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Chapter 1 

Introduction 

 
1.1 Plant secondary metabolites 

In human history, use of plant secondary metabolites can be traced back to 2600 B. C. 

The first records were written on hundreds of clay tablets in cuneiform from Mesopotamia 

(Newman et al., 2000). In next more than 4,000 years, plant secondary metabolites were used 

as mixtures or plant extracts mainly for food, medicine and poison purposes. Although plant 

secondary metabolites have been benefiting humans for thousands of years, their mysteries 

were disclosed in late two centuries. The isolation of the first pure natural product, morphine, 

from opium poppy (Papaver somniferum) by German pharmacist Friedrich Wilhelm Sertürner 

in 1806 opened a door to a new era of scientific plant secondary metabolites research (Croteau 

et al., 2000). He demonstrated that the active principle of plant extract could be attributed to a 

single organic compound, which can be isolated. This finding initialized nature product 

chemistry, and speeded up developments of synthetic, analytical and pharmaceutical 

chemistry. To date, plant secondary metabolites are involved deeply in humans’ life. For 

example, more than 30% of drugs are derived directly or indirectly from natural products 

(Cragg et al., 1997; Newman et al., 2003; Newman and Cragg, 2007; Newman and Cragg, 

2012). 

Primary metabolites have been widely studied in the past 200 years and have been 

proven to be involved in plant essential life cycles, such as growth, respiration, storage and 

reproduction. The concept of secondary metabolite was introduced by Albrecht Kossel in 

1891 as plant “secondary product”. Because of frequently low concentration of secondary 

metabolites in plants, their biological functions were largely neglected by plant physiologists, 

and they were recognized as metabolic waste or detoxification products, despite Ernst Stahl 

experimentally showed as early as 1888 that secondary metabolites play a defense role against 

herbivores. Following the increase in chemical and biochemical knowledge about plant 

secondary metabolism in recent four decades, currently, plant secondary metabolites are 

generally accepted as evolutionary products to adapt plants to their biotic and abiotic 

environments (Wink, 2003; Hartmann, 2007). During millions of years of evolution, plants 

actually acquired the capability to produce secondary metabolites on their own purposes to 

interact with other organisms. 
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Although secondary metabolites can be divided into three major groups based on the 

architecture of the skeleton and their biosynthetic pathways as the alkaloids, the terpenoids, 

the phenylpropanoids and allied phenolic compounds (Croteau et al., 2000), they have vastly 

diverse structures, which play various ecological roles, and characterize plant taxa. By far, the 

structures of more than 200,000 secondary metabolites were elucidated (Hartmann, 2007). 

This number keeps increasing, and structure elucidation remains the primary step to 

comprehend and utilize secondary metabolites. In this thesis, some recently developed 

technologies that allow secondary metabolites research down to the cellular scale were 

applied. Several combined applications of high-performance liquid chromatography-solid 

phase extraction-nuclear magnetic resonance (HPLC-SPE-NMR), in natural products studies 

are presented. On the other hand, distribution studies of certain secondary metabolites in seed 

samples were performed by combined use of a recently developed sampling technology, laser 

microdissection (LMD), and chemical analysis by NMR and MS. These methods help 

researchers not only to study secondary metabolites faster, but also to better understand the 

functions of natural products. 

 

1.2 Major methodologies used in the thesis 

1.2.1 HPLC-SPE-NMR 

In the early stage of natural product study, crystallization was the only method to 

obtain individual natural products from a plant extract, such cases as morphine, strychnine, 

caffeine and nicotine, in a pure form. In second half of 19th century, some pioneers performed 

“chromatographic” experiments to separate different mixtures (Touchstone, 1993). The 

Russian botanist Mikhail Semyonovich Tsvet used the word “chromatography” for the first 

time in his two papers published in 1906, in which, liquid column chromatography was 

applied to separate pigments from plant extract (Ettre and Sakodynskii, 1993a, b). The 

significance of chromatography was long ignored, until two Noble laureates, Archer John 

Porter Martin and Richard Laurence Millington Synge, elucidated the principles and 

established basic techniques of partition chromatography in 1941 (Martin and Synge, 1941), 

which truly speeded up the development of this technology. Afterwards, several 

chromatographic methods were developed, such as paper chromatography (PC), gas 

chromatography (GC), thin layer chromatography (TLC), liquid chromatography (LC) and 

supercritical fluid chromatography (SFC) (Touchstone, 1993). Motivated by Martin and 

Synge’s theory, to achieve a fast separation on liquid column chromatography, small particle 

size of sorbent and use of pressure on mobile phase were applied in 1963 (Halász and Horváth, 

1963; Karr et al., 1963). These are the initial applications of high performance liquid 

http://en.wikipedia.org/wiki/Archer_John_Porter_Martin
http://en.wikipedia.org/wiki/Archer_John_Porter_Martin
http://en.wikipedia.org/wiki/Richard_Laurence_Millington_Synge
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chromatography (HPLC) as it is known today. Following numerous sorbents development and 

various detection methods applied, HPLC now represents the most powerful and versatile 

analytical method to separate complex mixtures. 

On the other hand, the development of structure elucidation methods, the other key 

factor for natural products research, was also not smooth. At the early stage of natural 

products studies, structural elucidation was extremely difficult, because spectroscopic 

methods were unknown at that time and structures were proposed solely based on chemical 

and some physical properties of isolated compounds and their derivatives. For example, 

almost 120 years after its isolation, the structure of morphine was determined in 1923 

(Gulland and Robinson, 1923), which was confirmed by synthesis in 1952 (Gates and Tschudi, 

1952, 1956). The introduction of modern analytical methods such as ultraviolet-visible (UV) 

spectroscopy (Cary and Beckman, 1941), infrared (IR) spectroscopy (Rabkin, 1987) and mass 

spectrometry (MS) (Griffiths, 2008) in 1940s offered natural product chemists more options 

for structure elucidation. The real breakthrough technology for structure elucidation was 

NMR spectroscopy. As other analytical methods, NMR was also discovered by physicists 

(Rabi et al., 1938), and it was not attractive to chemists until phenomena of chemical shifts 

(Proctor and Yu, 1950) and spin-spin coupling (Gutowsky et al., 1951) were observed in 

NMR spectra. The application of Fourier transform technology on NMR (Ernst and Anderson, 

1966) promoted rapid spread of this method. NMR became the fundamental method for 

natural products along with spectrometer hardware development and various pulse sequence 

invention. 

The application of high field NMR magnet significantly increases the sensitivity and 

makes it possible to elucidate compounds in small scale as accessible from an analytical 

HPLC eluate. Therefore, hyphenated systems were developed, which combine advantages of 

HPLC in separation and NMR in structure elucidation. The first HPLC-NMR coupling 

experiment (Watanabe and Niki, 1978) was carried in stop-flow mode (Figure 1.1), in which, 

when the analyte reaches the NMR flow cell probe, the elution is stopped, and various 

experiments could be recorded by NMR. In one HPLC run, only one analyte could be 

measured. Soon after, a HPLC-NMR system that can run both stop-flow and on-flow modes 

(Figure 1.1) was developed (Bayer et al., 1979). In on-flow mode, the NMR spectrometer is 

acting as a chromatographic detector, continuously measuring the spectrum of the eluate 

without stopping the flow. The measuring time for each analyte is limited to the residence 

time within the active volume of the NMR probe. This mode allows rapid screening of a 

mixture by recording 1H NMR spectra, but in most case only major components can be 

recorded.  To solve the problems occurring in the stop-flow and on-flow modes, capillary 
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loops are used to store each peak (Tseng et al., 2000), without interrupting the 

chromatographic run. Subsequently, the stored analytes can be arbitrarily transferred to the 

NMR flow cell probe one by one, and it is possible to record different experiments for each 

analyte if enough material is stored. This mode is referred to loop-storage mode (Figure 1.1).  

