with those in CuCl2-treated and pathogen-infected leaves. The 

respective amounts of 1 and 2 were 6.1 and 9.1 nmol/gFW in the JA-treated leaves and 

10.5 and 2.8 nmol/gFW in IP-treated leaves.  

We determined the amounts of tryptamine and 8-oxotryptamine in wheat 

leaves 48 h after inoculation by LC-MS/MS using MRM methods, because these 

compounds are possible precursors of 1 and 2. The accumulation of tryptamine and 8-

oxotryptamine was also induced following inoculation with B. sorokiniana (Fig. 3.6). 

The amounts of tryptamine and 8-oxotryptamine were 176 and 3.2 nmol/gFW, 

respectively. Tryptamine was detected in intact and control leaves at concentrations of 

3.6 and 0.7 nmol/gFW, respectively. 8-Oxotryptamine was not detected in intact and 

control leaves. Accumulation of 9-hydroxy-8-oxotryptamine was not analyzed because 

the standard compound was not commercially available. 
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Fig. 3.5. Accumulation of 1 and 2 in wheat leaves treated with CuCl2 and plant 

hormones. 

The third leaves of wheat seedlings were floated in 0.5 mM CuCl2, 1 mM jasmonic acid 

(JA), 0.5 mM isopentenyladenine (IP), and 1.0 mM salicylic acid (SA) solution 

containing 0.25% Tween20, and in distilled water containing 0.25% Tween20 as a 

control. The bars represent the amounts of 1 (blue) and 2 (pink). Data are the mean and 

standard deviation from three independent experiments. n.d., not detected. 
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Fig. 3.6. Accumulation of tryptamine (green bars) and 8-oxotryptamine (orange bars) in 

B. sorokiniana-infected wheat leaves 48 h after inoculation.  

B. sorokiniana conidia were inoculated onto third leaves (inoculation). As a control, 

distilled water containing 0.25% Tween20 was placed on the leaves (control). 

Metabolite amounts in untreated leaves were also analyzed (intact). The bars in the 

graphs represent the amounts of tryptamine (white) and 8-oxotryptamine (black). Data 

are the mean and standard deviation from three independent experiments. n.d., not 

detected. 
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2.4. Accumulation of phenylamides in wheat leaves in response to pathogen infection 

We determined the accumulated amounts of 3–5 by HPLC with UV detection. Their 

amounts markedly increased in the leaves infected by B. sorokiniana, and their amounts 

ranged from 399 nmol/gFW (5) to 1,270 nmol/gFW (3) (Fig. 3.7). Because all of the 

identified compounds in the present study were regarded as phenylamides, we examined 

the accumulation of other phenylamides in wheat leaves after B. sorokiniana 

inoculation. We measured the amounts of 25 phenylamides composed by the 

combination of five acids (Cin, Cou, Caf, Fer, and Ben) and five amines (Try, Ser, Tyr, 

Agm, and Put) by simultaneous analysis with LC-MS/MS as previously described 

(Morimoto et al., 2018). In B. sorokiniana-infected leaves, we detected significant 

increases in CinPut, CouPut, FerPut, CinAgm, CouAgm, FerAgm, CinTry, CouTry, 

FerTry, CouSer, and FerSer (Fig. 3.7). CouAgm (6) accumulated at the highest 

concentration, followed by CouPut, FerAgm, FerPut, and FerSer. Compared with these 

amides, the amounts of CinPut, CinAgm, CinTry, CouTry, FerTry, and CouSer were 

low. CinSer and phenylamides containing benzoyl, caffeoyl, or tyramine moieties were 

not detected in the wheat leaves.  

 

3.2.5. Accumulation of 1 and 2 in major Poaceae species in response to CuCl2 

treatment  

To examine the distribution of 1 and 2 accumulation in Poaceae, we treated leaves of 

rice, maize, oat, rye (Secale cereale), and barley with 1 mM CuCl2. We extracted 

compounds in the leaves 72 h after treatment, and analyzed the amounts of 1 and 2 by 

HPLC. Compounds 1 and 2 accumulated in response to CuCl2 treatment in barley 

leaves, and their amounts were 3.4 and 4.4 nmol/gFW, respectively. Compounds 1 and 

2 were not detected in rice, maize, oat, or rye. 
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Fig. 3.7. Induced phenylamide accumulation in wheat leaves infected with B. 

sorokiniana 48 h after inoculation.  

The amounts of 3–5 were determined by HPLC with UV detection at 280 nm assuming 

the same molecular coefficients with CouAgm, whereas the amounts of other phenyl 

amides were determined by MRM with LC-MS/MS. Data are the mean and standard 

deviation from three independent experiments. n.d., not detected. 

 

3.2.6 Antimicrobial activities of 1 and 2  
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graminearum, and Alternaria brassicicola were evaluated by inhibition of conidial 

germination and germ tube elongation. The concentration of 1 was not enough to 

examine a dose-response relationship; the assay was only performed at 1,000 µM. 

Compounds 1 and 2 showed inhibitory effects on the conidial germination of F. 
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Conversely, compounds 1 and 2 almost completely inhibited germ tube elongation in F. 

graminearum and A. brassicicola at 1,000 µM and inhibited that of B. sorokiniana by 

39.5 and 48.0%, respectively (Fig. 3.8C). Compound 2 demonstrated a marked 

inhibitory effect on the germ tube elongation of F. graminearum and A. brassicicola, 

even at 10 µM (Fig. 3.8D). 

The inhibitory activity of 2 against Pseudomonas syringae pv. japonica was 

assayed by monitoring growth in liquid culture. However, 2 did not inhibit growth, even 

at 1,000 µM (data not shown).  

 

Fig. 3.8. Antifungal activities of 1 and 2.  

B. sorokiniana (Bs), F. graminearum (Fg), and A. brassicicola (Ab) conidia were 

incubated with 1 at 1,000 µM (A) and with 2 at various concentrations between 0 and 

1,000 µM (B). White bars indicated the control values. Germination rates were 

determined after 8 h (for B. sorokiniana and A. brassicicola) and 6 h (for F. 

graminearum) incubation. Conidial germ tube elongation was measured 4 h after 
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treatment with 1 at 1,000 µM (C) or 2 at various concentrations (D). Data are the mean 

and standard deviation from three independent experiments. Letters (a–d) represent 

significant differences at p < 0.05 as measured using Tukey-Kramer tests. 

 

3.3. Discussion 
 

In the present study, we found that wheat leaves accumulated N-cinnamoyl-9-hydroxy-

8-oxotryptamine (1) and N-cinnamoyl-8-oxotryptamine (2) in response to pathogen 

infection. Treatment with 1 and 2 inhibited conidial germination of phytopathogenic 

fungi, F. graminearum and A. brassicicola. In addition, 1 and 2 significantly suppressed 

elongation of the conidial germ tubes of these fungi. Accordingly, these compounds are 

antimicrobial agents produced by wheat leaves in response to pathogen challenge, and 

thus, serve as phytoalexins in wheat. To our knowledge, this is the first report of 

phytoalexins in wheat. 

We detected 1 and 2 at 197 and 81.4 nmol/gFW, respectively, in B. 

sorokiniana-infected leaves 48 h after inoculation, and at 33.1 and 21.8 nmol/gFW in F. 

graminearum-infected leaves 72 h after inoculation. The accumulation of 1 and 2 was 

localized in the lesion, and the respective amounts were 587 and 286 nmol/gFW in the 

lesion formed by B. sorokiniana infection, and 222 and 89.6 nmol/gFW in the lesion 

formed by F. graminearum infection. Compound 1 inhibited the conidial germination of 

F. graminearum and A. brassicicola at 1000 µM, and 2 demonstrated marked inhibitory 

effects at concentrations exceeding 100 µM, although they did not inhibit the conidial 

germination of B. sorokiniana. Compound 1 inhibited the elongation of conidial germ 

tubes of B. sorokiniana, F. graminearum, and A. brassicicola at 1000 µM. In addition, 2 

inhibited the elongation of conidial germ tubes of F. graminearum and A. brassicicola at 

concentrations higher than 10 µM. Considering the localized accumulation of these 

compounds, 1 and 2 likely exert antifungal activity as phenylamide-type phytoalexins at 

the site of infection.  
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The accumulation of 1 and 2 was induced by treating wheat leaves with JA and 

IP. The role of JA in the induction of defensive responses against pathogen has been 

well established (Heim et al., 2008; Derksen et al., 2013). Recently, Morimoto et al. 

(2018) showed that treatment with JA and the synthetic cytokinin, 6-

benzylaminopurine, induced the accumulation of phenylamides in rice leaves. In this 

respect, the accumulation of 1 and 2 was similar to that of phenylamide in rice leaves. 

Treatments with JA and cytokinin also induced the accumulation of diterpenoid 

phytoalexins in rice leaves (Rakwal et al., 1996; Ko et al., 2010; Jiang et al, 2013). 

These findings suggest that cytokinin as well as JA are generally involved in the 

accumulation of phytoalexins in poaceous plants. 

Compounds 3–5, CouPut, FerPut, CouAgm (6), FerAgm, and FerSer 

accumulated at high concentrations in wheat leaves in response to B. sorokiniana 

infection. Among the compounds, CouAgm has been reported to possess antifungal 

activity at high concentrations. CouAgm inhibited conidial germination and hyphae 

elongation in A. brassicicola at concentrations higher than 1 mM (Muroi et al., 2009). 

Stoessl (1967) reported that the inhibition rate of conidial germination of Monilinia 

fructicola was 24% at 0.20 mM, and 78% at 0.41 mM. Conversely, phenylamides 

bearing one or more phenol groups, including CouAgm, have been shown to be 

incorporated into cell walls and contribute to their reinforcement (Okazaki et al., 2004; 

Ishihara et al., 2008; Muroi et al, 2009; von Röpenack et. al., 1998). Thus, these 

phenylamides likely act as a substrate for cell-wall reinforcement in wheat. Indeed, the 

deposition of compounds containing a guanidino group in cell walls in response to 

pathogen attack has been shown in wheat and barley (Wei et al., 1994; Ride and Pearce, 

1979). In contrast, 1 and 2 may function in chemical defense as phytoalexins, because 

these compounds lack the phenolic group required for oxidative polymerization and for 

binding the cell wall components. If this is the case, phenylamides in wheat may have 

dual roles as phytoalexins and as substrates for cell-wall reinforcement depending on 

their chemical structures. 
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Phenylamides are biosynthesized by condensation reactions between amines 

and CoA thioesters. These reactions are catalyzed by acyltransferases in the BAHD 

family. In rice, genome-wide association studies have identified the genes encoding Put 

hydroxycinnamoyltransferases (PHTs), Agm hydroxycinnamoyltransferases (AHTs), 

Try hydroxycinnamoyltransferases (THTs), and Try benzoyltransferases (TBTs) (Peng 

et al., 2016). In barley the formation of CouAgm was shown to be catalyzed by Agm 

coumaroyltransfarase (ACT), which also belongs to the BAHD family of 

acyltransferases (Burhenne et al., 2003). A wheat ACT orthologue was suggested to be 

involved in Fusarium head blight (FHB) resistance. Silencing the Taact gene, which 

encodes an ACT, in a resistant wheat line resulted in decreased accumulation of 

CouAgm and CouPut, and reduced resistance to FHB (Kage et al., 2017). Conversely, 

the gene encoding the acyltransferase responsible for the condensation reaction between 

tryptamine and cinnamoyl-CoA has not been identified in wheat. 

We can hypothesize two routes for 1 and 2 biosynthesis; the direct 

condensation of 9-hydroxy-8-oxotryptamine and 8-oxotryptamine with Cin CoA 

thioester; and oxidation of CinTry that is formed by the condensation of tryptamine and 

Cin CoA. The accumulation of tryptamine and 8-oxotryptamine was induced in B. 

sorokiniana-infected leaves. To our knowledge, this is the first report on the detection of 

8-oxotryptamine in plants. The concentration of 8-oxotryptamine was much lower than 

that of tryptamine, 1, and 2. In addition, we detected a small amount of CinTry in the B. 

sorokiniana-infected leaves. Although these results were not enough to conclude the 

biosynthetic pathway, feeding experiments using labeled precursors, and determining 

the substrate specificity of the condensation enzyme would provide compelling 

evidence. 

In the present study, we found that 1 and 2 were present in barley leaves 

following CuCl2 treatment, but absent in rye, oat, rice, or maize. The phylogenetic 

relationship of the Triticeae tribe indicates that wheat is closely related to rye (Soreng et 

al., 2015). However, compounds 1 and 2 were found in more distantly related two 
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Triticeae species, i.e., wheat and barley. Conversely, the induced accumulation of other 

phenylamides has been reported in various poaceous species, such as barley (Ogura et 

al., 2001), oat (Miyagawa et al., 1995), rice (Morimoto et al., 2018), and maize (Ishihara 

et al., 2000). Thus, phenylamide accumulation may be a basic defense response shared 

by poaceous species. The accumulation of 1 and 2 is a specific modification of the basic 

pathway in wheat and barley. 

 

3.4. Experimental 
 

3.4.1. Plant materials and pathogenic fungi 

Wheat (Triticum aestivum ‘Norin 61’) and barley (Hordeum vulgare ‘Shunrei’) were 

purchased from Tsurushin Shubyo (Kyoto, Japan) and JA Inaba (Tottori, Japan), 

respectively. Seeds of maize (Zea mays ‘Snow fiber’), rye (Secale cereal ‘Haruichiban’) 

and oat (Avena sativa ‘Ultra Hayate Idaten’) were purchased from Yukijirushi Shubyo 

(Sapporo, Japan). Seeds of rice (Oryza sativa ‘Nipponbare’) were from the stock of the 

Faculty of Agriculture, Tottori University. Seeds were immersed in distilled water for 

one night, sowed on a mixture (1:1, v/v) of vermiculite (Shoei Sangyo, Okayama, 

Japan) and culture soil (Iris Ohyama, Sendai, Japan), and incubated at 25°C with 14h/10 

h light/dark cycles for 3 weeks.  

B. sorokiniana (OB-25-1), the causal agent of spot blotch of the poaceous 

species, and A. brassicicola (O-264), the causal agent of black spot disease of Brassica 

plants, were stocks from the Faculty of Agriculture, Tottori University. The causal agent 

of Fusarium head blight, F. graminearum (H-3), was a stock from the National 

Agriculture and Food Research Organization. B. sorokiniana and F. graminearum were 

inoculated on V8 agar plates and A. brassicicola was inoculated on PDA plates. B. 

sorokiniana and F. graminearum were cultured for 1 and 2 weeks, respectively, at 25°C 

under a black light bulb (BLB: FL15BL-B, Hitachi) to obtain conidia. A. brassicicola 

was cultured for 1 week at 25°C under dark. 
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The growth condition of P. syringae pv. japonica (MAFF 301072) was 

described in the chapter 2.  

 

3.4.2. Inoculation of conidia of pathogens to wheat leaves 

The conidia of B. sorokiniana and F. graminearum were inoculated on the third leaves 

of 3-week-old wheat seedlings. Droplets (5 µL) of the conidial suspension containing 

0.25% Tween20 (5 × 105 conidia/mL) were placed on a wheat leaf at 1.0 cm intervals. 