 
Figure 1.1 Different techniques of hyphenation between HPLC and NMR. (Picture modified from: 
http://www.bruker-biospin.com/hyphenation_lcnmr.html. Bruker Corporation is thanked for permission to use 
this picture. Copyright Bruker Corporation. Reproduced with permission.) 

The above mentioned direct hyphenations between HPLC and NMR have two major 

inevitable drawbacks. The first one is use of costly deuterated solvent as eluent, the other is 

low sensitivity because analytes from only a single chromatographic run can be measured. 

Hence, these LC-NMR systems are not competitive to conventional measurement of isolated 

compounds (Jaroszewski, 2005a). The recent introduction of SPE into hyphenation of HPLC 

and NMR, namely HPLC-SPE-NMR, successfully overcame the two key disadvantages of the 

direct hyphenated LC-NMR systems. Figure 1.2 shows briefly how HPLC-SPE-NMR works. 

The SPE interface enables the use of normal solvents and multiple trappings to enrich each 

analyte. After trapping, undeuterated solvent can be removed by a stream of nitrogen gas 

flowing through the cartridge, and then the dried analyte is eluted from the SPE cartridge into 

the NMR flow cell for measurements. Since the first application of on-line automated HPLC-

SPE-NMR in 2002 (Corcoran et al., 2002), this system was successfully applied to elucidate 

structures of natural products from various sources (Exarchou et al., 2005; Jaroszewski, 

2005b; Brkljaca and Urban, 2011), as well as in other applications, such as drug metabolism 

studies (Godejohann et al., 2004; Kammerer et al., 2007; Ceccarelli et al., 2008; De Tullio et 
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al., 2008; Gillotin et al., 2010), drug degradation studies (Pan et al., 2006; Larsen et al., 2009; 

Mazumder et al., 2010), reaction kinetics study (Seger et al., 2006) and environmental study 

(Godejohann et al., 2009). HPLC-SPE-NMR was proven as a versatile tool for structural 

elucidation of components from a complex mixture. 

 
Figure 1.2 Schema of HPLC-SPE-NMR work flow. Staerk, D., Lambert, M., Jaroszewski, J. W., 2006. HPLC-
NMR techniques for plant extract analysis. In “Medicinal Plant Biotechnology”, edited by Kayser, O. and Quax, 
W. Wiley-VCH: Weinheim, page 38. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 
permission. 

1.2.2 Laser microdissection  

Unlike medical and pharmaceutical chemists, who are fascinated by structure diversity 

and bioactivities for human use of natural products, phytologists and chemical ecologists are 

curious with the benefits of secondary metabolites’ biological functions for plants themselves 

and their interactions with other organisms. Therefore, the knowledge of distribution pattern 

can promote understanding of certain secondary metabolites’ biosynthesis and ecological 

functions in plants. Conventionally, histological methods were used to study the spatial 

distribution of secondary metabolites in microscopic plant samples making use of in situ 

labeling and (or) staining techniques. Due to the structural analogy among secondary 

metabolites of many plants, the specificity of histological methods is relative low. Recent 

developments in mass spectrometry imaging (Svatoš, 2011) and Raman imaging (Freudiger et 

al., 2008) are promising tools in spatial metabolic profiling. However, these techniques 

mostly focus on metabolites on sample surfaces and do not allow detection of three-

dimensional distribution of metabolites within the tissue. NMR, though representing the most 

informative analytical method and being able to provide data on three-dimensional spatial 

distribution, is of limited suitability to identify metabolites directly from plant samples, due to 

its moderate sensitivity. In order to take advantage of its superior properties for metabolic 
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profiling, a sampling method, laser microdissection (LMD) was developed to harvest specific 

cells, tissue or organs from plant material prior to various chemical analyses.  

Figure 1.3 Photograph (left) of 
LMD instrument and schema (right) 
of the work flow of LMD based 
micrometabloic studies. 
 

 

The LMD instrument, a microscope equipped with a laser-generating device (Figure 

1.3), which was firstly applied to investigate animal samples around four decades ago (Berns 

and Floyd, 1971), was recently used for sampling plant material for DNA, RNA and protein 

analyses (Kehr, 2001, 2003; Day et al., 2005b; Nelson et al., 2006; Nelson et al., 2008) and to 

dissect plant material for the analysis of both primary metabolites (Schad et al., 2005; 

Angeles et al., 2006; Obel et al., 2009; Thiel et al., 2009; Schiebold et al., 2011) and 

secondary metabolites (Hölscher and Schneider, 2007; Li et al., 2007; Hölscher et al., 2009; 

Abbott et al., 2010). As presented in the thesis, LMD combined with modern analytical 

methods, such as HPLC-DAD, HPLC-MS and NMR, allows for the quantitative analysis of 

secondary metabolites in plant tissue, even in specific cell populations, to obtain spatial 

distribution information of secondary metabolites. 

 

1.3 Plants investigated in the thesis 

1.3.1 Myrica gale 

Diaryheptanoids were shown to be biosynthetic intermediates of phenylphenalenones 

(Hölscher and Schneider, 1995; Schmitt and Schneider, 1999; Munde et al., 2011). However, 

details of the biosynthetic pathway remain to be studied. Moreover, it is still an open question, 

why diarylheptanoids in the Musaceae and Haemodoraceae undergo cyclization to form 

phenylphenalenones while diarylheptanoids in the Zingiberaceae and some dicotyledonous 

plants such as Betulaceae do not cyclize. M. gale (Myricaceae) plants are reported to contain 
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various diaryheptanoids and therefore the seeds were of special interest for the phytochemical 

study presented here. Confirming the occurrence of diarylheptanoids would make M. gale 

seeds suitable for future comparative biosynthetic studies, especially with respect to the 

question whether these compounds are of mono- or polyphyletic origin in various 

diarylheptanoid-producing families. 

1.3.2 Haemodoraceae plants 

Previous phytochemical studies on Haemodoraceae plants led to identification of 

various phenylphenalenone-type compounds (Cooke and Segal, 1955), which are 

biosynthesized from phenylpropanoid via diarylheptanoids. Except a few studies, which 

indicated that phenylphenalenones play a role as phytoalexins in Musa plants (Luis et al., 

1993; Kamo et al., 1998), other biological functions of phenylphenalenons in plants are 

unexplored. As parts of our continuous efforts on structural and biosynthetic elucidation of 

phenylphenalenones, Xiphidium caeruleum Aubl. and Wachendorfia thysiflora L., two species 

of Haemodoraceae, which are native to the Neotropics (Maas and Maas-van de Kamer, 1993) 

and Capensis, respectively, were chosen. The phytochemical composition of X. caeruleum 

flowers and W. thysiflora aerial plant parts, roots and seeds were studied by HPLC-SPE-NMR.  

1.3.3 Rapeseed (Brassica napus L.) 

Rapeseed is a very important oilseed contributing up to 15 % of the global olerferous 

production (Wolfram et al., 2010). Beside of the high content of fatty acids, it also contains 

various secondary metabolites. Among them, glucosinolates and sinapate esters are the 

predominant ones. Other minor compounds, flavonoids, spermidine conjugate and 

phenylpropanoids were also identified from rapeseed (Fenwick, 1982). Although 

glucosinolates and phenolics limit rapeseed nutritional value as food and feed, some of these 

secondary metabolites were indicated to play positive physiological roles in plant 

development. For example, glucosinolates are very important defense compounds for plants 

(Halkier and Gershenzon, 2006); sinapine, which is the dominant sinapate ester in rapeseed, 

was suggested to supply choline for phosphatidylcholine in young Raphanus sativus seedlings 

(Strack, 1981); phenolics generally protect plant from UV damage (Landry et al., 1995). 

In Chapter 4, a thorough phytochemical screening on rapeseed winter cultivar 

“Emerald” is described. Afterwards, LMD was used to sample four different parts from intact 

rapeseed. Major secondary metabolites, including glucosinolates and sinapine, as well as three 

minor secondary metabolites, a unique cyclic spermidine conjugate and two flavonoids, were 

identified and quantified in different dissected tissues. Cell- and tissue-specific distribution of 



Introduction                                                                                                                      8 

metabolites is one of the clues to understand their physiological and ecological importance of 

plants seeds. 

1.3.4 Flaxseed (Linum usitatissimum) 

Flaxseed is the richest source of lignans in the plant kingdom. Secoisolariciresinol 

diglucoside (SDG), a lignan with increasing interest in health functions, was reported as the 

predominant one in flaxseed. Previous studies (Madhusudhan et al., 2000; Wiesenborn et al., 

2003; Hano et al., 2006; Attoumbré et al., 2010) showed that SDG is synthesized and 

accumulated in flaxseed coats. Chapter 5 described how a HPLC-DAD method was 

developed and validated to quantify SDG and its biosynthetic precursor coniferin in different 

developmental stages of flaxseed to obtain SDG accumulation kinetic information. On the 

other hand, LMD was employed to sample the materials from different layers of both 

developing and mature flaxseed coats. After SDG was released by alkaline hydrolysis, NMR 

and HPLC methods were applied to identify and quantify SDG in these samples to determine 

cellular distribution of SDG in flaxseed. 

These studies are part of a project exploring possibilities for biotechnological 

production of lignans. So far existing cell cultures are much less productive in lignan 

formation compared to whole plants. Spatio-temporal information of SDG formation could be 

the basis to study the regulation of lignan biosynthesis in flaxseed and to identify biosynthetic 

bottlenecks in order to established genetically engineered cell lines with high potential for 

lignan production. On the other hand, information about cell-specific SDG accumulation 

probably makes possible establishing cell cultures from specific lignan-producing cells and 

using them to produce SDG in vitro.
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Chapter 2 

Overview of manuscripts 

 
Phytochemical studies by HPLC-SPE-NMR (see Chapters 3.1 -3.4). 

3.1 C-methylated flavanones and dihydrochalcones from Myrica gale seeds. Jingjing Fang, 

Christian Paetz, Bernd Schneider. Biochem. Syst. Ecol. 2011, (39): 68-70. 

Twelve C-methylated flavanones and dihydrochalcones were elucidated were 

elucidated from 100.6 mg Myrica gale seeds by HPLC-SPE-NMR and LC-MS in the paper.  

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 

experiments, Dr. C. Paetz performed the LC-MS experiments, J. Fang and Dr. B. Schneider 

wrote the manuscript. 

3.2 Phenylphenalenones and related natural products from Wachendorfia thyrsiflora L. 

Jingjing Fang, Christian Paetz, Dirk Hölscher, Tobias Munde, Bernd Schneider. Phytochem. 

Lett. 2011, (4): 203-208. 

Total 24 phenylphenalenon-type compounds including five new compounds were 

reported from Wachendorfia thyrsiflora plant material, including leaves, roots, root culture 

and seeds in the paper.  

Dr. B. Schneider conceived the experiments, J. Fang designed and performed the 

experiments of phytochemical study on seeds by HPLC-SPE-NMR, and the other authors 

designed and performed experiments on the other plant parts, Dr. B. Schneider and J. Fang 

wrote the manuscript. 

3.3 Phytochemical profile of aerial parts and roots of Wachendorfia thyrsiflora L. studied by 

LC-DAD-SPE-NMR. Jingjing Fang, Marco Kai, Bernd Schneider. Phytochemistry 2012, (81): 

144-152. 

Using HPLC-SPE-NMR, eleven phenylphenalenones and related compounds were 

identified in the aerial parts of the plant, ten compounds were found in the roots, and four 

additional compounds occurred in both plant parts. Twelve compounds are new compounds 

including five alkaloids (phenylbenzoisoquinolinones). Different chemical patterns of 

phenylphenalenones were found in roots and aerial parts, biosynthesis and translocation of 

phenylphenalenones in W. thyrsiflora were proposed. 

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 
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experiments, Dr. M. Kai recorded the high-resolution MS data, J. Fang and Dr. B. Schneider 

wrote the manuscript. 

3.4 Co-occurrence of phenylphenalenones and flavonoids in Xiphidium caeruleum Aubl. 

flowers. Jingjing Fang, Dirk Hölscher, Bernd Schneider. Phytochemistry  2012, (82): 143-148. 

Seventeen phenylphenalenone-type compounds including five new ones, and three 

flavonoids were determined from fractions of a Xiphidium caeruleum flower extract by 

HPLC-SPE-NMR. Flavonoids were detected in Haemodoraceae plants for the first time.  

Dr. B. Schneider, J. Fang and Dr. D. Hölscher designed the experiments, J. Fang 

performed the experiments, J. Fang and Dr. B. Schneider wrote the manuscript. 

 

Secondary metabolites profiling and their distribution in rapeseed (see Chapters 4.1 and 

4.2). 

4.1 Metabolic profiling of lignans and other secondary metabolites from rapeseed (Brassica 

napus L.). Jingjing Fang, Michael Reichelt, Marco Kai, Bernd Schneider. J. Agric. Food 

Chem. 2012, under revision. 

Eleven glucosinolates and eighteen phenolics including seven new lignans were 

determined from rapeseed (Brassica napus).  

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 

experiments, Dr. M. Reichelt determined the glucosinolates, Dr. M. Kai recorded high-

resolution MS data. J. Fang and Dr. B. Schneider wrote the manuscript. 

4.2 Tissue-specific distribution of secondary metabolites in rapeseed (Brassica napus L.). 

Jingjing Fang, Michael Reichelt, William Hidalgo, Sara Agnolet, Bernd Schneider. Plos One 

2012, under revision. 

Major secondary metabolites, glucosinolates and sinapine, and minor secondary 

metabolites, two flavonoids and a cyclic spermidine conjugate were quantified in different 

mature rapeseed tissues dissected by laser microdissection (LMD). No qualitative and 

quantitative difference of glucosinolates and sinapine was detected in embryo tissues. The two 

flavonoids were predominantly detected in cotyledons, and the cyclic spermidine conjugate 

was exclusively found in hypocotyl and radicle.  

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 

experiments, Dr. M. Reichelt performed quantification, W. Hidalgo synthesized one internal 

standard and analyzed partial data, Dr. S. Agnolet analyzed partial data, J. Fang and Dr. B. 

Schneider wrote the manuscript. 
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Spatio-temporal accumulation of secoisolariciresinol diglucoside in flaxseed (see 

Chapters 5.1 and 5.2). 

5.1 Concentration kinetics of secoisolariciresinol diglucoside and its biosynthetic precursor 

coniferin in developing flaxseed. Jingjing Fang, Aina Ramsay, Christian Paetz, Evangelos C. 

Tatsis, Sullivan Renouard, Christophe Hano, Eric Grand, Ophélie Fliniaux, Albrecht Roscher, 

Francois Mesnard, Bernd Schneider. Phytochem. Anal. 2012, DOI: 10.1002/pca.2377. 

Concentrations kinetics of secoisolariciresinol diglucoside and its biosynthetic 

precursor coniferin were established by quantifying the concentrations of the two compounds 

in developing flaxseed at different stages.  

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 

experiments, J. Fang and Dr. B. Schneider wrote the manuscript, and the other authors 

contributed reagents, materials, and revised the manuscript. 