The inoculated seedlings were kept in a moist air-tight bag for 24 h, and then removed 

from the bag and further incubated at 25°C with 14 h/10 h light/dark cycles. The 

inoculated leaves were extracted with 10 volumes of 80% methanol. and the extracts 

were analyzed by HPLC. The HPLC conditions was as follows: column, Cosmosil 

5C18-AR-II 4.6 I.D. × 150 mm (Nacalai Tesque); gradient, 5–70% B/(A+B) within 30 

min, A: 0.1% trifluoroacetic acid aq., B: acetonitrile; flow rate, 0.8 mL/min; column 

temperature, 40°C; detection, 280 nm. Compounds 1 and 2 were eluted at 24.2 and 25.5 

min, respectively. The detection limits of both compounds by HPLC analysis were 2.0 

nmol/gFW.  

 

3.4.3. Treatment of leaves with solutions of CuCl2 and plant hormones 

Wheat leaf segments, 1.0 cm long, were immersed in solutions of 0.5 mM CuCl2, 0.5 

mM IP, and 1 mM JA in 0.25% Tween 20 for 72 h. Metabolites in the leaf segments 

were extracted by immersing in 10 volumes of 80% methanol for 24 h, and then 

analyzed by HPLC. The leaves of 4- or 3-week-old rice, maize, oat, rye, and barley 

seedlings were treated with a 1 mM CuCl2 in a similar way to wheat leaves.  

 

3.4.4. Isolation of 1 and 2  

Aerial parts (98.4 g) of wheat seedlings were immersed in 100 µM CuCl2 solution and 

incubated at 23°C with 14 h/10 h light/dark cycles. After a 72-h incubation, metabolites 

in the aerial parts were extracted with 80% methanol for 24 h, and the obtained extract 
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was evaporated in vacuo. The residue was partitioned with water and EtOAc, and the 

EtOAc layer was evaporated to dryness. The EtOAc extract (1.5 g) was subjected to 

column chromatography using silica gel (100 g, Daisogel IR-60-63/210, Osaka Soda). 

The column was eluted with mixtures of acetone and hexane. The concentration of 

acetone was increased from 20% to 60% in increments of 10%, with the volume of each 

fraction being 1.5 L. Because 1 and 2 were detected in the 40% acetone fraction, this 

fraction (140 mg) was subjected to an ODS column chromatography (Cosmosil 75C18-

PREP, Nacalai Tesque). The column was eluted with 40, 50, 60, 70, and 80% methanol 

in water (150 mL each). Compounds 1 and 2 were eluted in the 60% methanol fraction. 

The fraction was evaporated to a small volume, and subjected to preparative HPLC. 

HPLC conditions were as follows: column, Cosmosil 5C18-AR-II 10 I.D. × 250 mm; 

solvents: water (A) and acetonitrile (B); elution 40% B/(A + B); flow rate: 3.0 mL/min, 

detection: 280 nm; column temperature: 40°C. Compounds 1 and 2 were eluted at 15.7 

and 20.5 min, respectively. 

 Compound 1 (N-cinnamoyl-9-hydroxy-8-oxotryptamine, triticamide A ): 1.2 

mg, HR MS (positive ESI): m/z 321.1229 [M+H]+ (calculated for C19H17O3N2, m/z 

321.1239); UV-Vis (acetonitrile-water containing 0.1% formic acid): lmax 220 and 280 

nm; 1H- and 13C-NMR data are shown in Table 3.1. 

 Compound 2 (N-cinnamoyl-8-oxotryptamine, triticamide B): 1.5 mg, HR MS 

(positive ESI): m/z 305.1284 [M+H]+ (calculated for C19H17O2N2, m/z 305.1290); UV-

Vis (acetonitrile-water containing 0.1% formic acid): lmax 220, 280 nm; 1H- 13C-NMR 

data are shown in Table 3.1.  

 

3.4.5. Synthesis of 2 

N-Hydroxysuccinimide ester of cinnamic acid was synthesized from cinnamic acid 

according to the methods described by Stöckigt and Zenk (1975). Cinnamoyl-8-

oxotryptamine was synthesized from N-hydroxysuccinimide ester of cinnamic acid and 

8-oxotryptamine (Sigma-Aldrich) as described by Negrel and Smith (1984). 8-
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Oxotryptamine (210 mg, 1.0 mmol) was dissolved in distilled water (20 mL), and the 

pH of the solution was adjusted to 8.0 by adding NaHCO3. An acetone solution (20 mL) 

of the N-hydroxysuccinimide ester of cinnamic acid (245 mg, 1.0 mmol) was added to 

8-oxotryptamine solution, and the mixture was stirred at room temperature for 24 h. The 

solution was then acidified by adding acetic acid (1.5 mL), and acetone was removed by 

evaporation. The concentrated reaction mixture was extracted with 20 mL EtOAc three 

times. The EtOAc layer was dried over Na2SO4 overnight, and concentrated to dryness. 

The residue was subjected to silica gel (Daisogel IR-60-63-210, 80 g) column 

chromatography. The compounds were eluted with acetone-hexane (2:3, v/v). The 

fraction volume was set to 10 mL, and fractions containing 2 were combined and 

concentrated.  

N-Cinnamoyl-8-oxotryptamine (95.2 mg, 31.3% yield). 1H NMR (600 MHz, 

DMSO-d6) δ: 4.73 (2H, d, 3 J = 5.4 Hz), 6.96 (1H, d, J = 15.6 Hz), 7.30 (1H, m), 7.32 

(1H, m), 7.47–7.58 (3H, m), 7.57 (1H, d, J = 15.6 Hz), 7.59 (1H, d, 7.8), 7.70 (2H, d, J 

= 7.2 Hz), 8.27 (1H, d, J = 7.2 Hz), 8.53 (1H, t, J = 5.4 Hz), 8.57 (1H,s), 12.15 (1H, s). 

ESI-MS: m/z: 305.1 [M+H]+ . 

 

3.4.6. Analysis of phenylamides, tryptamine, and 8-oxotryptamine  

The wheat leaf extracts were subjected to phenylamide analysis by the method 

developed by Morimoto et al. (2018). LC-MS/MS analysis was performed using a 

Quattro Micro API mass spectrometer connected to an Acquity UPLC system. The LC 

conditions were as follows: column: ACQUITY UPLC BEH C18 column 2.1 × 50 mm 

(1.7 µm) (Waters); flow rate: 0.2 mL/min; column temperature: 40°C; solvents: 0.1% 

formic acid aq. (A) and 0.1% formic acid in acetonitrile (B); gradient 5–70% A/(A + B) 

within 10 min. The MRM conditions were optimized using authentic compounds. 

Tryptamine and 8-oxotryptamine were analyzed via LC-MS/MS using MRM under the 

same LC conditions used for phenylamides. MS conditions for the analysis of 

tryptamine and 8-oxotryptamine were as follows: for tryptamine, mass transition: m/z 
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161 to m/z 143, cone voltage: 16 V, collision energy: 10 eV; for 8-oxotryptamine, mass 

transition: m/z 175 to m/z 157, cone voltage: 15 V, collision energy: 10 eV.  

For the quantitative analysis of 3–5, we applied HPLC conditions described in 

the section 3.4.2. Their amounts were calculated assuming the same molecular 

coefficients with CouAgm. 

 

3.4.7. Detection of anti-microbial activity  

Anti-microbial activities were evaluated with the same methods described in chapter 3. 

In the inhibitory assay of conidia gemination, the number of germinated conidia was 

counted after incubation for 8 h (for B. sorokiniana and A. brassicicola) and 6 h (for F. 

graminearum) using a microscope. To evaluate the inhibition of germ tube elongation, 

the conidial suspension (1.5 × 105 conidia/mL) was incubated for 4 h. After adding the 

same volumes of compound solutions in 1% DMSO, the suspension was incubated for 

an additional 4 h.  
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Chapter 4 
Biosynthesis of phenylamide phytoalexins in pathogen-infected barley 

 

4.1. Introduction 
 

Plants possess a variety of defense mechanisms for preventing pathogen infection, 

including the accumulation of defensive metabolites. Phenylamides are amides of 

hydroxycinnamic and benzoic acids, with various biogenic amines, and have been 

reported to contribute to plant defense responses. Phenylamide accumulation has been 

reported to occur in a wide range of plant species. In the Poaceae species, various 

phenylamides have been reported to accumulate in response to pathogen attack and 

have been indicated to function as phytoalexins in plant chemical defenses described in 

Chapter 3. In the chapter 3, we revealed wheat (Triticum aestivum) leaves accumulated 

N-cinnamoyl-8-oxotryptamine and N-cinnamoyl-9-hydroxy-8-oxotryptamine, as well as 

CouAgm, FerAgm, CouPut, FerPut, and FerSer in response to attack by Bipolaris 

sorokiniana, which is the causal agent of brown spot, and it is possible that N-

cinnamoyl-8-oxotryptamine and N-cinnamoyl-9-hydroxy-8-oxotryptamine function as 

phytoalexins, on the basis of their anti-microbial properties. 

 Phenylamides are biosynthesized via the condensation of hydroxycinnamoyl-

CoA esters and amines, and this reaction is catalyzed by a variety of hydroxycinnamoyl 

transferases (D’Aura, 2006; Pertersen, 2015). In rice, for example, tryptamine benzoyl 

transferase (TBT), tryptamine hydroxycinnamoyl transferase (THT), and putrescine 

hydroxycinnamoyl transferase (PHT) contribute to the biosynthesis of the phenylamides 

that are constitutively present in rice leaves (Peng et al., 2016; Chen et al., 2014), and in 

oats, hydroxyanthranilate N-hydroxycinnamoyl transferase (HHT) is involved in the 

biosynthesis of avenanthramide phytoalexins (Ishihara et al., 1999; Yang et al., 2004). 

The enzymes involved in the synthesis of these phenylamides are classified into the 

BAHD acyltransferase family, which was named for the first letter of each of the first 
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four biochemically characterized enzymes in the family, namely BEAT (benzoyl 

alcohol O-acetyltransferase), AHCT (anthocyanin O-hydroxycinnamoyl transferase), 

HCBT (anthranilate N-hydroxycinnamoyl/benzoyl transferase), and DAT (deacetyl 

vindoline 4-O-acetyltransferase) (D’Aura, 2006). In barley, the role of agmatine N-

coumaroyltransferase (ACT), which is also included in the BAHD acyltransferase 

family, in the biosynthetic of CouAgm has been well studied (Burhenne et al., 2003; 

Nomura et al., 2018). However, the enzymes and genes involved in the synthesis of 

phenylamides from aromatic amines have not been investigated, despite that tyramine 

hydroxycinnamoyl transferase activity has been detected in young seedling roots (Louis 

et al., 1991). 

 The accumulation of specialized metabolites has been investigated in 

pathogen-challenged barley plants. Bipolaris sorokiniana-infected barley leaves, for 

example, were reported to accumulate the dimer of serotonin and 3-(2-aminoethyl)-3-

hydroxyindolin-2-one, which may function as phytoalexins (Ishihara et al., 2017), and 

Fusarium graminearum-infected barley roots were reported to exude cinnamic, p-

coumaric, ferulic, syringic, and vanillic acids (Lanoue et al., 2010). Furthermore, the 

metabolomics analysis performed by Karre et al. (2013) revealed differences in the 

accumulation of metabolites in the spikelets of F. graminearum-resistant and -

susceptible cultivars, and the authors reported that phenolics, lignans, hydroxycinnamic 

acid amides (phenylamides), flavonoids, signaling molecule-related compounds, 

terpenoids, indole alkaloids, and methionine biosynthesis-related compounds 

contributed to Fusarium head blight resistance that was mediated by chitin elicitor 

receptor kinase. Even more, barley leaves have been reported to accumulate cinnamoyl-

9-hydroxy-8-oxotryptamine and cinnamoyl-8-oxotryptamine, which function as 

phytoalexins in wheat, in response to CuCl2 treatment in the last chapter. In barley, 

phenylamides that contain Agm and Put are reportedly induced by pathogen infection 

(Karre et al., 2013; von Röpenack et al., 1998). However, no other inducible 

phenylamides have been characterized, despite the characterization of multiple 
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phenylamides from the poaceous species. Accordingly, the aim of the present study was 

to investigate the inducible phenylamides of barley, in the hopes of identifying an 

undiscovered chemical defense mechanism. As a result, three phenylamide 

phytoalexins, including a previously undescribed compound, were identified, and 

acyltransferase genes that encode the enzymes that catalyze inducible phenylamide 

synthesis were characterized. On the basis of these findings, the present study provides 

novel insight into the chemical defense mechanisms of barley, as well as a framework 

for the biosynthesis of phenylamide phytoalexins. 

 

4.2. Results 
 

4.2.1. Detection of Inducible Metabolites 

The causal agent of barley root rot, F. culmorum, was cultured on V8 agar medium, and 

plugs of the agar medium were used to inoculate 4-d-old barley seedlings. Metabolites 

were extracted from the inoculated roots using 80% methanol 72 h after inoculation, 

and the extracts were subjected to HPLC analysis. As shown in Fig. 4.1, three 

compounds (1–3) were observed to accumulate in F. culmorum-inoculated leaves, and 

after HPLC purification, 1–3 were subjected to LC-MS analysis. Compounds 1 and 2 

exhibited [M+H]+ ions at m/z 321 and m/z 305, respectively, and comparison of the 

detected ions and the retention times with those of reference compounds identified the 

compounds as N-cinnamoyl-9-hydroxy-8-oxotryptamine and N-cinnamoyl-8-

oxotryptamine, respectively (Fig. 4.2). The accumulation of these compounds has also 

been reported to be induced in barley leaves by treatment with 1 mM CuCl2 in the 

chapter 3. Compounds 1 and 2 were designated as triticamides A and B, respectively, 

because they were first isolated from wheat and barley, both of which belong to the 

Triticeae tribe in the Poaceae family. Compound 3 exhibited [M+H]+ ions at m/z 277. 
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However, this ion did not correspond with any inducible compounds that had been 

previously reported from barley. 

 

4.2.2. Identification of 1–3 

Compound 3 was purified from 1.5 kg F. culmorum-inoculated barley roots and was 

determined to possess a molecular formula of C18H16ON2 using HRMS (m/z 277.1331, 

[M+H]+). The 1H-NMR and COSY spectra of 3 (Table 4.1) indicated two groups of 

aromatic proton signals at δH 7.00, 7.10, 7.35, and 7.59 ppm for a 1,2-disubstituted 

benzene ring and at δH 7.35–7.41 and 7.54 ppm for a 1-monosubstituted benzene ring. 

In addition, the 1H-NMR spectrum also revealed the presence of two coupled double-

bond protons (δH 6.69 and 7.49 ppm, J = 15.6 Hz), a methylene proton (δH 4.56 ppm), 

and three 1H protons (δH 7.31, 8.35, and 10.95 ppm). Furthermore, the 1H- and 13C-

NMR spectra of 3 were similar to those of 2 in the aromatic region (Table 4.1). 