5.2 Laser microdissection-assisted quantitative cell layer-specific detection of 

secoisolariciresinol diglucoside in flaxseed coats. Jingjing Fang, Aïna Ramsay, Sullivan 

Renouard, Christophe Hano, Frédéric Lamblin, Brigitte Chabbert, François Mesnard, Bernd 

Schneider. In preparation. 

SDG was identified and quantified by NMR and HPLC in different cell layers 

harvested from seed coats of mature and developing flaxseed. The result showed that SDG 

accumulated in the parenchymatous cell layer of the outer integument of flaxseed coats. The 

results were further confirmed by molecular methods. The promoter of one pinoresinol-

lariciresinol reductase gene of L. usitatissimum (LuPLR1), a key gene involved in SDG 

biosynthesis, was fused to a β-glucuronidase (GUS) reporter gene, and the spatio-temporal 

regulation of LuPLR1 gene expression in flaxseed was determined by histochemical and 

activity assays of GUS.  

Dr. B. Schneider and J. Fang designed the experiments, J. Fang performed the 

chemical experiments including the LMD and quantification, and the other authors performed 

the molecular experiments, contributed reagents, material, J. Fang and Dr. B. Schneider wrote 

the manuscript, and the other authors critically revised the manuscript. 
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Metabolic profiling of lignans and other secondary metabolites from  

rapeseed (Brassica napus L.) 
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D-07745 Jena, Germany 

 

ABSTRACT: A metabolic profiling study was carried out on rapeseed (Brassica napus L.). 

Eleven glucosinolates were identified by high-performance liquid chromatography coupling 

with diode array detection (DAD) and mass spectrometry (MS). Phenolic compounds were 

profiled from an ethanol extract of rapeseed. Beside two major phenols, sinapine and sinapate 

methyl ester, 16 minor phenolic compounds were isolated and identified, seven of which are 

new lignans including three (±)-thomasidioic acid derivatives and four (E,E)-dienolignan 

derivatives. The structures of novel phenolic compounds were elucidated by 1D and 2D 

nuclear magnetic resonance (NMR) spectroscopy and MS. 

 

KEYWORDS: Brassica napus, dienolignan derivatives, glucosinolates, lignans, rapeseed, 

sinapates, thomasidioic acid derivatives  

 

INTRODUCTION 

Rapeseed (Brassica napus L.) is a very important oilseed in temperate regions 

worldwide and contributes up to 15 % of the global oleiferous production (Wolfram et al., 

2010). Although mainly used as an oil crop, rapeseed has a high protein and essential amino 

acid content which makes it both animal feed and potential human food additive. However, 

high levels of glucosinolates in rapeseed meal of conventional cultivars limit its nutritional 

value, because the decomposition products of glucosinolates are goitrogenic and hepatotoxic. 

Therefore, low-glucosinolate cultivars have been bred and commercially introduced, 

containing only 0.5-1.0 % glucosinolates. Phenolic choline esters, mainly sinapate esters, are 

the other major class of anti-nutritional compounds in rapeseed. The predominant one is 

sinapine, which is present in 1-2 % (w/w) of the rapeseed meal (Fenwick, 1982). Due to the 

economic importance of rapeseed and in order to investigate the consequences of genetic 

modifications, several studies were performed on profiling phenolic choline esters in rapeseed 

(Naczk et al., 1998; Baumert et al., 2005; Böttcher et al., 2009; Wolfram et al., 2010; Clauß 

et al., 2011). 
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Figure 1. Structures of phenolic compounds isolated from rapeseed in this study. 

High levels of glucosinolates and sinapates, although unwanted in rapeseed-derived 

food and feed, may have positive physiological effects on plant development and on the 

protection of seeds against pathogens and the deterrence of herbivores. For example, 

glucosinolates, which are very important for plants as defense compounds, have been 

thoroughly explored during the last decade, and more than 120 glucosinolates have been 

identified (Halkier and Gershenzon, 2006). Sinapine, which is the choline ester of sinapic acid, 

was suggested to be involved in supplying choline for phosphatidylcholine in young 

Raphanus sativus seedlings (Strack, 1981). Sinapate esters, especially with phenylpropanoids, 

play an important role in UV protection (Landry et al., 1995). Although the ecological effects 

of secondary metabolites of cruciferous plants have been extensively studied, information 

about their specific role in rapeseed is limited. The cell- and tissue-specific distribution of 

metabolites is one of the clues to understand their physiological and ecological importance of 

plants seeds. Hence, a thorough phytochemical screening of the seeds of B. napus (winter 

cultivar “Emerald”) was undertaken to assemble analytical data for subsequent localization 

studies of secondary metabolites in rapeseed. 

Here we report the identification of eleven glucosinolates (Table 1) by high-

performance liquid chromatography - diode array detection/mass spectrometry (HPLC-
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DAD/MS), and purification and structure elucidation of 18 phenolic compounds (Figure 1) 

from rapeseed, including three new (±)-thomasidioic acid derivatives and four new (E,E)-

dienolignan derivatives by means of nuclear magnetic resonance (NMR) spectroscopy and 

MS. The phytochemical profile and the analytical data presented here form the basis for 

tissue-specific localization studies, which are in progress      
      Table 1 Glucosinolate Structures Identified from Rapeseed in This Study 

Common name Systematic name Structure 

progoitrin (2R)-2-hydroxy-3-butenyl glucosinolate R

OH

 
epiprogoitrin (2S)-2-hydroxy-3-butenyl glucosinolate R

OH

 
glucoraphanin 4-methylsulfinylbutyl glucosinolate 

R
S

O  
glucoalyssin 5-methylsulfinylpentyl glucosinolate RS

O  
gluconapin 3-butenyl glucosinolate R

 
glucobrassicanapin 4-pentenyl glucosinolate R  

gluconapoleiferin 2-hydroxy-4-pentenyl glucosinolate R

OH  
glucoerucin 4-methylthiobutyl glucosinolate R

S  
glucoberteroin 5-methylthiopentyl glucosinolate RS  

4-hydroxyglucobrassicin 4-hydroxyindol-3-ylmethyl glucosinolate R

N
H

OH

 
gluconasturtiin 2-phenethyl glucosinolate 

R

 
 

              R =  

 

 

MATERIALS AND METHODS 

General experimental procedures. Glucosinolates were identified in their desulfated 

form with HPLC-DAD/MS by comparing the retention times and the mass data with those of 

references. HPLC was conducted on an Agilent series HP1100 (binary pump G1312A, 

autosampler G1367A, diode array detector G1315A; Agilent Technologies, Waldbronn, 

Germany). The chromatographic separation was performed on a LiChrospher RP18 column (5 

μm, 250 × 4.6 mm; Merck KGaA, Darmstadt, Germany) with a guard column (5 μm, 4 × 4 
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mm) using a linear binary gradient of H2O (solvent A) containing 0.2% (v/v) formic acid (FA) 

and MeCN (solvent B), with a flow rate of 1.0 ml min-1 at 25 °C as follows: 0 min: 1.5% B, 1 

min: 1.5% B, 6 min: 5% B, 8 min: 7% B, 18 min: 21% B, 23 min: 29% B, 23.1 min: 100% B, 

24 min: 100% B, 24.1 min: 1.5% B, and 28 min: 1.5% B. The injection volume was 50 μl. 

The HPLC eluate was monitored by DAD at 229 nm. An Esquire 6000 ion trap mass 

spectrometer (Bruker Daltonics, Bremen, Germany) was coupled to the same HPLC system 

for recording electrospray ionization mass spectra (ESIMS). Positive ionization mode was 

used in the range m/z 60-1000. 

Semi-preparative HPLC was performed on a Promonece system (LC-20AT gradient 

pump, SPD-20A UV/Vis detector; Shimadzu Corporation, Tokyo, Japan) using a Nucleosil 

100 C18 column (7 μm, 250 × 21 mm; Macherey-Nagel GmbH & Co. KG, Düren, Germany) 

in the first chromatographic step and a Purospher RP18e column (5 μm, 250 × 10 mm; Merck 

KGaA, Darmstadt, Germany) in the second step. 

NMR spectra of isolated compounds were recorded on a Bruker AV 500 NMR 

spectrometer (Bruker Biospin, Karlsruhe, Germany), operating at 500.13 MHz for 1H and 

125.75 MHz for 13C. The NMR spectrometer was equipped with a TCI cryoprobe (5 mm). 

Standard Bruker pulse sequences were used for measuring 1H, 13C, 1H-1H COSY, HMBC, and 

HSQC spectra at 298 K. Tetramethylsilane (TMS) was used as internal chemical shift 

reference. 

LC-ESIMS of isolated phenolic compounds were recorded in positive ionization mode 

on a LC-ESIMS/MS system, which consists of an Agilent 1100 chromatography (quaternary 

solvent delivery pump G1311A, autosampler G1313A; Agilent Technologies, Waldbronn, 

Germany) and a Bruker Esquire 3000 ion trap mass spectrometer (Bruker Daltonics, Bremen, 

Germany). LC was performed on a Purospher RP18e column (5 μm, 250 × 4.6 mm; Merck 

KGaA, Darmstadt, Germany) at a constant flow rate of 1.0 ml min-1. A binary gradient of 

H2O (solvent A) and MeOH (solvent B), both containing 0.1% (v/v) formic acid (FA), was 

used as follows: 0 min: 20% B, 15 min: 100 % B, 20 min: 100% B, 21 min: 20% B, 25 min: 

20%. UV spectra were recorded during the LC-ESIMS runs by a DAD detector (detection 

200-700 nm; J&M Analytik AG, Aalen, Germany), which was integrated in the LC-ESIMS 

system. 

LC-HRESIMS of new compounds were recorded on a LC–MS/MS system consisting 

of an Ultimate 3000 series RSLC system (Dionex, Sunnyvale, CA, USA), and an Orbitrap 

mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). A Dionex Acclaim C18 

column (2.2 μm, 150 × 2.1 mm; Dionex, Sunnyvale, CA, USA) was used for LC with a binary 

solvent system of H2O (solvent A) and MeCN (solvent B), both containing 0.1% (v/v) FA: 0 
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min: 0.5 % B, 10 min: 10 % B, 14 min: 80% B, 19 min: 80% B, 19.1 min: 0.5% B, 25 min: 

0.5% B; flow rate 300 μl min-1. HRESIMS spectra were measured in positive ionization mode 

on the Orbitrap mass analyzer. 

Optical rotation was recorded on a P-1030 automatic digital polarimeter (Jasco, Tokyo, 

Japan) at 25 °C. 

Plant material. Rapeseed winter cultivar “Emerald” used in this experiment was 

purchased from Raps GbR (Langballig, Germany). 

Metabolic profiling of glucosinolates. Methods for extracting and desulfating 

glucosinolates were modified from the literature (Burow et al., 2006). One rapeseed (4.9 mg) 

was put into a 2 ml Eppendorf tube. MeOH (1 ml, 80%, v/v) and 4 metal balls (3 mm) were 

added to the tube; the tube was then put into a paint-shaker (Skandex SO-10m; Fluid 

Management, Sassenheim, The Netherlands) for 10 min. After centrifuging at 13,000 rpm for 

10 min (Centrifuge 5415R; Eppendorf, Hamburg, Germany), 800 μl supernatant was added to 

a weak anion exchange DEAE-sephadex cartridge A25 (Sigma, Steinheim, Germany), which 

was conditioned with 800 μl H2O and equilibrated with 500 μl 80% (v/v) MeOH before use. 

The cartridge was eluted with 500 μl 80% (v/v) MeOH, 1 ml H2O twice and 500 μl 0.02 M 

MES buffer (pH 5.2), successively, after which 30 μl sulfatase (Sigma, Steinheim, Germany) 

solution prepared as described was added (Graser et al., 2001). The cartridge was capped and 

incubated at ambient temperature overnight. Afterwards the cartridge was eluted with 500 μl 

H2O for desulfated glucosinolate analysis. 

Extraction and purification of phenolic compounds. Rapeseed (25 g) was ground in 

liquid N2 and extracted with 100 ml 80 % ethanol (24 h × 3). The combined extract was 

filtered and evaporated in a vacuum (<40 °C) to yield 3.24 g residue, which was dissolved in 

20 ml H2O. The aqueous solution was loaded on a Discovery DSC-18 SPE cartridge (10 g, 60 

ml; Supelco, Bellafonte, PA, USA), which was conditioned with 20 ml MeCN and then 

equilibrated with 20 ml H2O before being used. After the eluate of 60 ml H2O was discarded, 

the eluate of 60 ml 80% MeCN aqueous solution was collected and dried <40°C in a vacuum 

to give 760 mg residue. The residue was fractionated on a Nucleosil 100 C18 column (7 μm, 

250 × 21 mm; Macherey-Nagel GmbH & Co. KG, Düren, Germany). Flow rate was 10 ml 

min-1; UV detection was at 240 and 330 nm. The following linear gradient of H2O (solvent A) 

containing 0.1 % (v/v) trifluoroacetic acid (TFA) and MeOH (solvent B) was applied: 0 min: 

35% B, 30 min: 80% B, 32 min: 100% B, 42 min: 100% B, 45 min: 30% B, 50 min: 30%. 

Two fractions were collected as F1 (18.5-28.1 min) and F2 (28.1-38.0 min). Further 

separation of fractions F1 and F2 was performed on a Purospher RP18e column (5 μm, 250 × 

10 mm; Merck KGaA, Darmstadt, Germany) with a flow rate of 4 ml min-1. H2O (A) 
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containing 0.1 % (v/v) TFA and MeCN (B) was used to elute compounds 1-12 from fraction 

F1 as follows: 0 min: 15% B, 30 min: 25% B, 32 min: 100% B, 37 min: 100% B, 39 min: 15% 

B, 42 min: 15% B. H2O (A) containing 0.1% (v/v) TFA and MeOH (B) was used to elute 

compounds 13-18 from F2 as follows: 0 min: 55 % B, 15 min: 65% B, 16 min: 100% B, 21 

min: 100% B, 22 min: 55% B, 25 min: 55% B. 

(±)-Dicholinyl thomasidioate [dicholinyl (±)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxy-

2,7′-cyclolign-7-en-9,9′-dioate] (3). 2.3 mg; UV (MeOH-H2O): λmax 247.9, 340.2 nm; [α]25
D 

0.0 (c 0.1, MeOH); 1H and 13C NMR data, see Table 2; ESIMS: m/z 309.1 [M]2+, HRESIMS: 

m/z 309.1568 [M]2+ (calcd for C16H23O5N, 309.1576). 

Dicholinyl (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate (5). 

0.5 mg; UV (MeOH-H2O): λmax 243.4, 338.7 nm; 1H and 13C NMR data, see Table 3; ESIMS: 

m/z 309.1 [M]2+, HRESIMS: m/z 309.1566 [M]2+ (calcd for C16H23O5N, 309.1576). 

Cholinyl hydrogen (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-

dioate (6). 3.5 mg; UV (MeOH-H2O): λmax 240.9, 330.7 nm; 1H and 13C NMR data, see Table 

3; ESIMS: m/z 532.4 [M]+, HRESIMS: m/z 532.2169 [M]+ (calcd for C27H34O10N, 532.2183). 