Comparison of the 13C-NMR spectra of 2 and 3 indicated an upfield shift of the 

methylene carbon at δC 45.9 ppm in 2 to δC 34.1 ppm in 3, and the disappearance of a 

carbonyl carbon signal in 2 (δC 190.1 ppm, C-8). These differences corresponded to 

differences in the molecular formulas of 3 (C18H16ON2) and 2 (C19H16O2N2). Together, 

these results suggested that 3 is the cinnamic acid amide of (1H-indol-3-yl)methylamine 

 (IMA). To confirm this, the compound was synthesized using the 

condensation of N-hydroxysuccinimide ester of cinnamic acid and IMA. The reaction 

resulted in the formation of N-cinnamoyl-(1H-indol-3-yl)methylamine with a yield of 

86.4%. The NMR spectra of the synthetic cinnamic acid amide of IMA was identical to 

those of 3. Thus, 3 was unequivocally identified to be N-cinnamoyl-(1H-indol-3-

yl)methylamine. Because 3 has not been previously described, it was designated 

triticamide C. 
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Fig. 4.1. High-performance liquid chromatography (HPLC) analysis of extracts from 

Fusarium culmorum-infected and control roots. Agar plugs of F. culmorum-inoculated 

and control V8 medium were placed on the roots of 4-d-old barley seedlings, and 

extraction was performed at 72 h after inoculation. 

 

Fig. 4.2. Chemical structures of 1–3. 
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4.2.3. Accumulation of 1–3 after Pathogen Infection 

The accumulation kinetics of 1–3 were investigated in F. culmorum-infected roots (Fig. 

4.3A). The amounts of 1–3 in barley roots increased from 24 h after inoculation, 

reached maximum levels at 72 h after inoculation, and decreased thereafter. In addition, 

none of the three compounds were detected in control roots. The inoculation of roots 

with F. graminearum and B. sorokiniana also induced the accumulation of 1–3, and at 

72 h after inoculation, the amounts of 1–3 reached 86.7, 2.8, and 1.3 nmol/g FW, 

respectively, in the F. graminearum-infected roots and 90.8, 5.2, and 1.1 nmol/g FW in 

the B. sorokiniana-infected roots (Fig. 4.3B). To investigate the effect of pathogen 

infection on the accumulation of 1–3 in barley leaves, a suspension of B. sorokiniana 

conidia was inoculated onto the third leaves of three-week-old seedlings (Fig. 4.3C). At 

72 h after inoculation, 1–3 reached 31.4, 10.3, and 7.0 nmol/g FW, respectively, in the 

Position ¹H muti, J  (Hz) ¹³C Position ¹H muti, J  (Hz) ¹³C
NH-1 12.15 (1H, s) - NH-1 10.95 (1H, s) -

2 8.57 (1H, s) 133.7 2 7.31 (1H, 2.4) 123.9
3 - 114.0 3 - 112.1

3a - 125.4 3a - 126.5
4 7.59 (1H, d, 7.8) 112.2 4 7.59 (1H, d, 7.2) 118.7
5 7.30 (1H, m) 121.8 5 7.10 (1H, dt, 1.2, 7.2 ) 121.1
6 7.32 (1H, m) 122.9 6 7.00 (1H, dt, 1.2, 7.2) 118.5
7 8.27 (1H, d, 7.2) 121.1 7 7.35 (1H, d, 7.2) 111.4

7a - 136.4 7a - 136.3
8 - 190.1 8 4.56 (1H, d, 5.4) 34.1
9 4.73 (2H, d, 5.4) 45.9 - - -

NH-10 8.53 (1H, t, 5.4) - NH-10 8.35 (1H, t, 5.4) -
1´ - 134.9 1´ - 135.0
2´ 7.70 (2H, d, 7.2) 127.6 2´ 7.54 (2H, d, 7.2) 127.4
3´ 128.9 3´ 128.9
4´ 129.5 4´ 129.3
5´ 128.9 5´ 128.9
6´ 7.70 (2H, d, 7.2) 127.6 6´ 7.54 (2H, d, 7.2) 127.4
7´ 7.57 (1H, d, 15.6) 138.9 7´ 7.49 (1H, d, 15.6) 138.5
8´ 6.96 (1H, d, 15.6) 122.1 8´ 6.69 (1H, d, 15.6) 122.4
9´ - 165.2 9´ - 164.7

-: no corresponding signal.

Table 4.1. 1H (600 MHz) and 13C (150 MHz) NMR spectral data for 2 and 3 (in DMSO-d 6)
N -Cinnamoyl-8-oxotryptamine (2) N -Cinnamoyl-(1H -indol-3-yl)methylamine (3)

7.47-7.58 (3H, m) 7.41-7.35 (3H, m)
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B. sorokiniana-infected leaves. In addition, none of the three compounds were detected 

in control or intact leaves. To investigate the generality of the accumulation of 1–3 in 

barley, F. culmorum was inoculated onto three different cultivars ‘Yumesakiboshi’, 

‘CDC Fibar’, and ‘Morex’. Accumulation of 1–3 was induced in the infected roots of 

the all cultivars 72 h after inoculation (Fig. 4.3D). These findings indicated that the 

accumulation of 1–3 is a general response of barley both in roots and leaves, 

irrespective to the pathogen species. 

 The amounts of tryptamine, 8-oxotryptamine, and IMA in F. culmorum-

infected barley roots were also measured by LC-MS/MS, using multiple reaction 

monitoring (MRM) methods, since the compounds could be precursors of 1–3. 

Tryptamine was detected at 0.5 nmol/g FW in control roots, whereas neither 8-

oxotryptamine nor IMA were detectable, and levels of all three increased following the 

inoculation of roots with F. culmorum (Fig. 4.3E), with the amounts of tryptamine, 8-

oxotryptamine, and IMA reaching 24.4, 8.7, and 39.9 nmol/g FW, respectively. Thus, 

the production of amines is a part of inducible response against pathogen infection. 

 Even though the accumulation of 1 and 2 had been previously observed in 

pathogen-infected wheat leaves in the chapter 3, their accumulation in wheat roots has 

yet to be investigated. Therefore, the accumulation of 1–3 was examined by HPLC 

analysis of extracts from F. culmorum-infected wheat roots. Compounds 1 and 2 were 

observed to accumulate in the pathogen-infected roots, to levels of 353 and 2.0 nmol/g 

FW, respectively, whereas 3 was not detected (Fig. 4.S1). 
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Fig. 4.3. Accumulation of 1–3 and indole amines in pathogen-infected barley 

plants. (A) Effect of infection duration on the accumulation of 1–3 in Fusarium 

culmorum-infected roots. (B) Accumulation of 1–3 in Fusarium graminearum- and 

Bipolaris sorokiniana-infected roots at 72 h after inoculation. (C) Accumulation of 

1–3 in B. sorokiniana-inoculated, distilled water-treated (control), and intact leaves. 

(D) Accumulation of 1–3 in F. culmorum-infected roots of barley cultivars 

‘Yumesakiboshi’, ‘CDC Fibar’, and ‘Morex’ at 72 h after inoculation. (E) 

Accumulation of tryptamine, 8-oxotryptamine, and (1H-indol-3-yl)methylamine 

(IMA) in F. culmorum-infected roots at 72 h after inoculation. Values and error 

bars represent mean ± SD (n = 3). n.d., not detected. 
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Because 1–3 were classified as phenylamides on the basis of their chemical structures, 

the accumulation of other phenylamides in F. culmorum-infected roots and B. 

sorokiniana-infected leaves was investigated. A total of 25 phenylamide combinations 

of five acids (Cin, Cou, Caf, Fer, and Ben) and five amines (Try, Ser, Tyr, Agm, and 

Put) were measured simultaneously using LC-MS/MS as previously described 

(Morimoto et al., 2018). The induced accumulation of CinPut, FerPut, CinAgm, CinTyr, 

CouTry, FerTry, CouPut, and FerSer was observed in the F. culmorum-infected roots. 

However, only CouPut and FerSer exhibited marked increases (Fig. 4.4). Furthermore, 

even though CouAgm levels were not increased in response to infection by F. 

culmorum, the concentrations were consistently high (86.6 and 83.3 nmol/g FW in 

control and inoculated roots, respectively). 

 Meanwhile, the induced accumulation of FerPut, CouAgm, FerTyr, and 

FerSer was observed in B. sorokiniana-infected leaves (Fig. 4.5), and CouAgm 

exhibited the greatest accumulation, followed by FerSer, FerPut, and FerTyr. 

Accumulation was also observed for CinPut, CouPut, CinAgm, CouTyr, CinTry, and 

FerTry; however, their concentrations were relatively low. The phenylamides detected 

in the F. culmorum-infected roots were similar to those observed in B. sorokiniana-

infected leaves. CinTyr and CouTry exhibited a small but significant accumulation in 

the F. culmorum-infected roots, whereas CouTyr exhibited the significant accumulation 

in the B. sorokiniana-infected leaves. 

 These findings indicated that the biosynthetic pathways leading to multiple 

phenylamides are simultaneously activated in the defense response to pathogen 

infection. 
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Fig. 4.4. Effect of Fusarium culmorum infection on the accumulation of 

phenylamides in barley roots. Phenylamide levels were measured at 72 h after 

inoculation using multiple reaction monitoring (MRM) with LC-MS/MS. Values 

and error bars represent mean ± SD (n = 3). Cont, control (not inoculated); Ino, 

inoculated with F. culmorum; n.d., not detected. 
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Fig. 4.5. Effect of Bipolaris sorokiniana infection on the accumulation of 

phenylamides in barley leaves. Phenylamide levels were measured at 72 h after 

inoculation using MRM with LC-MS/MS. Values and error bars represent mean ± 

SD (n = 3). Cont, control; Ino, inoculated with B. sorokiniana; n.d., not detected. 

 

4.2.5. Induced Expression of the Tryptamine Cinnamoyl Transferase-Like Genes in 

Pathogen Infected Barley 

In rice, tryptamine hydroxycinnamoyltransferases (OsTHT1/2) and tryptamine 

benzoyltransferases (OsTBT1/2) have been reported to contribute to the synthesis of 

CouSer and BenTry, respectively (Peng et al., 2016). Therefore, it is plausible that their 

barley homologs could be involved in the biosynthesis of triticamides. Indeed, BLAST 

search of the barley genome sequences using rice THT1/2 and TBT1/2 protein 

sequences as queries detected nine homologous genes (named HvTHT1–HvTHT9, Table 

4.S1). Phylogenetic analysis of the amino acid sequences grouped HvTHT1–HvTHT9 

into a clade IVb that also contained OsTHTs and OsTBTs in the BAHD acyltransferase 

family (Fig. 4.6A). 

0

1

0

5

0

2

0

1

Int Cont Ino

0

5

0

100

0

0.5

0

1

Int Cont Ino

0

50

0

20

0

0.5

0

50

Int Cont Ino

0

1

0

1
0

20

CinPut CouPut FerPut

CinAgm CouAgm FerAgm

CinTry CouTry FerTry

CinSer CouSer FerSer

CinTyr CouTyr FerTyr

Am
ou

nt
 (n

m
ol

/g
FW

)

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.



 65 

 Gene expression of HvTHT1–HvTHT9 in roots and leaves at 24 h after 

inoculation with pathogenic fungi was investigated by qRT-PCR. Because there is only 

a single base difference in the nucleotide sequences of HvTHT7 and HvTHT8 at 495 bp 

from the start codon, their transcripts could not be distinguished by PCR. Therefore, the 

combined transcript levels of HvTHT7 and HvTHT8 were measured using a single 

primer set for both genes. The total expression of HvTHT7/8 in the F. culmorum-

infected roots was 60 times that of control roots, whereas the total expression of 

HvTHT7/8 in B. sorokiniana-infected leaves was 206 times that of control leaves (Fig. 

4.6B). In addition, HvTHT2 and HvTHT5 were upregulated by 27- and 10-fold in B. 

sorokiniana-infected leaves, but their enhanced expression was not detected in F. 

culmorum-infected roots. In regard to accumulation kinetics, the HvTHT7/8 transcripts 

attained a maximum 24 h after inoculation and then rapidly decreased thereafter (Fig. 

4.6C). The expression of other HvTHT genes were also monitored in the F. culmorum 

infected roots. The increased accumulation of transcripts of HvTHT1, HvTHT3, 

HvTHT4, HvTHT6, and HvTHT9 was detected 48 h after inocualtion, but their leves 

were at most 6 times that of control roots (Fig. 4.S2). Based on these findings, the 

HvTHT7/8 were the genes that respond to pathogen infection most sharply. 

 To examine if both HvTHT7 and HvTHT8 were expressed in response to 

pathogen attack, the fragments of HvTHT7 and HvTHT8 containing the single base 

substituted site at 495 bps from the start codon were amplified by PCR from the cDNA 

prepared from F. culmorum-infected root of seedlings of the cultivar ‘Shunrei’. The 

DNA sequencing of the fragments showed only the fragment from HvTHT8 was 

amplified, indicating that the HvTHT8 was mainly expressed in the F. culmorum-

infected root (Fig. 4.S3). 

 We also performed database search of the HvTHT7 and HvTHT8 in the 

genome sequences of ‘Barke’ and ‘Bowman’ (URL: https://webblast.ipk-

gatersleben.de/barley_ibsc/). In the database of ‘Barke’ genome, only HvTHT7 

sequences were found whereas, in the database of ‘Bowman’ genome, only sequences 
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of HvTHT8 were detected. We also performed the PCR to amplify the fragments 

containing the single base substituted site using the genomic DNAs prepared from 

‘Shunrei’ and ‘Morex’, and then sequenced the amplified fragments. We only detected 

the sequences corresponding to HvTHT8 in ‘Shunrei’ but both sequences of HvTHT7 

and HvTHT8 in ‘Morex’, indicating that ‘Shunrei’ poses only HvTHT8 whereas 

‘Morex’ poses both HvTHT7 and HvTHT8.  