9-Cholinyl-9′-methyl (±)-thomasidioate [9-cholinyl-9′-methyl (±)-4,4′-dihydroxy-

3,3′,5,5′-tetramethoxy-2,7′-cyclolign-7-en-9,9′-dioate] (8). 0.32 mg (calculated from integrals 

of 1H NMR signals in the isolated mixture of 8 and 9); UV (MeOH-H2O): λmax 248.4, 337.7 

nm; [α] 25
D 0.0 (c 0.05, MeOH); 1H and 13C NMR data, see Table 2; ESIMS: m/z 546.5 [M]+, 

HRESIMS: m/z 546.2314 [M]+ (calcd for C28H36O10N, 546.2339). 

9-methyl-9′-cholinyl (±)-thomasidioate [9-methyl-9′-cholinyl (±)-4,4′-dihydroxy-

3,3′,5,5′-tetramethoxy-2,7′-cyclolign-7-en-9,9′-dioate] (9). 0.28 mg (calculated from integrals 

of 1H NMR signals in the isolated mixture of 8 and 9); UV (MeOH-H2O): λmax 248.4, 337.7 

nm; [α] 25
D 0.0 (c 0.05, MeOH); 1H and 13C NMR data, see Table 2; ESIMS: m/z 546.5 [M]+, 

HRESIMS: m/z 546.2314 [M]+ (calcd for C28H36O10N, 546.2339). 

Cholinyl methyl (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate 

(11). 3.5 mg; UV (MeOH-H2O): λmax 241.9, 337.7 nm; 1H and 13C NMR data, see Table 3; 

ESIMS: m/z 546.5 [M]+, HRESIMS: m/z 546.2333 [M]+ (calcd for C28H36O10N, 546.2339). 

Dimethyl (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate (14). 

1.7 mg; UV (MeOH-H2O): λmax 240.4, 329.7 nm; 1H and 13C NMR data, see Table 3; ESIMS: 

m/z 497.2 [M+23]+, 475.1 [M+1]+, HRESIMS: m/z 475.1600 [M+1]+ (calcd for C24H27O10, 

475.1604).  
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RESULTS AND DISCUSSION 

Glucosinolate profiling. Glucosinolates were determined in the desulfated form by 

comparing their MS data and retention times with those of references. A total of eleven 

glucosinolates were identified. The majority of them, except 4-hydroxyglucobrassicin and 

gluconasturtiin, are aliphatic glucosinolates (progoitrin, epiprogoitrin, glucoraphanin, 

gluconapoleiferin, glucoalyssin, gluconapin, glucobrassicanapin, glucoerucin, glucoberteroin) 

(Table 1). 

Isolation of phenolic compounds. From the ethanol extract of 25 g rapeseed, 18 

phenolic compounds were isolated and identified, including three new (±)-thomasidioic acid 

derivatives 3, 8 and 9, and four new (E,E)-dienolignan derivatives 5, 6, 11 and 14. In addition, 

for the first time compound 18 was isolated as a natural product. 

(±)-Thomasidioic acid derivatives. Four (±)-thomasidioic acid derivatives, namely 

compounds 3, 8, 9, and 13, were isolated from rapeseed extract and identified by NMR, MS, 

and optical rotation data. Compound 13 (NMR data in Table 2 for comparison with data of 3, 

8, and 9) was elucidated as (±)-thomasidioic acid dimethyl ester by comparing the analytical 

data with those reported for the synthetic product (Ahmed et al., 1973). 

The singlets at δ 7.81 (H-7), 6.98 (H-6) and 6.23 (2H, H-2′/6′) in the aromatic range of 

the 1H NMR spectrum of compound 3 (Table 2), two doublets at δ 5.06 (H-7′) and 4.07 (H-8′) 

with a coupling constant of J = 1.3 Hz, and four O-methyl signals at δ 3.93 (8-OCH3), 3.69 

(3′/5′-OCH3) and 3.52 (3-OCH3) resemble the 1H NMR spectrum of 13 and therefore were 

attributed to the lignan part of the molecule. In addition, the spectrum displays two broad 

signals at δ 4.62 (H2-1′′) and 4.52 (H2-1′′′), a triplet at δ 3.74 (H2-2′′), a multiplet at δ 3.67 

(H2-2′′′), and two singlets, each integrating for nine protons at δ 3.18 and 3.12 assignable to 

N-CH3 groups. These 1H NMR data suggest two choline moieties in compound 3. The 13C 

NMR spectrum displays signals of two choline ester moieties with identical (N′′/N′′′-CH3, δ 

54.34) or slightly different (C-1′′ and C-1′′′, C-2′′ and C-2′′′) chemical shifts (Table 2), signals 

of two phenylpropanoids (two C9 units), as well as four phenolic O-methyl groups (two of 

them, C-3′/5′, δ 56.76, are equivalent). Heteronuclear single-quantum correlation (HSQC) and 

heteronuclear multiple-bond correlation (HMBC) data were used to assign all proton and 

carbon signals (Table 2). The connection positions of two phenylpropanoid moieties were 

determined by the key correlations of H-7 (δ 7.81) with C-2 (δ 125.00) and C-8′ (δ 48.39); H-

8′ (δ 4.07) with C-9 (δ 167.20), C-7 (δ 141.05), C-2 (δ 125.00) and C-1′ (δ 121.81); H-7′ (δ 

5.06) with C-8 (δ 133.91), C-1 (δ 123.93), C-3 (δ 146.74), C-9′ (δ 172.55), C-2′/6′ (δ 105.96) 

in the HMBC spectrum (Figure 2A), confirming the constitution of compound 3 as an 

arylnaphthalene lignan derivative. The small coupling constant of JH-7′–H-8′ = 1.3 Hz was 
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consistent with a trans (diaxial) configuration of the syringyl ring at C-7′ and the choline ester 

substituent at C-8′ as proposed by Wallis (Wallis, 1968). No optical activity was observed, 

indicating that compound 3 is racemic. Hence, the structure was elucidated as dicholinyl (±)-

thomasidioate [dicholinyl (±)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxy-2,7′-cyclolign-7-en-9,9′-

dioate] (Figure 1), which is further confirmed by LC-ESIMS and LC-HRESIMS. 

Despite many efforts, compounds 8 and 9 could not be separated by HPLC. Therefore, 

the structures of the two compounds were elucidated from the NMR spectra of the mixture. 

The signals in the 1H NMR spectrum showed two sets of signals (Table 2), which were 

readily distinguished by means of their integral values (ratio 8 : 9 = 8 : 7). Furthermore, NMR 

spectra of the two compounds are highly similar to those of compounds 3 and 13. 2D NMR 

data (1H,1H COSY, HSQC, HMBC) suggest the two compounds are also (±)-thomasidioate 

derivatives (Figure 2A). In addition to the thomasidioate signals, 1H and 13C NMR spectra 

from each of the two compounds display signals of one O-methyl group and one cholinyl 

moiety. The HMBC correlations of H2-1′′ (δ 4.62) with C-9 (δ 167.28) and COOCH3 (δ 3.64) 

with C-9′ (δ 174.02) assign the choline ester to position 9 and methyl ester to position 9′ in 8. 

In contrast, in compound 9, the choline ester moiety is attached to C-9′ (δ 172.67) and the 

methyl ester to position 9 (δ 168.85), as inferred from their HMBC correlations with H2-1′′′ (δ 

4.51) and COOCH3 (δ 3.75), respectively. Thus, compounds 8 and 9 are isomers, a fact which 

was confirmed by their ESIMS and HRESIMS data, and their structures were elucidated as 9-

cholinyl-9′-methyl (±)-thomasidioate [9-cholinyl-9′-methyl (±)-4,4′-dihydroxy-3,3′,5,5′-

tetramethoxy-2,7′-cyclolign-7-en-9,9′-dioate] (8) and 9-methyl-9′-cholinyl (±)-thomasidioate 

[9-methyl-9′-cholinyl (±)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxy-2,7′-cyclolign-7-en-9,9′-

dioate] (9). 

O
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Figure 2. Selected HMBC correlations of (±)-thomasidioic acid derivatives 3, 8, 9, 13 (A) and (E,E)-dienolignan 

derivatives 5, 6, 11, 14 (B). 
(E,E)-dienolignan derivatives. The 1H NMR spectrum of compound 5 (Table 3) 

shows an O-methyl singlet at δ 3.76 (12H), and singlets at δ 8.00 (2H, H-7/7′) and δ 6.99 (4H, 

H-2/6/2′/6′), assignable to the protons attached to the double bond and in the aromatic ring, 

respectively. Another series of signals, representing choline moieties, appears at δ 4.57 (4H, 
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H-1′′/1′′′), 3.63 (2H, H-2′′a/2′′′a), 3.54 (2H, H-2′′b/2′′′b) and 3.04 (18H, N′′/N′′′-CH3). The 

signals in the 1H NMR spectrum of 5 resemble those of sinapine, except the missing signal of 

the olefinic H-8 and decoupling of the other olefinic proton, H-7. The lack of H-8, together 

with ESIMS and HRESIMS data, suggested a dimer, consisting of two sinapine units 

connected through a C-8/8′ carbon-carbon bond. The downfield shift of C-8 from δ 114.7 in 

the 13C NMR spectrum of sinapine to δ 124.0 in the spectrum of compound 5 also supported 

the connection through C-8/8′. The E configuration of the two double bonds was established 

by comparing the chemical shifts of the olefinic protons with those of reported compounds 

(Heller and Swinney, 1967; Zhang et al., 1998). Finally, 5 was elucidated as dicholinyl (E,E)-

4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate. 

The 1H NMR spectrum of compound 6 (Table 3) displays four singlets at δ 7.95 (H-7), 

7.90 (H-7′), 6.97 (H-2/6) and 6.92 (H-2′/6′), two O-methyl group signals at δ 3.75 (3/5-OCH3) 

and 3.76 (3′/5′-OCH3), a series of choline moiety signals at δ 4.57 (H2-1′′), 3.64 (H-2′′a), 3.58 

(H-2′′b) and 3.08 (N′′-CH3). The proton and carbon signals (Table 3) were assigned by 

analyzing connections in the HSQC and HMBC spectra, from which a sinapine moiety and a 

sinapic acid moiety were deduced. Mutual correlations between H-7 and C-8′ and H-7′ and C-

8 in the HMBC spectrum (Figure 2B) indicated a connection between the two sinapoyl units 

through a carbon-carbon bond between C-8 and C-8′. Therefore, the structure of compound 6 

was elucidated as cholinyl hydrogen (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-

dien-9,9′-dioate, which was confirmed by ESIMS and HRESIMS. 

The 1H NMR spectrum of compound 11 (Table 3) highly resembles that of 6, except 

there is an additional O-methyl signal at δ 3.71 in the spectrum of 11. Compound 11 was 

deduced as a dimer of sinapine and sinapate methyl ester, compounds which are connected 

through a carbon-carbon bond between C-8 and C-8′. The 1H and 13C NMR signals (Table 3) 

and the ESIMS and HRESIMS data confirmed the structure of 11 as cholinyl methyl (E,E)-

4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate. 

The 1H NMR spectrum of the symmetric compound 14 displays only four singlets, 

which were assigned to H-7/7′ (2H, δ 7.85), H-2/6/2′/6′ (4H, δ 6.88), the O-methyl signals at δ 

3.74 (12H) and δ 3.69 (6H). The 13C NMR spectrum shows nine signals, all of which were 

readily assigned by the analyses of HSQC and HMBC (Figure 2B) spectra. The HRESIMS 

data suggest a formula C24H26O10. Thus, the structure was determined as a dimer of two 

sinapate methyl ester units, which are connected to each other through positions 8/8′, and 

named dimethyl (E,E)-4,4′-dihydroxy-3,3′,5,5′-tetramethoxylign-7,7′-dien-9,9′-dioate. 

Known phenolic compounds. Known compounds were determined by comparing 

their 1D and 2D NMR spectra and MS data with those of corresponding compounds in the 
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literature as kaempferol-3-O-β-D-glucopyranosyl-(1→2)-β-D-glucopyranoside-7-O-β-D-

glucopyranoside (1) (Kim et al., 2002), kaempferol-3-O-(2-O-sinapoyl)-β-D-glucopyranosyl-

(1→2)-β-D-glucopyranoside-7-O-β-D-glucopyranoside (2) (Jung et al., 2009), sinapine (4) 

(Sakushima et al., 1995), a cyclic spermidine conjugate (7) (Baumert et al., 2005), sinapic 

acid (10) (Salum et al., 2010), 3-[2,3-dihydro-2-(4-hydroxy-3-methoxyphenyl)-3-

(hydroxymethyl)-7-methoxy-5-benzofuranyl]-(2Z)-acrylic acid choline ester (12) (Böttcher et 

al., 2008; Böttcher et al., 2009), (±)-thomasidioic acid dimethyl ester (13) (Ahmed et al., 

1973), sinapate methyl ester (15) and ferulic acid methyl ester (16) (Yao et al., 2006), 3-[2,3-

dihydro-2-(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-7-methoxy-5-benzofuranyl]-

(2Z)-acrylic acid methyl ester (17) (Fukuyama et al., 1986) and 4-[2-hydroxy-2-(4-hydroxy-3-

methoxyphenyl)-1-(hydroxymethyl)ethyl]-ferulic acid methyl ester (18) (Helm and Ralph, 

1992), a synthetic model compound. 

Conclusion. In total, 11 glucosinolates and 18 phenolic compounds were identified 

from rapeseed. All the glucosinolates detected in this study had previously been found from 

rapeseed. In addition to eight new natural products (3, 5, 6, 8, 9, 11, 14 and 18), compounds 

13 and 17 were reported from rapeseed for the first time. The acquired information about 

purification and stuctures of secondary metabolites in rapeseed is useful for further tissue-

specific detection of these compounds. 
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ABSTRACT 

Four different parts, hypocotyl and radicle (HR), inner cotyledon (IC), outer cotyledon 

(OC), seed coat and endosperm (SE), were sampled from mature rapeseed (Brassica napus) 

by laser microdissection. Subsequently, major secondary metabolites, glucosinolates and 

sinapine, as well as three minor ones, a cyclic spermidine conjugate and two flavonoids, 

representing different compound categories, were qualified and quantified in dissected 

samples by high-performance liquid chromatography with diode array detection and mass 

spectrometry. No qualitative and quantitative difference of glucosinolates and sinapine was 

detected in embryo tissues (HR, IC and OC). On the other hand, the three minor compounds 

were observed to be distributed unevenly in different rapeseed tissues. The hypothetic 

biological functions of the distribution patterns of different secondary metabolites in rapeseed 

are discussed. 

 
INTRODUCTION 

Seeds, the reproductive organs of plants, generally consist of seed coat, endosperm and 

embryo. Seed coats protect seeds during dormancy; endosperms normally provide nutrients 

during germination and, in the initial growth phase of the developing seedling; while embryos, 

which consist of cotyledons, hypocotyl and radicle, develop into different organs of the 

seedlings. According to the requirements of different physiological processes, nutrients and 

other metabolites are distributed and deposited in various seed organs. The embryo -- which 

in the case of rapeseed (Brassica napus L.) refers especially to the cotyledons -- is a storage 

site for lipids. In rapeseed, the oil contents reach approximately 40% (w/w), making rape a 

major oil crop; worldwide it contributes up to 15 % of global oil production (Wolfram et al., 

2010). Glucosinolates, which account for 3-8 % of the rapeseed meal of conventional 

cultivars and 0.5-1.0 % of low-glucosinolate cultivars, may have a depot function for nitrogen, 

as cyanogenic glucosides do (Bones and Rossiter, 1996). Phenolic choline esters, mainly 

sinapate choline esters, are the other major class of secondary metabolites in rapeseed. 