 

Fig. 4.6. Involvement of barley tryptamine hydroxycinnamoyltransferases 

(HvTHTs) in the defense responses in barley. (A) Relationships between HvTHT 

proteins and BAHD-family acyltransferases from other species. A dendrogram was 

generated form sequences of 29 proteins in the BAHD family. Bootstrap values 

>70% (based on 1,000 replications) are indicated at each node (bar = 0.1 amino 

acid substitutions per site). Non-barley sequences (species, access. no.) were 

obtained from GenBank: ZmGlossy2 (Zea mays, CAA61258), AtCER2 

(Arabidopsis thaliana, AAM64817), FaSAAT (Fragaria x ananassa, AAG13130), 
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RsVs (Rauvolfia serpentine, CAD89104), AtACT (A. thaliana, NP_200924.1), 

Gt5AT (Gentiana triflora, BAA74428), AtSCT (A. thaliana, Q8VZU3), AtSDT (A. 

thaliana, NP_179932), OsPHT1 (Oryza sativa, XP_015643300.1), OsPHT2 (O. 

sativa, XP_015641927.1), AtSHT (A. thaliana, NP_179497.1), AtHCT (A. 

thaliana, NP_199704.1), HvACT (H. vulgare, AAO73071), OsAHT1 (O. sativa, 

ANQ47369.1), NaAT (Nicotiana attenuata, JN390826), OsPHT3 (O. sativa, 

XP_015651503.1), OsTHT1 (O. sativa, XP_015613139.1), OsTHT2 (O. sativa, 

XP_015612968.1), OsTBT1 (O. sativa, XP_015615935.1), and OsTBT2 (O. sativa, 

XP_015615816.1). The HvTHT amino-acid sequences were obtained from the 

EnsemblPlants database 

(http://plants.ensembl.org/Hordeum_vulgare/Info/Index?db=core). Red arrowheads 

indicate HvTHT2, HvTHT7, and HvTHT8 that were subjected to detailed 

biochemical analyses. (B) Effect of infection by Fusarium culmorum and Bipolaris 

sorokiniana on the expression of HvTHT genes in barley roots and leaves, 

respectively. Total RNA was extracted 24 h after inoculation. (C) The kinetics of 

transcript levels in F. culmorum-infected root. In both (B) and (C), expression 

levels were normalized using the ADP-ribosylation factor-like protein (ADP) gene 

as an inner control and are expressed as relative values compared to those of 

control roots and leaves. Values and error bars represent mean ± SD (n = 3). 

 

4.2.6. Characterization of Barley THTs 

To characterize the enzymatic functions of HvTHT7 and HvTHT8, the proteins tagged 

with His-GST were heterologously expressed in Escherichia coli BL21. The HvTHT7 

cDNA was generated from HvTHT8 cDNA using site-directed mutagenesis, and the 

recombinant proteins were detected in soluble protein fractions of E. coli lysate using 

CBB stain (Fig. 4.S4). The His-GST-tagged enzymes were purified to homogeneity 

using metal-affinity chromatography, and the acyltransferase activities of the 

recombinant enzymes were assayed using various CoA thioesters of cinnamic acid 
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relatives as acyl donors and biogenic amines as acyl acceptors. The amounts of reaction 

products were determined using LC-MS/MS analyses with MRM methods. 

 Kinetic analysis revealed that HvTHT7 and HvTHT8 possessed similar 

enzymatic properties, which is not surprising when considering that amino acid 

sequences of the two proteins differ by only a single substitution (histidine to arginine at 

166 aa). Both enzymes functioned optimally at 35 °C and pH 8.0. In the presence of 1 

mM tryptamine as an acyl acceptor, the relative efficacy of the enzymes did not differ 

largely among the CoA esters (Table 4.2). The values for the Cin- and Fer-CoAs were 

nearly identical, and the value for Cou-CoA was the approximately half that for Cin-

CoA. In the presence of 200 µM Cin-CoA as an acyl donor, the Km values for 

tryptamine were considerably lower than those for 8-oxotryptamine, serotonin, and 

IMA, and the kcat values for tryptamine were higher than those for 8-oxotryptamine, 

IMA, and serotonin. Accordingly, the relative efficiencies of the enzymes for 

tryptamine were much larger than those for other tested amines. These findings 

demonstrated that both HvTHT7 and HvTHT8 favor Cin- and Fer-CoAs over Cou-CoA 

as acyl donors and favor tryptamine over other tryptamine derivatives as an acyl 

acceptor, which suggests that HvTHT7 and HvTHT8 are involved in the biosynthesis of 

CinTry in barley. 

 For comparison, recombinant HvTHT2 was also produced as described above 

for HvTHT7 and HvTHT8. In the presence of tryptamine as an acyl acceptor, HvTHT2 

strongly favored Fer-CoA over Cou- and Cin-CoAs as an acyl donor (Table 4.3). For 

example, the relative efficiency of CinTry formation was only 0.03% that of FerTry 

formation. The relative efficiencies for tryptamine and serotonin formation were 

similar, but that for tyramine formation was 35.6% that for tryptamine. On the basis of 

this substrate specificity, HvTHT2 is likely involved in the synthesis of FerTry an 

FerSer.  
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Table 4.2. Kinetic Parameters of  HvTHT7 and HvTHT8

Substrate Km k cat k cat/Km
Relative 
efficiency Km k cat k cat/Km

Relative 
efficiency

µM s -1 % µM s -1 %

Acyl donorsa

Cinnamoyl-CoA 64.2 2.06 0.032 100 62.1 2.02 0.032 100

Coumaroyl-CoA 39.2 0.67 0.017 53 35.5 0.59 0.017 52

Feruloyl-CoA 32.6 1.00 0.031 95 36.7 1.08 0.029 91

Acyl acceptorsb

Tryptamine 59.2 1.58 0.027 100 60.6 1.69 0.028 100

Oxotryptamine 53.1 0.31 0.0059 22 54.9 0.18 0.003 12

AMI 54.2 0.37 0.0067 25 33.9 0.20 0.006 21

Serotonin 385 0.46 0.0012 5 347 0.41 0.001 4
a Tryptamine (1 mM) was used as the acyl acceptor.
b Cinnamoyl-CoA (200 µM) was used as the acyl donors.

HvTHT7 HvTHT8

Substrate Km k cat k cat/Km Relative efficiency

µM s -1 %

Acyl donorsa

Cinnamoyl-CoA 25.3 0.0011 0.00004 0.028

Coumaroyl-CoA 23.6 0.0057 0.00024 0.16

Feruloyl-CoA 3.44 0.54 0.16 100

Acyl acceptorsb

Tryptamine 49.7 0.0084 0.00017 100

Serotonin 49.7 0.0080 0.00016 95

Tyramine 109 0.01 0.0001 36
a Tryptamine (1 mM) was used as the acyl acceptor.
b Feruloyl-CoA (200 mM) was used as the acyl donors.

HvTHT2
Table 4.3. Kinetic Parameters of HvTHT2
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4.2.7. Feeding Experiments with Cinnamic Acid Amides in Pathogen-Infected Barley 

Roots 

To confirm the pathway for the synthesis of 1 and 2 from cinnamic acid amides, [2H5]-

CinTry was fed to F. culmorum-infected roots 48 h after inoculation. The roots were 

incubated with the labeled compound for 24 h and then extracted using 80% methanol, 

and the resulting extracts were subjected to LC-MS/MS analyses with MRM methods. 

[2H5] -CinTry was effectively incorporated into 1 and 2 at rates of 10.3% and 42.3%, 

respectively (Fig. 4.7). Fusarium culmorum-infected roots were also fed [2H5]-2. 

However, the labeled compound was only incorporated into 2.87% of products, likely 

owing to the low water solubility of [2H5]-2. These findings indicated that the pathway 

from CinTry to 1 via 2 is functional. 

 

 

Fig. 4.7. Incorporation of deuterium-labeled cinnamic acid amides into 1 and 2. 

Blue arrows indicate the incorporation of labeled compounds. Percentage values 

indicate the mean (±SD) rates of labeled to unlabeled compound (n = 3). CinTry, 

cinnamoyltryptamine. 

43.3%
(±1.2%)

2.87%
(±0.80%)

10.4%
(±0.14%)

CinTry

Cin-8-oxoTry (2)

Cin-9-hydroxy-
8-oxoTry (1)
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4.2.8. Antimicrobial Activities of Triticamide C (3) 

The antimicrobial activities of triticamides A and B have been reported previously. 

Here, the antifungal activities of triticamide C against F. culmorum, F. graminearum, 

and B. sorokiniana were assessed using inhibition assays for conidial germination and 

germ tube elongation. Triticamide C inhibited the conidial germination of F. culmorum, 

F. graminearum, and B. sorokiniana at concentrations of >100 µM (Fig. 4.8A). 

However, complete inhibition was not observed even at 1000 µM. Furthermore, 

triticamide C also inhibited the conidial germ tube elongation of F. graminearum and F. 

culmorum even at 30 µM, and almost completely inhibited those of F. graminearum 

and F. culmorum at 1,000 µM. The inhibitory rate for B. sorokiniana were 48.1% even 

at 1000 µM (Fig. 4.8B). Meanwhile, in regards to antibacterial activity, triticamide C 

inhibited the growth of P. syringae pv. japonica at 100 µM but failed to yield complete 

inhibition even at 300 µM (Fig. 4.8C). Triticamide C was an antimicrobial compound as 

well as triticamides A and B. 
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Fig. 4.8. Antimicrobial activities of triticamide C. (A) Effect of triticamide C on the 

germination of Fusarium culmorum (Fc), Fusarium graminearum (Fg), and Bipolaris 

sorokiniana (Bs) conidia. Germination rates were measured at 6 h (for Fc and Fg) and 8 

h (for Bs) after inoculation. (B) Effect of triticamide C on conidial germ tube 

elongation, which was measured 4 h after treatment with triticamide C. (C) Effect of 

triticamide C on the growth of Pseudomonas syringae pv. japonica. Growth was 

assessed by measuring OD600 at 0 and 24 h after the start of incubation. Values and error 

bars represent mean ± SD (n = 3). Letters (a–d) represent significant differences at p < 

0.05 as measured using Tukey-Kramer tests. 
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4.3. Discussion 
 

The present study demonstrated that barley roots accumulate three inducible 

compounds, namely N-cinnamoyl-9-hydroxy-8-oxotryptamine (1) and N-cinnamoyl-8-

oxotryptamine (2), and N-cinnamoyl-(1H-indol-3-yl)methylamine (3), in response to 

pathogen attack (Fig. 4.2). Compounds 1 and 2 had already been characterized as 

phytoalexins in wheat in the chapter 3, but compound 3 was a previously undescribed 

compound. Because both barley and wheat belong to the Triticeae tribe, the compounds 

1–3 were named triticamides A–C, respectively. The antifungal activities of triticamides 

A and B have been evaluated in the chapter 3, and the present study demonstrated that 

triticamide C also possesses antifungal activity against several species of 

phytopathogenic fungi (F. culmorum, F. graminearum, and B. sorokiniana). It is of 

interest to note that triticamide C inhibited the growth of the bacterial pathogen P. 

syringae at 100 µM because triticamides A and B did not affect the growth of P. 

syringae in the chapter 3. Triticamides function as phytoalexins in barley as previously 

demonstrated in wheat. 

 The concentrations of triticamides A–C were 282, 56.7 and 55.0 nmol/g FW, 

respectively, in F. culmorum-infected roots 72 h after inoculation, and 31.4, 10.3, and 

7.0 nmol/g FW, respectively, in B. sorokiniana-infected leaves 48 h after inoculation 

(Fig. 4.3). These concentrations are similar to the concentrations at which the 

triticamides exert antifungal activities. For example, triticamides B and C significantly 

inhibited the germ tube elongation of F. graminearum at 10 µM, and triticamides B and 

C inhibited the germination of B. sorokiniana conidia at 10 and 100 µM, respectively 

(Fig. 4.8). The accumulation of triticamides likely affects the growth of these pathogens 

in plant tissues. 

 Phenylamides are biosynthesized by the condensation of hydroxycinnamic 

acid CoA thioesters and amines. Among the THT- and TBT-related genes that were 

identified in the barley genome, the combined expression levels of HvTHT7/8 were 
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markedly higher in pathogen-infected roots and leaves and reached maximum levels 24 

h after inoculation, which preceded the accumulation of triticamides (Fig. 4.3). 

Generally speaking, the accumulation of inducible metabolites is preceded by enhanced 

gene expression. For instance, in rice leaves, the amount of rice phytoalexin sakuranetin 

reached at a maximum 72 h after the start of treatment whereas the transcript amount of 

NOMT that encodes naringenin-7-O-methyltransfearase reached at a maximum 6 h after 

the treatment (Shimizu et al., 2012). Similarly, the accumulation of avenanthramides in 

oat leaves was about 24 h behind the expression of biosynthetic genes (Yang et al., 

2004). To explain this gap of timings of HvTHT7/8 expression and triticamide 

accumulation, however, the kinetic analysis of expression of other biosynthetic genes is 

needed. Some of remaining HvTHT genes showed enhanced expression in F. culmorum-

infected root, but the fold changes were relatively small (Fig. 4.S2). In addition, the 

characterization of heterologously expressed HvTHT7 and HvTHT8 revealed that both 

enzymes favored Cin-CoA as acyl donors and tryptamine as an acyl acceptor (Table 

4.2). Together, these findings suggest that HvTHT7/8 are involved in triticamide 

biosynthesis. 

 The genomic sequences of HvTHT7 and HvTHT8 were different only at one 

nucleotide at 497 bps from the start codon. In the present study, we mainly used the 

cultivar ‘Shunrei’. In this cultivar, we detected only the transcript of HvTHT8 and the 

genomic sequence corresponding to HvTHT8. Thus, ‘Shunrei’ probably poses only 

HvTHT8. By contrast, we detected the transcripts and genomic sequences corresponding 

to both HvTHT7 and HvTHT8 in ‘Morex’. This is consistent with the result of database 

search–both HvTHT7 and HvTHT8 were deposited to ‘Morex’ genome database (URL: 

https://webblast.ipk-gatersleben.de/barley_ibsc/). The ‘Morex’ probably poses both 

genes in its genome. Furthermore, only HvTHT7 was deposited in ‘Barke’ genome 

database, whereas only HvTHT8 was in ‘Bowman’ genome database (URL: 

https://webblast.ipk-gatersleben.de/barley_ibsc/). Thus, the barley genome is 

polymorphic at this specific nucleotide in HvTHT7/8 but some cultivars such as 
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‘Morex’ acquired both HvTHT7 and HvTHT8 during the breeding process. Because the 

enzymatic function of HvTHT7 and HvTHT8 were not largely different, this single 

nucleotide polymorphism does not affect the triticamide production. 

 There are two hypothetical pathways for the biosynthesis of 1 and 2: the direct 

condensation of 9-hydroxy-8-oxotryptamine and 8-oxotryptamine with Cin-CoA 

thioester or the condensation of tryptamine and Cin-CoA into CinTry and the 

subsequent oxidation of the tryptamine part of the compound. The high substrate 

specificity of HvTHT7 and HvTHT8 for tryptamine suggests that the second hypothesis 

is more likely (Table 4.2). In addition, observed accumulation of tryptamine was much 

greater than that of 8-oxotryptamine (Fig. 4.3). Indeed, subsequent feeding experiments 

confirmed that labeled CinTry was effectively incorporated into triticamides A and B 

(Fig. 4.7). Thus, it is most likely that 1 and 2 are biosynthesized by this route. However, 

8-oxotryptamine was also detected in the pathogen-infected roots and HvTHT7 and 

HvTHT8 accepted 8-oxotryptamine to some extent. Thus, the possibility that 

triticamides are synthesized by the direct condensation should not be excluded, and the 

pathways may form a metabolic grid. To obtain a whole picture of the pathways for 

triticamide biosynthesis, the concentrations and kinetics of 9-hydroxy-8-oxotryptamine 

in barley roots should be investigated. 

 Meanwhile, HvTHT2 preferred Fer-CoA as an acyl donor and tryptamine and 

serotonin as acyl acceptors. The kcat value of HvTHT2 for Cin-CoA was much smaller 

than that for Fer-CoA, and the relative efficiency for Cin-CoA was only 0.033% that for 

Fer-CoA (Table 4.3). Therefore, it is unlikely that HvTHT2 contributes substantially to 

the biosynthesis of triticamides. The expression of HvTHT2 was enhanced by B. 

sorokiniana infection in leaves but not by F. culmorum infection in roots, and both 

FerTyr and FerSer were observed to accumulate to high levels in B. sorokiniana-

infected leaves (Fig. 4.4, 4.5, and 4.6). Because HvTHT2 accepted tyramine and 

serotonin as an acyl acceptor, it is likely that HvTHT2 is involved in the formation of 

such amides, rather than that of triticamides. 
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Triticamide C is considered to be biosynthesized by the condensation of Cin-CoA and 

IMA. Indeed, the recombinant enzymes HvTHT7 and HvTHT8 catalyzed this 

condensation reaction efficiently, and IMA accumulation was induced by F. culmorum 

infection to 39.9 nmol/g FW in infected roots (Table 4.2 and Fig. 4.3). Therefore, the 

present study confirms the hypothesis that triticamide C is formed by the direct 

condensation of Cin-CoA and IMA. This amine is also a precursor of gramine, a 

specialized metabolite that is also present in barley (Gower and Leete, 1963). Gramine 

is formed by the successive methylation of IMA by a methyltransferase (Larsson et al., 

2006). However, the biosynthetic pathway from tryptophan to IMA has yet to be fully 

elucidated. Interestingly, several barley cultivars (e.g., ‘Morex’) do not accumulate 

gramine (Larsson et al., 2006). Therefore, it is worth noting that, in the present study, all 

the examined cultivars including ‘Morex’ accumulated triticamide C and, thus, produce 

IMA in response to pathogen infection. 

 The BAHD acyltransferase family is separated into five clades (Clades I-V), 

and Clade IV is further divided into Clades IVa and IVb (Fig. 4.6) (D’Aura, 2006; Peng 

et al., 2016). In the present study, HvTHT2, HvTHT7, and HvTHT8 were mapped to 

Clade IVb along with OsTHTs and OsTBTs. The catalytic activities of enzymes in this 

subfamily have been studied in several grass species, and all the studied enzymes have 

been reported to catalyze the condensation of tryptamine with either Ben-CoA or Cou-

CoA (Peng et al., 2016). In the present study, HvTHT2, HvTHT7, and HvTHT8 also 

accepted tryptamine as a substrate. Thus, it is reasonable to infer that enzymes in this 

subclade similarly prefer indole amines as substrates. Peng et al. (2016) also identified 

Clade IV- (EVDSWL and VLWAFP) and Clade IVb-specific (VRVAVNC and RRRR) 

motifs in enzymes from rice (Fig. 4.S5). These motifs were also present in HvTHT2, 

HvTHT7, and HvTHT8, with the exception of the RRRR motif. Analyzing the 

functions of these motifs may help elucidate the structural factors that affect substrate 

specificity. 
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 On the other hand, HvTHT7 and HvTHT8 showed different substrate 

specificity for CoA thioesters in comparison with OsTHTs and OsTBTs. HvTHT7 and 

HvTHT8 preferred Fer-CoA as well as Cin-CoA while OsTBTs and OsTHT1 showed 

low specificity to Fer-CoA although specificity of OsTHT2 for Fer-CoA has not been 

examined. OsTBTs and OsTHTs showed high specificities for Cou- and Ben-CoAs. We 

could obtain the sequences of 115 BAHD family acyltransferases by BLAST search 

using HvTHT7 amino acid sequences as query from the species in Poaceae family (Fig. 

4.S6). Phylogenetic analysis of the acyltransferases indicated that HvTHT7 and 

HvTHT8 formed a cluster together with THTs in T. aestivum, T. urartu, T. durum, 

Aegilops tauschii, Secale cereale, and Brachypodium distachion. All of these species 

belong to the Pooideae subfamily. Thus, the acyltransferases in this cluster may have 

branched off from the cluster containing HvTHT2, OsTHT1/2, and OsTBT1/2, and play 

a specific role in Pooideae species. In this context, it is of interest to investigate the 

distribution of triticamide phytoalexins in these species as well as to analyze the 

substrate specificity of THTs in this cluster.  

 

4.4. Experimental 

 

4.4.1. General Experimental Procedures 

 Both 1H and 13C NMR spectra and 2D COSY, HMQC, and HMBC spectra 

were recorded using an Avance II instrument (Bruker, Billerica, MA, USA). High-

resolution mass spectra were measured using an Exactive mass spectrometer (Thermo 

Fisher Scientific, Waltham, MA, USA), and ESI-MS measurements were performed 

using a Quattro Micro API mass spectrometer (Waters, Milford, MA, USA) that was 

connected to an Acquity UPLC system (Waters). HPLC was performed using a 10A 

HPLC system (Shimadzu, Kyoto, Japan). 
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4.4.2. Plant Materials and Pathogenic Fungi. 

Barley (Hordeum vulgare ‘Shunrei’) and wheat (Triticum aestivum ‘Norin 61′) seeds 

were purchased from JA Inaba Tottori (Tottori, Japan) and Tsurushin Shubyo (Kyoto, 

Japan), respectively. Seeds of barley ‘Yumesakiboshi’, ‘CDC fibar’ and ‘Morex’ were 

stocks in the Institute of Plant Science and Resources, Okayama University, Japan. For 

the experiments that involved roots, seeds were placed on filter paper in a plant culture 

container (120 mm diammeter × 80 mm hight, SPL Life Science, Gyeonggi-do, Korea) 

that contained 5 mL sterile water, incubated at 4 °C in the dark for 24 h, and then 

incubated at 25 °C with a 14-h photoperiod for 3 days. For the experiments that 

involved leaves, seeds were immersed in distilled water for one night, sown on a 1:1 

(v:v) mixture of vermiculite (Shoei Sangyo, Okayama, Japan) and culture soil (Iris 

Ohyama, Sendai, Japan), and then incubated at 25 °C with a 14-h photoperiod for three 

weeks. 

 Fusarium culmorum (MAFF 236454), the causal agent of Fusarium root rot, 

was obtained from the NIAS Genebank (http://www.gene.affrc.go.jp/index_en.php), 

whereas F. graminearum was obtained from the National Agriculture and Food 

Research Organization, and B. sorokiniana (OB-25-1), the causal agent of barley spot 

blotch, was a stock in Natural Product Chemistry Laboratory, Faculty of Agriculture, 

Tottori University. The F. culmorum, F. graminearum, and B. sorokiniana were 

inoculated onto V8 agar plates. To inoculate plant roots, the F. culmorum, F. 

graminearum, and B. sorokiniana were cultured for 5 d at 25 °C under black light 

(FL15BL-B; Hitachi, Tokyo, Japan), and plugs from the V8 agar plates were used as 

inoculum. Meanwhile, conidia suspensions were used to inoculate plant leaves. To 

obtain conidia, F. culmorum and F. graminearum were cultured for one week under the 

conditions described above, whereas B. sorokiniana was cultured for two weeks. 

 The causal agent of bacterial black node, Pseudomonas syringae pv. japonica 

(MAFF 301072), was obtained from NIAS Genebank. The pathogen was cultured on 

potato semi-synthetic medium (300 g potato, 2 g Na2PO4·12H2O, 15 g sucrose, 5 g 
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peptone, 0.5 g Ca(NO3)2·4H2O, and 1 L distilled water) at 25 °C with shaking (200 

rpm) for 24 h. 

 

4.4.3. Inoculation of Pathogenic Fungi 

The inoculation of pathogens onto barley and wheat roots was performed according to 

the methods of Covarelli et al. (2013) with slight modification. Briefly, mycelial agar 

plugs (0.5- to 0.6-cm diameter) were taken from the growing edges of a 5-d-old culture 

plates and placed on the roots of the 96-h-old barley seedlings at 1.5 cm away from the 

seed. The culture dishes that contained the barley seedlings were then incubated at 

25 °C with a 14-h photoperiod for 24–120 h. The inoculated roots were extracted using 

10 volumes of 80% methanol, and the extracts were analyzed by HPLC, as follows: 

column, Cosmosil 5C18-AR-II 4.6 I.D. × 150 mm (Nacalai Tesque, Kyoto, Japan); 

gradient, 5%–70% B/(A+B) within 30 min, A: 0.1% trifluoroacetic acid aq., B: 

acetonitrile; flow rate, 0.8 mL/min; column temperature, 40 °C; detection, 280 nm. 

Compounds 1, 2, and 3 were eluted at 24.2, 25.5, and 26.5 min, respectively. 

 To inoculate barley and wheat leaves, droplets (5 µL) of the B. sorokiniana 

conidial suspension (5 × 105 conidia/mL) were placed on the leaves of 3-week-old 

seedlings at 1.0-cm intervals. The inoculated seedlings were then kept in a moist air-

tight bag for 24 h, removed from the bag and further incubated at 25 °C with a 14-h 

photoperiod for 48 h, and then extracted using 10 volumes of 80% methanol. The 

extracts were analyzed by HPLC. 

 

4.4.4. Purification and Identification of 3 

The roots (1.5 kg) of barley ‘Shunrei’ seedlings were inoculated with F. culmorum and 

incubated at 23 °C with a 14-h photoperiod. After 72 h, the root metabolites were 

extracted in 80% methanol for 24 h, and the obtained extract was evaporated in vacuo. 

The resulting residue was subjected to ODS column chromatography (Cosmosil 75C18-
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PREP; Nacalai Tesque, Kyoto, Japan), using 20%, 40%, 50%, 60%, 70%, and 80% 

methanol. Because 3 was eluted in both the 50% and 60% methanol fractions, the two 

fractions were combined, evaporated to dryness, and subjected to silica gel column 

chromatography, using mixtures of acetone and hexane (20%, 30%, 40%, 50%, and 

60% acetone; 1.0 L each). Because compound 3 was detected in both the 30 and 40% 

acetone fractions, the two fractions were concentrated, and the resulting residue (35.8 

mg) was dissolved in methanol and then subjected to preparative HPLC. Conditions 

were as follows: column, Cosmosil 5C18-AR-II 10 mm × 250 mm; solvents, water (A) 

and acetonitrile (B); elution, 40% B/(A+B); flow rate, 7.0 mL/min, detection, 280 nm; 

column temperature, 40 °C. Compound 3 was eluted at 31.1 min. 

 Compound 3 (N-cinnamoyl-(1H-indol-3-yl)methylamine) 2.6 mg, HR MS 

(positive ESI): m/z 277.1331 [M+H]+ (calcd. for C18H17ON2, m/z 277.1341); UV-Vis 

(acetonitrile-water containing 0.1% formic acid): λmax 220 and 280 nm; 1H- and 13C-

NMR data are shown in Table 4.1. 

 

4.4.5. Synthesis of 3 

N-Hydroxysuccinimide ester of cinnamic acid was synthesized from cinnamic acid 

according to the methods described by Stöckigt and Zenk (1975), and N-cinnamoyl-

(1H-indol-3-yl)methylamine was synthesized from N-hydroxysuccinimide ester of 

cinnamic acid and IMA (Sigma-Aldrich, St. Louis, MO, USA) according to the methods 

described by Negrel and Smith (1984). IMA (73 mg, 1.0 mmoL) was dissolved in 

distilled water (10 mL), and the pH of the solution was adjusted to 8.0 using NaHCO3. 

Meanwhile, N-hydroxysuccinimide ester of cinnamic acid (123 mg, 0.5 mmoL) was 

dissolved in acetone (10 mL) and mixed with IMA solution at room temperature for 24 

h. The resulting solution was then acidified using acetic acid (1.5 mL), concentrated by 

removing the acetone via evaporation, and then extracted three times using 20 mL ethyl 

acetate. The ethyl acetate layer was dried over Na2SO4 overnight and concentrated to 

dryness, and the resulting residue was subjected to silica gel column chromatography 
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(Daisogel IR-60-63-210, 80 g; Osaka Soda, Osaka, Japan), using a 3:7 (v:v) mixtures of 

acetone and hexane and a fraction volume of 5 mL. The fractions that contained 3 were 

combined and concentrated. 

 Compound 3 (119 mg, yield 86.4%). ESI-MS: m/z: 277.1 [M+H]+. NMR data 

were identical with the compound isolated from barley roots. 

 

4.4.6. Analyses of Phenylamides and Amines 

Plant materials were immersed in 80% methanol for 24 h, and the resulting extracts 

were subjected to LC-MS/MS analysis with MRM, according to the methods described 

by Morimoto et al. (2018) and chapter 3, using the following LC conditions: column, 

Acquity UPLC BEH C18 column 2.1 × 50 mm (1.7 µm; Waters); flow rate, 0.2 

mL/min; column temperature, 40 °C; solvents, 0.1% formic acid in water (A) and 0.1% 

formic acid in acetonitrile (B); gradient, 5–70% A/(A + B) within 10 min. The MRM 

conditions were optimized using authentic compounds. 

 

4.4.7. BLAST Analysis and Phylogenetic Analysis 

Blast search was performed using rice THT1/2 and TBT1/2 protein sequences as 

queries on the EnsemblPlants database 

(http://plants.ensembl.org/Hordeum_vulgare/Info/Index?db=core). In the blast analysis, 

HvTHT1-9 showed more than 65% of identities % for OsTHT1/2 or TBT1/2. The 

HvTHT sequences were obtained from the EnsemblPlants database, whereas the 

sequences of BAHD acyltransferases from other plant species were extracted from 

GenBank (https://www.ncbi.nlm.nih.gov/genbank/). The amino acid sequences were 

aligned using ClustalW, and then a dendrogram was generated using the neighbor-

joining method with p-distance in MEGA 7 (https://www.megasoftware.net/). The 

robustness of the tree branches was assessed using bootstrap analysis with 1000 

replicates. 
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 Blast search was also performed using HvTHT8 protein sequences as query 

on GenBank and IPK Rye Blast Server (https://webblast.ipk-gatersleben.de/ryeselect/). 

The alignment and dendrogram were generated though the methods described above. 

 For detection of HvTHT7/8 in barley genome of ‘Morex’, ‘Barke’, and 

‘Bowman’, IPK Barley Blast Server (https://webblast.ipk-gatersleben.de/barley_ibsc/) 

was used. 

 

4.4.8. RNA and DNA Extraction and qRT-PCR Analysis 

Total RNA was extracted from barley ‘Shunrei’ tissues using ISOGEN II (Nippon 

Gene, Tokyo, Japan) and reverse-transcribed using the PrimeScript RT Reagent Kit 

with gDNA Eraser (Takara Bio, Kusatsu, Japan). Using total cDNA as a template, qRT-

PCR was then performed using SYBR Green Realtime PCR Master Mix (Toyobo, 

Osaka, Japan) and gene-specific primers (Table 4.S2). The transcript levels of genes of 

interest were normalized to the expression of the ADP-ribosylation factor-like protein 

(ADP) gene (Ferdous et al., 2015), and relative expression (log2) was calculated by 

subtracting the Cq values of genes of interest from those of the ADP gene. Fold changes 

were calculated as 2log2, where log2 represents relative expression. 

 Genomic DNA was extracted from barley ‘Shunrei’ and ‘Morex’ tissues by 

the modified cetyltrimethylammonium bromide method of Murray and Thompson 

(1980) and stored at −20 °C until use. 

 

4.4.9. Molecular Cloning of Candidate Genes 

The cDNA and pCold GST vectors (pGST, Takara Bio) were amplified using HvTHT2, 

HvTHT8, and linearized pGST primers, respectively (Table 4.S2), Prime STAR MAX 

(Takara Bio), and the following PCR conditions: initial denaturation at 98 °C for 30 s, 

followed by 35 cycles of 98 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 or 15 s. PCR 

products of the desired size were gel-purified (Promega, Wisconsin, USA) and inserted 
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into the linearized pCold GST using the In-Fusion cloning kit (Takara Bio). The 

resulting plasmids (HvTHT2/pGST and HvTHT8/pGST) were transformed into E. coli 

DH5, and then clones were individually purified using a Miniprep kit from Qiagen 

(Venlo, Netherlands) and, finally, sequenced. The sequences of the inserted region in 

the pGST and the PCR products of HvTHT7/8 were verified by DNA sequencing with 

Applied Bio Systems 3500xl Genetic Analyzer (Thermo Fisher Scientific). 

 To confirm the genomic sequence of HvTHT7/8, the genomic DNA of 

‘Shunrei’ and ‘Morex’ were amplified using the HvTHT7 primers and the PCR 

products were purified with the same method described above. The sequence of the 

genomic HvTHT7/8 fragment were sequenced. 

 Meanwhile, the HvTHT7/pGST plasmid was generated by site-directed 

mutation of the HvTHT8/pGST plasmid. Briefly, the HvTHT8/pGST plasmid was 

amplified using mutagenic primers (HvTHT7/pGST; Table 4.S2) and the following PCR 

conditions: initial denaturation at 98 °C for 30 s, followed by 30 cycles of 98 °C for 10 

s, 65 °C for 10 s, and 72 °C for 30 s. The PCR product was transformed into E. coli 

DH5, and the HvTHT7/pGST plasmid was obtained though the methods described 

above. 

 

4.10. Recombinant Protein Expression and Enzyme Assays 

The HvTHT2/pGST, HvTHT7/pGST, HvTHT8/pGST, and pCold-GST plasmids were 

transformed into E. coli BL21 (Takara Bio) according to the manufacturer’s 

instructions. The resulting transformants were grown on LB medium (per liter: 10 g 

yeast extract, 10 g peptone, 5 g sodium chloride, and 15 g agar) that contained 100 ppm 

ampicillin and then selected using colony PCR. Positive colonies were grown in LB 

liquid medium with the antibiotics, incubated at 37 °C for 5–6 h (OD600 0.5–0.6), 

maintained at 15 °C for 30 min, mixed with IPTG (final conc, 500 µM), maintained at 

15 °C for 24 h, and centrifuged at 5000× g for 10 min. The resulting centrifugate 

(pelleted cells) was resuspended in extraction buffer (20 mM Na-Pi buffer pH 8.0, 10% 
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glycerol), sonicated, centrifuged at 15,000× g for 10 min, and then subjected to TALON 

metal affinity resin immobilization (Takara Bio). The His-GST-tagged proteins were 

then purified according to the manufacturer’s instructions, and imidazole was removed 

from the purified fraction using a PD-10 column (GE Healthcare, Chicago, IL, USA). 

 To determine the kinetic parameters of HvTHT7 and HvTHT8, enzyme 

reactions (50 µL) were performed at 35 °C in 100 mM Tris-HCl buffer (pH 8.0) that 

contained 5 µL of diluted enzyme solution and different concentrations of acyl donor 

and acyl acceptor. To determine the kinetic parameters for the acyl donors, the reactions 

were performed using Cin-, Cou-, and Fer-CoAs (1–200 µM), with tryptamine (1 mM) 

as the acyl acceptor, and to determine the kinetic parameters for the acyl acceptors, the 

reactions were performed using tryptamine, serotonin, 8-oxotryptamine, and IMA (10–

2000 µM), with Cin-CoA (200 µM) as the acyl donor. To determine the kinetic 

parameters of HvTHT2 for the acyl acceptors, reactions were performed using 

tryptamine, serotonin, and tyramine (10–2000 µM), with feruloyl-CoA (200 µM) as the 

acyl donor. Enzyme concentration and reaction time were adjusted to ensure that the 

reaction proceeded linearly, and after an incubation at 35 °C for 30 min, the reactions 

were stopped by adding 5 µL 6N HCl and 45 µL methanol. Finally, the reaction 

mixtures were subjected to LC-MS/MS analysis. 
 

4.11. Administration of Deuterium-Labeled Compounds 

Both [2H5]-CinTry and [2H5]-2 were synthesized from [2H5-phenyl] cinnamic acid and 

unlabeled corresponding amines using the same procedure that was used to synthesize 

unlabeled compound 3. [2H5-phenyl]-Cinnamic acid was a stock in the laboratory of 

Natural Product Chemistry, Faculty of Agriculture, Tottori University (Tottori, Japan). 

In the feeding experiments, barley roots were inoculated with F. culmorum, and after a 

48-h incubation, the roots were immersed in 1 mM solutions (5 mL) of labeled [2H5]-

CinTry and [2H5]-2 in 50-mL conical tubes. The treated roots were incubated for 24 h 

under the growth conditions and extracted using methanol. The extracts were analyzed 
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by LC-MS/MS in MRM methods (Table 4.S3). MRM method of deuterium labeled-

phenylamides was developed according to Li et al. (2018). 

 

4.12. Anti-Microbial Activity Assay 

The anti-microbial activities of 3 were evaluated using the methods described in the 

chapter 2 and 3. Conidial-germination, germ tube-elongation, and growth-inhibition 

assays were performed using 10, 30, 100, 300, and 1,000 µM solutions of 3.  
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Chapter 5 
Conclusion 

 
As seen in chapter 2, hordatines are characteristic specialized phytoanticipins present in 

both cultivated and wild barley (H clade). Xu clade species and H. bulbousm (H clade) 

accumulated murinamides that are classified into the dehydrodimers of HCAAs together 

with hordatines. On the other hand, in Xa and I clade species, biosynthesis of Bxs is 

conserved in common with other Poaceae species. These findings show that dramatic 

metabolic changes have occurred after the separation of the H/Xu clades from the I/Xa 

clades in the genus Hordeum – replacement of Bxs by gramine and dehydrodimers of 

agmatine HCAAs, such as hordatines and murinamides, in the H/Xu clades. The 

accumulation of dehydrodimers of agmatine HCAAs appears to have occurred 

following the activation of precursor supply, expression of coupling enzyme for 

HCAAs, and acquisition of factors that control the stereo- and regioselectivity of 

cyclization reactions after the coupling reaction.  

 In chapter 3, two undescribed phenylamides, N-cinnamoyl-9-hydroxy-8-

oxotryptamine (1) and N-cinnamoyl-8-oxotryptamine (2), were discovered that served 

the function of phytoalexins in pathogen-infected wheat. These compounds were 

designated as triticamides A and B, respectively. In addition to these, the accumulation 

of 14 phenylamides was induced in response to pathogen infection. Notably, high 

concentrations of Cou-OH-Put (3), Cou-OH-Agm (4), Cou-OH-dehydroAgm (5), and 

CouAgm (6) were found in the pathogen-infected leaves. These findings suggest that 

phenylamide accumulation plays a major role in the defense mechanisms against 

pathogen attack in wheat. 

 Metabolic changes in pathogen-infected barley were examined in addition to 

those in wheat in chapter 4. Triticamides A, B, and N-cinnamoyl-(1H-indol-3-

yl)methylamine (3), designated as triticamide C, were identified in Fusarium-infected 

barley root, and characterized as barley phytoalexins. Triticamide C was a previously 
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undescribed cinnamic acid amide; accumulation of five additional phenylamides was 

also observed in pathogen-infected barley plants. In addition, HvTHT7 and HvTHT8 

were identified to be the enzymes responsible for the biosynthesis of phenylamide 

phytoalexins in barley. The present study provides new phenylamide phytoalexins, 

which have been previously reported to occur in rice and oats, and emphasizes their 

significance in the chemical arsenals of grass species. 

 Barley and wheat are similar in terms of the production of triticamide 

phytoalexins. However, while barley and its wild relatives such as H. murinum acquired 

HCAA dimers as phytoanticipins, wheat continued to produce Bxs. This similarity and 

difference are the reflection of the scrap-and-build of defensive secondary metabolites 

which has occurred in the evolution of these species for survival under various kind of 

stresses.  
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Summary 
 

Plants have developed defensive specialized metabolites over the course of evolution. In 

the genus Hordeum, which includes the important cereal crop barley, specialized 

metabolites such as hordatines, benzoxazinones (Bxs), and gramine have been 

identified. Hordeum species are classified into four clades, H, Xu, Xa, and I. The 

presence or absence of defensive specialized metabolites was analyzed in representative 

Hordeum species that included all four clades. In the H clade, Hordeum vulgare 

accumulated hordatines but not Bxs, whereas H. bulbosum accumulated neither 

compound. H. vulgare ssp. vulgare ‘Shurai’, H. vulgare ssp. spontaneum, and H. 

murinum ssp. leporinum accumulated gramine at high concentrations, while several 

species in I clade also accumulated it at low concentrations. Species in the clades I and 

Xa accumulated Bxs without hordatines. In H. murinum, a Xu clade species, neither 

hordatines nor Bxs were detected. Two hitherto undescribed compounds were found to 

commonly accumulate in H. bulbosum in the H clade and in H. murinum in the Xu 

clade. On the basis of spectroscopic analyses, they were identified as dehydrodimers of 

feruloylagmatine and were designated murinamides A and B. These compounds showed 

antifungal activities against pathogenic fungi, indicating their defensive roles. As 

hordatines are also dehydrodimers of phenylamides with agmatine, both the H and Xu 

clade species are considered to accumulate the same class of compounds. Thus, when 

the H/Xu clades split from the I/Xa clades during evolution, the defensive metabolism 

shifted from the synthesis of Bxs to the synthesis of dehydrodimers of phenylamides 

with agmatine plus gramine in the H/Xu clades. 

 In barley and wheat, representative phytoanticipins such as hordatine and Bxs, 

respectively, have been identified. However, inducible defensive systems with defensive 

metabolites remain to be elucidated. Changes in specialized metabolites were analyzed 

in wheat leaves inoculated with Bipolaris sorokiniana, the causal agent of spot blotch in 

Poaceae species. HPLC analysis detected the accumulation of six compounds in B. 

sorokiniana-infected leaves. Of these, we purified two compounds by silica gel and 
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ODS column chromatography and preparative HPLC, and then identified them as 

cinnamic acid amides, N-cinnamoyl-9-hydroxy-8-oxotryptamine and N-cinnamoyl-8-

oxotryptamine, by spectroscopic analyses. We named these compounds triticamides A 

and B, respectively. The remaining four compounds were predicted to be p-coumaric 

acid amides of hydroxyputrescine, hydroxyagmatine, hydroxydehydroagmatine, and 

agmatine by mass spectrometry. The accumulation of two cinnamic acid amides was 

also induced by Fusarium graminearum infection, and by treatment with CuCl2, 

jasmonic acid, and isopentenyladenine. Antifungal activity of these amides was 

demonstrated by inhibition of conidial germination and germ tube elongation of 

pathogenic fungi, thus indicating that they act as phytoalexins. The accumulation of 

these amides was also detected in barley leaves treated with CuCl2. We examined the 

accumulation of 25 phenylamides in B. sorokiniana-infected wheat leaves using LC-

MS/MS. Hydroxycinnamic acid amides of tryptamine, serotonin, putrescine, and 

agmatine were induced after infection with B. sorokiniana. Thus, the induced 

accumulation of two groups of phenylamides, cinnamic acid amides with indole amines 

and p-coumaric acid amides with putrescine- and agmatine-related amines, represents a 

major metabolic response of wheat to pathogen infection. 

 Metabolic changes in pathogen-infected barley were examined in addition to 

those in wheat. HPLC analysis detected the induced accumulation of three compounds 

in barley roots challenged by Fusarium culmorum, the causal agent of Fusarium root 

rot. The three compounds were identified as triticamides A and B, and N-cinnamoyl-

(1H-indol-3-yl)methylamine, which we named triticamide C, by spectroscopic analysis. 

Triticamides A and B were also detected in wheat, whereas triticamide C was detected 

only in barley. On the basis of their antimicrobial activities, triticamides function as 

phytoalexins in barley. The administration of deuterium-labeled N-cinnamoyl 

tryptamine (CinTry) to barley roots resulted in the effective incorporation of CinTry into 

triticamides A and B, which suggested that they were synthesized through the oxidation 

of CinTry. Nine putative tryptamine hydroxycinnamoyl transferase (THT)-encoding 
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genes (HvTHT1–HvTHT9) were identified by database search on the basis of homology 

to known THT gene sequences in rice. Since HvTHT7 and HvTHT8 had the same 

sequences except one base, we measured their expression levels in total by RT-qPCR. 

HvTHT7/8 were markedly upregulated in response to infection by F. culmorum. The 

HvTHT7 and HvTHT8 enzymes preferred cinnamoyl- and feruloyl-CoAs as acyl 

donors and tryptamine as an acyl acceptor, and (1-H-indol-3-yl)methylamine was also 

accepted as an acyl acceptor. These findings suggested that HvTHT7/8 are responsible 

for the induced accumulation of triticamides in barley. 

 In the present study, we found that barley and its related species in H and Xu 

clades in the genus Hordeum accumulate HCAA dimers as phytoanticipins, whereas the 

species in I and Xa clades accumulate Bxs. This distribution of different classes of 

compounds suggests great metabolic changes that occurred in the evolution of species 

in H and Xu clades species. On the other hand, barley and wheat accumulated common 

phenyamide phytoalexins, triticamides, in response to pathogen attacks. As these 

compounds have not been described to the best of our knowledge, triticamides are 

considered to be characteristic compounds in these species. These differences and 

similarities of defensive metabolites among Triticeae species are considered to be a 

reflection of “scrap-and-build” in defensive specialized metabolism, which has occurred 

in evolution of Triticeae species for survival under varying biological stresses. 
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摘要 
 

 植物は病原菌感染や害虫の食害に対して、二次代謝産物を介した防御機構を有す

る。オオムギ属植物には防御関連二次代謝産物として、トリプトファン経路に由来する

ベンゾキサジノン類（Bx 類）やグラミンが存在する。加えて、オオムギはフェニルアミド

の p-クマロイルアグマチン（CouAgm）およびその二量体のホルダチン A（HA）を芽生

えに蓄積することが知られている。オオムギ属は 31 種からなり、ゲノム構成から 4 つの

クレード（H，Xa，Xu，および I）に大別される。しかし、オオムギ属の系統分類と防御関

連二次代謝産物の分布との関係についてはあまり研究されていない。本研究では、オ

オムギ属の代表的な二倍体種における、これらの化合物の分布を調査し、防御関連

二次代謝がどのように進化したのかを明らかにすることを目的とした。 

 各クレードの代表的な種における防御関連二次代謝産物を調べたところ、I および

Xa クレードに属する種は Bx 類を、H クレードに属する栽培オオムギなどは HA を蓄

積することが分かった。一方で、H クレードの Hordeum bulbosum と Xu クードに属する

H. murinum などは、フェニルアミドであるフェルロイルアグマチン（FerAgm）の二量体

ムリナミド A および B を蓄積していた。続いて、ムリナミド類の抗菌活性を調べた。ムリ

ナミド類はオオムギ斑点病菌やムギ類赤かび病などの糸状菌の病原菌に対し強い抗

菌活性を示したが、細菌であるオオムギ黒節病菌には阻害活性を示さなかった。以上

の結果から、オオムギ属の H および Xu クレードに属する種が獲得したヒドロキシ桂皮

酸アミド二量体類の蓄積は、糸状菌に有効な防御機構であると推察された。 

 さまざまなイネ科植物で、病原菌感染に応答して蓄積する誘導性抗菌性物質ファイ

トアレキシンが見いだされている。イネ科植物のファイトアレキシンには、テルペノイド

や桂皮酸アミド、フラボノイドなどが含まれる。一方で、コムギはイネ科に属するものの、

そのファイトアレキシンは同定されておらず、二次代謝産物を介した誘導性の防御機

構は知られていない。本研究では、コムギの葉に病原菌を接種し誘導される二次代謝

産物を調べ、ファイトアレキシンを同定することを目指した。イネ科斑点病菌を接種した

コムギ第３葉を、HPLC で分析したところ、6 種の化合物が増加していた。LC-MS/MS

分析の結果から、6 種のうち 4 種の化合物は p-coumaric acid に putrescine または

agmatine 類縁体が縮合した桂皮酸アミドであると推定された。一方で、残りの２つの化

合物は未同定の化合物であったため、カラムクロマトグラフィーを用いて精製した。各

種 機 器 分 析 を 用 い て 構 造 解 析 を 行 っ た 結 果 、 N-cinnamoyl-9-hydroxy-8-

oxotryptamine と N-cinnamoyl-8-oxotryptamine であった。また、これらの２つの桂皮酸
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アミドはムギ類赤かび病菌などに対し抗菌活性を示した。したがって、N-cinnamoyl-9-

hydroxy-8-oxotryptamine と N-cinnamoyl-8-oxotryptamine は誘導性の抗菌性物質とみ

なすことができることから、コムギのファイトアレキシンであると結論した。これらの化合

物はコムギから単離されたので triticamide A および B と命名した。加えて、これまでに

報告されている桂皮酸アミド 25 種の蓄積量を調べた結果、tryptamine や serotonin、

putrescine、agmatine などを構成要素とする桂皮酸アミドも病原菌感染に応答して、増

加することがわかった。以上の結果から、桂皮酸アミドの蓄積は病原菌感染に対する

コムギの主要な防御応答の一つであると考えられた。 

 同様にオオムギでも、病原菌感染に応答して誘導される物質を調べた。オオムギ幼

苗の根に Fusarium culmorum を接種すると、3 種の化合物が増加した。機器分析によ

り、構造解析を行なった結果、これらの化合物は、コムギで見いだされた triticamide A 

および B と、新規の桂皮酸アミド N-cinnamoyl-(1H-indol-3-yl)methylamine (triticamide 

C) であることがわかった。これらの化合物はいずれも抗菌活性を示したことから、オオ

ムギでもファイトアレキシンとして機能していると考えられた。 

 重水素標識をした cinnamoyltryptamine (CinTry) を病原菌を接種したオオムギの

根に投与したところ、triticamide A および B に変換された。したがって、CinTry が合

成された後、酸化反応により triticamideA および B が生合成されると推定された。イネ

では、tryptamine hydroxycinnamoyltransferase（THT）が tryptamine を構成要素とする

桂皮酸アミドの合成酵素として報告されている。そこで、triticamides A-C の生合成に

関わるアミド合成酵素をコードする遺伝子を特定するために、オオムギのゲノム配列情

報を検索したところ、9 つの THT 相同遺伝子（HvTHT1- HvTHT9）が見いだされた。そ

の中で、病原菌を接種したオオムギの葉や根では、HvTHT7 および HvTHT8 の転写

産物が増加することがわかった。大腸菌で異種発現させた HvTHT7 と HvTHT8 はア

シル供与体として cinnamoyl-CoA を、アシル受容体としてトリプタミン類縁体をよい基

質としたことから、これらの酵素が triticamides の生合成に関わっていると推定された。 

 オオムギとコムギはいずれもコムギ連（Triticeae）に属しており、イネ科の中では近縁

である。本研究では、オオムギおよびオオムギ属の中で H および Xu クレードに属す

る種では、コムギなどの他のコムギ連の植物とは異なり、進化の過程でヒドロキシ桂皮

酸アミド二量体という新たな二次代謝産物を生み出したことが明らかになった。その一

方で病原菌の感染を受けると、オオムギとコムギは、いずれもファイトアレキシンとして

桂皮酸アミドの triticamide 類を蓄積することも見いだされた。したがって、オオムギとコ

ムギでは、異なるファイトアンティシピンを蓄積するが、同一のファイトアレキシンが生
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体防御に関わっていることになる。このような、防御物質の独自性と類似性は、植物が

生き延びるために二次代謝を、時には欠損し、また時には新たに生み出したりしてい

ることの反映と考えることができる。 
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Appendix 
 

Chapter 2  

 

Identification of hordatine C (3) 

 

In the synthesis of murinamides A (MA) and B (MB) by peroxidase reactions, compound 

3 was also a major product in both acidic and basic conditions (Fig. S1). We purified 3 

together with MA from the acidic reaction mixture with the reaction yield of 3 being 9.9%. 

LC/MS analysis of 3 revealed that its molecular weight was 610, suggesting 

that 3 was a dehydrodimer of feruloylagmatine (FA). 1H-NMR spectrum of 3 (Table S3) 

indicated the presence of two aromatic rings (E and F, Fig. S2), two double bond protons 

(d 7.45 and 6.47 ppm), two coupled methines (d 5.94 and 4.22 ppm), and two methoxy 

groups (d 3.82 and 3.90 ppm). The aromatic proton signals at d 6.79 (brs, 2H) showed 

cross peaks with two carbon signals at dc 116.4 and 120.0 ppm in HMQC spectrum, 

indicating that the signals of two aromatic protons were overlapping at d 6.79. The COSY 

spectrum showed that ring E (with resonances for aromatic protons at d 7.00 and 7.16) 

and ring F (with resonances at d 6.93 and 6.79 ppm) were 1,3,4,5-tetrasubstituted and 

1,3,4-trisubstituted benzene rings, respectively (Fig. S2). The COSY and HMQC spectra 

indicated the presence of two -CH2-CH2-CH2-CH2- units, and two guanidino carbon 

signals at dc 158.6 and 158.7 ppm. Thus, 3 was deduced to contain two agmatine chains 

derived from FA. 

Assuming that 3 is a dehydrodimer of FA, comparison of spectra of 3 with those 

of FA revealed following differences: 1) the disappearance of two double bond protons 

and the appearance of two coupled methines at d 4.22 and 5.94 ppm, 2) the disappearance 
of an aromatic proton at C-5 in the ring E. Thus, the carbons involved in the linkages 

between two FA unites were two coupled methine carbons and C-5 in the ring E. In 

addition, because all of the other carbons seemed to be intact, one of the nitrogen or 

oxygen atoms is considered to be involved in the connection. 

 In HMBC spectrum, the signals of C-1, 2, and 6 in ring E showed cross-peaks 

with the double bond proton (H-7) at d 7.45 ppm, indicating a connection between C-1 in 
ring E and C-7. The signals of C-1’, 2’, and 6’ in ring F showed cross-peaks with a coupled 

methine proton (H-7’) at d 5.94 ppm, indicating a connection between ring F and the 
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coupled methine. Thus, the ring E and two double bond protons comprised one FA unit, 

and ring F and two coupled methines comprised the other FA unit (Fig. S2). The HMBC 

spectrum also displayed correlations between one of coupled methine proton at d 4.22 

ppm (H-8’) and C-4, C-5, and C-6 in ring E, indicating a linkage between C-5 and C-8’. 

In addition, the signal of C-4 showed cross-peaks with the coupled methine proton H-7’ 

at d 5.94 ppm, indicating a linkage between the oxygen atom at the 4 position on ring E 

and C-7’. Therefore, we concluded that 3 was a dehydrodimer of FA, with two FA units 

connected by 5-8’ and 4-O-7’ linkages. This manner of the connection of the two FA units 

was the same as HA, and 3 was referred to as hordatine C (HC) by Gorzolka et al. (2014) 

and Pihlava (2014) although they did not isolated HC. This is the first report of NMR data 

of HC.  

The relative stereochemistry between the coupled methines at d 4.22 and d 5.94 

ppm was assigned as trans on the basis of comparison of the coupling constant with that 

of corresponding signals of HA. The coupling constant between the coupled methines of 

3 and HA were 8.2 Hz and 7.8 Hz, respectively. In the case of the cis-isomer of HA, the 

coupling constant between the corresponding methine protons was 9.5 Hz (Wakimoto et 

al., 2009).  

The reaction scheme leading to the generation of HC was shown in Fig. S5.  
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Table 2.S1. Accumulation of p-coumaroylagmatine, feruloylagmatine, hordatines A and 

B, gramine, and DIBOA-Glc in the Hordeum species.Data are means with standard 

deviation (SD) from three independent 

 
 

  

Species (days after sowing)

H. vulgare ssp. vulgare cv. Sachiho Golden (7) 1110 (±358) 383 (±213) n.d.a n.d.
H. vulgare ssp. vulgare cv. Shunrai (6) 623 (±34.1) 721 (±64.0) n.d. n.d.
H. vulgare ssp. spontaneum (5) 1590 (±224) 462 (±71.4) n.d. n.d.
H. bulbosum  (-b) 26.7 (±1.41) 6.11 (±2.12) 9.77 (±1.37) 6.74 (±2.00)
H. murinum ssp. glaucum  (8) n.d. 95.0 (±28.3) 173 (±32.1) 793 (±35.1)
H. murinum ssp. leporinum (4) 211 (±17.5) 70.2 (±8.39) 1760 (±121) 327 (±104)
H. marinum  (5) 40.6 (±8.00) 13.4 (±4.00) n.d. n.d.
H. bogdanii (8) 61.1 (±48.2) 144 (±14.7) n.d. n.d.
H. jubatum  (4) 9.8 (±2.46) 3.16 (±2.55) n.d. n.d.
H. brachyantherum (6) n.d. 34.6 (±44.2) n.d. n.d.
H. chilense  (8) 31.7 (±9.70) n.d. n.d. n.d.
H. flexousum  (10) 16.6 (±4.10) n.d. n.d. n.d.
H. pusillum  (12) n.d. n.d. n.d. n.d.

Species (days after sowing)

H. vulgare ssp. vulgare cv. Sachiho Golden (7) 2470 (±1110) 372 (±48.3) 531 (±190) 286 (±74.2)
H. vulgare ssp. vulgare cv. Shunrai (6) 1540 (±16.7) 243 (±23.2) 300 (±6.87) 91.1 (±13.1)
H. vulgare ssp. spontaneum (5) 2230 (±99.3) 292 (±44.2) 300 (±7.87) 83.6 (±12.7)
H. bulbosum  (-b) n.d. n.d. n.d. n.d.
H. murinum ssp. glaucum  (8) n.d. n.d. n.d. n.d.
H. murinum ssp. leporinum (4) n.d. n.d. n.d. n.d.
H. marinum  (5) n.d. n.d. n.d. n.d.
H. bogdanii (8) n.d. n.d. n.d. n.d.
H. jubatum  (4) n.d. n.d. n.d. n.d.
H. brachyantherum (6) n.d. n.d. n.d. n.d.
H. chilense  (8) n.d. n.d. n.d. n.d.
H. flexousum  (10) n.d. n.d. n.d. n.d.
H. pusillum  (12) n.d. n.d. n.d. n.d.

Species (days after sowing)

H. vulgare ssp. vulgare cv. Sachiho Golden (7) n.d. n.d. n.d. n.d.
H. vulgare ssp. vulgare cv. Shunrai (6) 928 (±132) n.d. n.d. n.d.
H. vulgare ssp. spontaneum (5) 251 (±113) n.d. n.d. n.d.
H. bulbosum  (-b) 9.27 (±8.82) 14.1 (±11.6) n.d. n.d.
H. murinum ssp. glaucum  (8) n.d. n.d. n.d. n.d.
H. murinum ssp. leporinum (4) 771 (±25.2) 11.0 (±7.26) n.d. n.d.
H. marinum  (5) n.d. n.d. 434 (±74.0) 2770 (±1580)
H. bogdanii (8) n.d. 32.3 (±26.9) 2120 (±1120) 2990 (±307)
H. jubatum  (4) 19.9 (±14.6) 10.2 (±4.96) 1030 (±414) 2970 (±252)
H. brachyantherum (6) n.d. 51.8 (±9.29) 1940 (±370) 1820 (±322)
H. chilense  (8) n.d. 26.0 (±4.53) 2450 (±638) 1260 (±227)
H. flexousum  (10) n.d. n.d. 126 (±10.9) 348 (±77.8)
H. pusillum  (12) n.d. 13.0 (±2.38) 315 (±43.0) 55 (±45.8)
an.d.: not detected
bYoung shoots and roots emerged from bulbs of H. bulbosum  were extracted.

Shoot Root

DIBOA-Glc
(nmol/gFW)

Shoot Root

Feruloylagmatine
(nmol/gFW)

Shoot Root

Gramine
(nmol/gFW)

Hordatine B
(nmol/gFW)

Shoot Root

Hordatine A 
(nmol/gFW)

Shoot Root

p -Coumaroylagmatine
(nmol/gFW)

Shoot Root
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Table 2.S2. Hordeum species used in this study.

 

  

Species Ploidy Accession Collection site

H. vulgare L. ssp. vulgare 2x cv. Sachiho Golden Japanese commercial cultivar

H. vulgare L. ssp. vulgare 2x cv. Shunrai Japanese commercial cultivar

H. vulgare L. ssp. spontaneum (C. Koch.) Thell. 2x OUH602 unknown

H. bulbosum L. 2x Cb2920/4 unknown (obtained from W.G. Thompson & Sons, Canda)

H. murinum ssp. glaucum  (Steudel.) Tzvelev. 2x JIC line 1 unknown (obtained from John Innes Centre: JIC)

H. marinum ssp. marinum Hudson. 2x H109 Greece: Cyclades, Milos

H. chilense Roem. & Schult. 2x JIC line 1 unknown (obtained from JIC)

H. brachyantherum Nevski.

ssp. californicum  (Cov. & Steb.) Both. & et al. 2x H3317 USA: California, Ventura co

H. bogdanii Wil. 2x H4014 Pakistan: Gilgit, Nagar valley

H. flexuosum Steud. 2x H1116 Argentina: prov. Buenos Aires

H. pusillum Nutt. 2x H2038 USA: New Mexico

H. murinum L. spp. leporinum  (Link.) Arcang. 4x H509 Spain: 1-2 km W Estepona

H. jubatum L. 4x H 1922 USA: New Mexico, E Santa Fe
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Table 2.S3. 1H (600 MHz) and 13C (150 MHz) NMR spectral data for hordatine C in 

methanol-d4  

 

  

Position 1H muti, J  (Hz) 13C
1 130.5
2 7.00 (1H, s) 118.3
3 146.2
4 151.4
5 129.5
6 7.16 (1H, s) 112.8
7 7.45 (1H, d, 15.7) 141.8
8 6.47 (1H, d, 15.7) 119.5
9 169.2
10 3.31-3.34 (2H, m) 40.0 a

11 27.8 c

12 27.2 c

13 3.12-3.22 (2H, m) 42.1 b

14 158.7 e

MeO-C3 3.90 (3H, s) 56.8
1' 132.6
2' 6.93 (1H, s) 110.5
3' 149.3
4' 148.2
5' 116.4
6' 120.0
7' 5.94 (1H, d, 8.2) 90.0
8' 4.22 (1H, d, 8.2) 58.7
9' 173.2
10' 3.31-3.34 (2H, m) 39.8 a

11' 27.8 c

12' 27.2 c

13' 3.12-3.22 (2H, m) 42.0 b

14' 158.6 e

MeO-C3' 3.82 (3H, s) 56.4
a-e Assignments may be interchanged.

Hordatine C (3)

1.63 (4H, m)

6.79 (2H, bs)

1.60 (4H, m)
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Fig. 2.S1. HPLC charts of the reaction mixtures after peroxidase reactions in acidic (A) 

and basic (B) conditions. FA, feruloylagmatine; MA, murinamide A; MB, murinamide B; 

HC, hordatine C. 

 

 

Fig. 2.S2. HMBC (indicated by arrows from 13C to 1H) and COSY (indicated by bold 

lines) correlations for hordatine C. 
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Fig. 2.S3. Optical resolution of murinamide A. Murinamide A was separated into two 

peaks by chiral HPLC (A). CD spectra of enantiomers corresponding to the two peaks 

were recorded (B). 

 

Fig. 2.S4. Optical resolution of murinamide B. Murinamide B was separated into two 

peaks by chiral HPLC (A). CD spectra of enantiomers corresponding to the two peaks 

were recorded (B). 
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Fig. 2.S5. Scheme for the generation of murinamides A, B, and hordatine C in peroxidase 

reactions. 
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Chapter 3  

 

 

Fig. 3.S1. Fragmentation of 3–6 in LC-MS/MS analysis. 
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Chapter 4 

 
Fig. 4.S1. Accumulation of compounds 1–3 in Fusarium culmorum-infected wheat roots 

at 72 h after inoculation. Values and error bars represent mean ± SD (n=3). n.d., not 

detected. 
 

0

100

200

300

400

500

600

Control Inoculation

2.0n.d. n.d. n.d. n.d.

Am
ou

nt
 (n

m
ol

/g
FW

)

Fig. S1

1
2
3



 118 

 
Fig. 4.S2. Effects of Fusarium culmorum infection on the expression of HvTHT genes in 

barley roots. Total RNA were extracted 48 h and 72 h after inoculation. expression levels 

were normalized using the ADP-ribosylation factor-like protein (ADP) gene as an inner 

control and are expressed as relative values compared to those of control roots and leaves. 

Values and error bars represent mean ± SD (n=3). 
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Fig. 4.S3. Sequence analyses of HvTHT7/8 fragments amplified from cDNA of F. 

culmorum-infected barley ‘Shunrei’ roots and from the genomic DNA of ‘Shunrei’ and 

‘Morex’. The green, red, black, and blue lines indicated A, T, G, and C, respectively. The 

letters above the waves indicated nucleotides around the single nucleotide substitution 

site of HvTHT7/8 (490-500 bp from the start codon). 
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Fig. 4.S4. SDS-PAGE analysis of recombinant HvTHT2, HvTHT7 and HvTHT8. 

Proteins from each purification step were separated by SDS-PAGE on an 8.5% gel and 

stained with Coomassie Brilliant Blue R-250. (A) Lane M, Molecular marker; Lane 1, 

crude E. coli extract; Lane 2, crude extract of HvTHT7-expressing E. coli; Lane 3, crude 

extract of HvTHT8-expressing E. coli; Lane 4, HvTHT7 purified by metal-affinity 

chromatography; Lane 5, HvTHT8 purified by metal-affinity chromatography. (B) Lane 

M, Molecular marker; Lane 1, crude E. coli extract; Lane 2, crude extract of HvTHT2-

expressing E. coli; Lane 3, HvTHT2 purified by metal-affinity chromatography. 

Arrowheads indicate HvTHT proteins. 
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Fig. 4.S5. Amino acid sequences of HvTHT2, HvTHT7, and HvTHT8. The red and green 

squares indicate clade IV and IVb specific motifs, respectively. The HvTHT amino-acid 

sequences were obtained from the EnsemblPlants database 

(http://plants.ensembl.org/Hordeum_vulgare/Info/Index?db=core). 

 
  

[GENETYX-MAC: Multiple-Alignment]
Date        : 2019.08.19

HvTHT2       1 ---------MAVMVEITQSMVLEPSKESAR-GGGKKVPLIVFDRASTDGYIPAVFAWNAP      50
HvTHT7       1 MEVNHAEAGRQVAAATSRIAMLKPVYAAPHPLAGGKVQLSVFDRAAIDTYVPIVLAYPAP      60
HvTHT8       1 MEVNHAEAGRQVAAATSRIAMLKPVYAAPHPLAGGKVQLSVFDRAAIDTYVPIVLAYPAP      60

HvTHT2      51 APTNAALKAGLVAAVARFPHLAGRFAADDHGRKCFHLNDAGVLVVEATADADLADALAHD     110
HvTHT7      61 APSNEALKEGLLRAIAPYPHLLGRFALDAHGRRVLHLNNEGVLVIEADVPADLADVLAAG     120
HvTHT8      61 APSNEALKEGLLRAIAPYPHLLGRFALDAHGRRVLHLNNEGVLVIEADVPADLADVLAAG     120

HvTHT2     111 -VSAHINELYPKAE--KERANEPIFQAQLTRYACGGLVIGTACHHQVADGQSMSVFYTAW     167
HvTHT7     121 GMTTDVDGFYPSVPDPEESIGAALLQVKLSRYRCGGLLLGVICHHHIADGHAASTFYGAW     180
HvTHT8     121 GMTTDVDGFYPSVPDPEESIGAALLQVKLSRYRCGGLLLGVICHHRIADGHAASTFYGAW     180

HvTHT2     168 ASAVRTDS-AVLPSPFVDRSATVVPRSPPKPAYDHRNIEFKG-ELS-WSHSYGVLPMDRI     224
HvTHT7     181 ATAVREGKGFIVPSPFIDRAATAVPRRTPKPVFDHRSIEFKGGEGSGSSQSDALLPMDKI     240
HvTHT8     181 ATAVREGKGFIVPSPFIDRAATAVPRRTPKPVFDHRSIEFKGGEGSGSSQSDALLPMDKI     240

HvTHT2     225 KNLAVHFPDEFVADLKARVGTRCSTFQCLLAHAWKKITAARDLAPDDFTQVRVAVNCRGR     284
HvTHT7     241 KNITVNFTAEFMAELRSRVGARCSTFQCLLAHVWKKMTAARGLSPEEFTQVRVAVNCRGR     300
HvTHT8     241 KNITVNFTAEFMAELRSRVGARCSTFQCLLAHVWKKMTAARGLSPEEFTQVRVAVNCRGR     300

HvTHT2     285 AKPPVPMDFFGNMVLWAFPRMQVRDLLSSSYPAVVGAIRDAVALVDDEYIQSFIDFGEAE     344
HvTHT7     301 ANPPVSMDFFGNMVLWAFPRLQVRDVLGLSYGGVVGAIRDAAARIDDEYVQSFVDFG---     357
HvTHT8     301 ANPPVSMDFFGNMVLWAFPRLQVRDVLGLSYGGVVGAIRDAAARIDDEYVQSFVDFG---     357

HvTHT2     345 RGVIEDGGEELASTAATPGTMFCPDLEVDSWLGFRFHDLDFGCGPPCAFLPPDLPIEGIM     404
HvTHT7     358 -GVADANGEELEATS-TCGTMLCPDVEVDSWLGFRFHQLDFGTGPPSAFLPAGLPVEGMM     415
HvTHT8     358 -GVADANGEELEATS-TCGTMLCPDVEVDSWLGFRFHQLDFGTGPPSAFLPAGLPVEGMM     415

HvTHT2     405 IFVPSCDPKGGVDLFMALDDEHVQAFKQICYSMD-------                        438
HvTHT7     416 VFVPSRTVKGSVDLFMALAEDHVAPFNKICYSLDDILPSRM                        456
HvTHT8     416 VFVPSRTVKGSVDLFMALAEDHVAPFNKICYSLDDILPSRM                        456

HvTHT2       1       60
HvTHT7       1       60
HvTHT8 3844802560  2245254593

Fig. S3
Clade IV specific motif Clade IVb specific motif
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Fig. 4.S6. Relationships between HvTHT proteins and HvTHT like proteins from various 

species. A dendrogram was generated form sequences of 115 HvTHT like proteins. 

Bootstrap values >70% (based on 1,000 replications) are indicated at each node (bar = 

0.05 amino acid substitutions per site). Protein sequences were obtained from GenBank 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and IPK Rye Blast Server (https://webblast.ipk-

gatersleben.de/ryeselect/). Abbreviation of species before the accession number were as 

follows: At (Aegilops tauschii), Bd (Brachypodium distachion), Do (Dichanthelium 

oligosanthes), Ec (Eragrostis curvula), Hv (Hordeum vulgare), Os (Oryza sativa), Ph 

(Panicum hallii), Pm (Panicum miliaceum), Sc (Secale cereale), Si (Setaria italica), Sv 

(Setaria viridis), Ta (Tirticum aestivum), Td (Triticum durum), Tu (Triticum urartu), Zm 

(Zea mays). Accession number of OsTHTs OsTBTs were as follow: OsTHT1 

(XP_015613139.1), OsTHT2 (XP_015612968.1), OsTBT1 (XP_015615935.1), and 

OsTBT2 (XP_015615816.1). The HvTHT amino-acid sequences were obtained from the 

EnsemblPlants database 

(http://plants.ensembl.org/Hordeum_vulgare/Info/Index?db=core). Red arrowheads 

indicate HvTHT2, HvTHT7, HvTHT8, OsTHT1, OsTHT2, OsTBT1, and OsTBT2. 
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Table 4.S1. HvTHT genes detected by a search on the database, EnsemblPlants 

(http://plants.ensembl.org/Hordeum_vulgare/Info/Index?db=core).  

 
 
 
  

OsTBT1 OsTBT2 OsTHT1 OsTHT2

HvTHT1 HORVU1Hr1G019380 78.7 77.7 86.3 87.1

HvTHT2 HORVU1Hr1G019410.1 78.5 78.1 85.9 87.0

HvTHT3 HORVU2Hr1G125270.1 81.2 80.5 78.4 78.6

HvTHT4 HORVU2Hr1G125370.1 80.9 80.4 79.1 79.3

HvTHT5 HORVU4Hr1G077680.11 73.9 73.1 72.7 73.6

HvTHT6 HORVU4Hr1G077720.8 80.8 80.4 80.1 81.0

HvTHT7 HORVU4Hr1G077780.1 80.7 80.0 77.9 79.5

HvTHT8 HORVU4Hr1G077790 80.6 79.9 77.9 79.5

HvTHT9 HORVU6Hr1G073010.3 80.8 78.7 78.7 78.9

Similarity of amino acid sequnece (%)
Gene codeGene
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Table 4.S2. Sequences of primers. 

 

  

  

Name Sequence (5’-3’)
qRT-PCR
HvTHT1 -F CATGTCCAGCAGCTACCCGA
HvTHT1 -R GCCAAAGTCAACAAACGACTG
HvTHT2 -F CCTGTCCAGCAGTTACCCAG
HvTHT2 -R CCCGAAGTCGATAAACGACTG
HvTHT3 -F CAGATTGACTTCGGCGCC
HvTHT3 -R GAGTAGAAGGTCGCCGTGTC
HvTHT4 -F Used HvTHT3 -F
HvTHT4 -R CACAAGTAACGCGTGTCATGATC
HvTHT5 -F GGCTCATGATCTTCATGCCA
HvTHT5 -R CAAGGGATTCCGGTGGTGTC
HvTHT6 -F GAACGCATCGACGACGAGTA
HvTHT6 -R CTATCCACCTCTGCGTCCG
HvTHT7/8 -F GGATGATGGTCTTCGTGCC
HvTHT7/8 -R GCAAATCTTGTTGAATGGCG
HvTHT9 -F GATGCTGCGTACATCCAGTC
HvTHT9 -R AGACTGCTGTCCACCTCCAG
ADP -F GCTCTCCAACAACATTGCCAAC
ADP -R GAGACATCCAGCATCATTCATTCC

Cloning of HvTHT
HvTHT8/pGST -F CTGTTCCAGGGCCCGATGGAGGTTAACCACGCTGA
HvTHT8/pGST -R TTCGGATCCCTCGAGTTACATCCTGGATGGGAGGA
HvTHT2/pGST -F CTGTTCCAGGGCCCGATGGCAGTGATGGTGGAGAT
HvTHT2/pGST -R TTCGGATCCCTCGAGTTAGTCCATTGAGTAGCAGATCTG
HvTHT7/pGST -F CACCACCACATCGCCGACGGCCACGC
HvTHT7/pGST -R GGCGATGTGGTGGTGGCATATCACGC
pGST  inverse-F CTCGAGGGATCCGAATTCAA
pGST  inverse-R CGGGCCCTGGAACAGAACTTC
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Table 4.S3. MRM conditions for triticamides and related compounds.  

 
 

Compound Precursor ion Product ion Cone voltage Collision energy 
m/z m/z V eV

Cinnamoyltryptamine 291.16 130.92 20 18
Cinnamoyl-9-hydroxy-8-oxotryptamine (1) 321.01 303.06 10 4
Cinnamoyl-8-oxotryptamine (2) 305.03 130.90 25 18
Cinnamoyl-(1H -Indol-3-yl)methylamine (3) 277.06 129.98 20 10
Tryptamine 161.02 143.93 16 10
8-Oxotryptamine 175.07 157.13 15 10
(1H -Indol-3-yl)methylamine 147.03 129.97 8 4

For detection of deuterium labeled phenylamides
1-phenyl-d 5 326.01 308.06 10 4
2-phenyl-d 5 310.03 135.90 25 18