Sinapine, the choline ester of sinapic acid, is the predominant compound of that type, 
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constituting 1-2 % (w/w) of the rapeseed meal (Fenwick, 1982). Although the sinapine 

biosynthesis pathway has been well investigated in Brassicaceae plants (Milkowski and 

Strack, 2010), the biological functions of sinapate choline esters are barely known. Sinapine 

was thought to be stored in Raphanus sativus seeds as a supply of choline, a compound that 

aids phosphatidylcholine biosynthesis in young seedlings (Strack, 1981). From a nutritional 

point of view, the presence of the major secondary metabolites, glucosinolates and sinapates, 

are unwanted because of their antinutritive properties (Nesi et al., 2008). However, these 

compounds are very important for helping plants adapt to their biotic and abiotic 

environments (Wink, 2003; Hartmann, 2007), and in plants different classes of secondary 

metabolites play specific ecological functions.  

The glucosinolate-myrosinase system found in rape and other Brassicales is one of the 

best-explored plant chemical defense systems against herbivores (Winde and Wittstock, 2011). 

Glucosinolate-derived indolics are also involved in antifungal defense (Bednarek et al., 2009). 

Flavonoids, sinapates and other phenolics have been found in rapeseed and protect plants 

from ultraviolet-B (UV-B) stress (Li et al., 1993; Landry et al., 1995; Li et al., 2010). 

Because different classes of secondary metabolites possess individual biological functions, it 

is reasonable to speculate that diverse secondary metabolites in rapeseed accumulate 

separately in specific tissues and play different roles in physiological processes or ecological 

interactions.  

A recent study, in which laser microdissection (LMD) was successfully used to harvest 

specific tissues from developing rapeseed (Schiebold et al., 2011), encouraged us to apply 

LMD to sample different tissues of mature rapeseed and map the distribution of diverse 

secondary metabolites in the seed tissues. Insights gained from understanding how secondary 

metabolites are distributed in rapeseed can help us to conceive the biosynthesis and function 

of these metabolites in the plant. 

LMD has been successfully used to harvest specific tissues or cells from plant material 

for transcript and protein analyses (Hölscher and Schneider, 2008; Nelson et al., 2008), and 

micro-spatial metabolic profiling studies (Hölscher and Schneider, 2007; Li et al., 2007; 

Nakashima et al., 2008; Obel et al., 2009; Abbott et al., 2010). In this study, LMD was used 

to sample four different parts, namely, hypocotyl and radicle (HR), inner cotyledon (IC), outer 

cotyledon (OC), seed coat and endosperm (SE) (Figure 1) from mature rapeseed. Secondary 

metabolites of different classes found in rapeseed cv. “Emerald,” namely glucosinolates, 

sinapine, a cyclic spermidine conjugate and flavonoids (manuscript 4.1), were quantified in 

the extracts of dissected tissues by high-performance liquid chromatography - diode array 

detection and mass spectrometry (HPLC-DAD/MS). Here we report the distribution patterns 
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of the above secondary metabolites in different rapeseed tissues and discuss their potential 

physiological and ecological relevance.  

 
Figure 1. Work flow of laser microdissection of rapeseed. (A) Progress of laser microdissection workflow 
applied to rapeseed. Hypocotyl and radicle (HR), inner cotyledon (IC), outer cotyledon (OC), seed coat and 
endosperm (SE) were successively dissected from rapeseed. (B) Micrographs of dissected tissues. Bar represents 
1 mm. 

RESULTS AND DISCUSSION 

Laser microdissection of rapeseed 

The progress of LMD workflow applied to rapeseed is shown in Figure 1A. Four tissue 

parts, hypocotyl and radicle (HR), inner cotyledon (IC), outer cotyledon (OC), seed coat and 

endosperm (SE) (Figure 1B), were successively dissected from rapeseed cryosections and 

collected for analysis. HR, IC, and OC constitute the rapeseed embryo, and SE is material 

from the seed hull. The sampling was performed on four individual seeds. The weights of the 

four parts from each seed are listed in Table 1. The weights include the supporting 

polyethylene terephthalate (PET) membrane of the frame slide, which was unavoidably cut 

along with the seed tissues. The dissected materials were prepared for further analysis 

according to procedures described in the Materials and methods section. 
Table 1. Weights (mg) of laser microdissected samples1 obtained from four individual seeds. HR: hypocotyl and 
radicle; IC, inner cotyledon; OC, outer cotyledon; SE, seed coat and endosperm.  

 

 

 
 

 

1 The samples include the supporting polyethylene terephthalate (PET) membrane of frame slides, which was cut 
together with the seed material. 

Seed HR IC OC SE 
1 0.50 1.19 2.05 0.69 
2 0.46 1.11 1.59 0.57 
3 0.64 1.00 1.43 0.57 
4 0.58 0.98 1.39 0.47 
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Figure 2. glucosinolate profiles and distribution in different rapeseed tissues. (A) HPLC chromatograms of 
glucosinolate profiling in laser-microdissected samples from rapeseed detected at 229 nm. ▼ contamination 
peaks. (B) Total glucosinolate concentration and concentrations of individual glucosinolates 1 – 11 in four 
dissected samples. HR, hypocotyl and radicle; IC, inner cotyledon; OC, outer cotyledon; and SE, seed coat and 
endosperm. Each column shows the mean of four replicates with standard error. * means not detectable. Peaks: 1, 
progoitrin; 2, epiprogoitrin; 3, glucoraphanin; 4, gluconapoleiferin; 5, glucoalyssin; 6, gluconapin; 7, 4-
hydroxyglucobrassicin; 8, glucobrassicanapin; 9, glucoerucin; 10, glucoberteroin; and 11, gluconasturtiin. 
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Glucosinolates in rapeseed 

Glucosinolates were determined in their desulfated form by HPLC-DAD/MS at 229 nm. 

Figure 2A shows chromatograms of the extracts of four seed tissues, HR, IC, OC and SE, 

dissected from rapeseed. Altogether, 11 desulfated glucosinolates, which have been recently 

identified in the “Emerald” cultivar of rapeseed (manuscript 4.1), were determined by 

comparing MS data and retention times with those of references. The concentrations of 

identified glucosinolates (Figure 2B) from different seed tissues were calculated relative to 

the internal standard sinalbin. The concentration of glucosinolates in this cultivar is relatively 

high. Total glucosinolate concentrations in embryo tissues (HR, IC and OC) are higher than 

100 μmol/g DW, and they are not statistically different between embryo tissues. Progoitrin (1) 

and gluconapin (6) are the predominant glucosinolates in this cultivar as they are in other 

rapeseed cultivars (El-Din Saad El-Beltagi and Amin Mohamed, 2010). In the three embryo 

parts (HR, IC and OC), glucosinolate profiles are the same, and the individual glucosinolate 

concentrations are not significantly different. The concentrations of detected glucosinolates in 

SE samples are significantly lower than those in embryo tissues. Glucosinolates, 

glucoraphanin (3), gluconapoleiferin (4), glucoalyssin (5), glucoerucin (9), glucoberteroin (10) 

and gluconasturtiin (11) could not be detected in SE tissues, probably because of the very 

small amounts of dissected material available for analysis (Table 1), and the SE tissue is 

dominated by a hard seed coat. Glucosinolates of brassicaceous plants are well-known 

defense compounds, effective against herbivores and pathogens (Bednarek et al., 2009; 

Winde and Wittstock, 2011). The evenly distributed glucosinolates in HR, IC and OC seem to 

provide protection for the entire embryo and, during germination, may help defend the 

emerging seedling. 

Sinapine in rapeseed 

Sinapine (12), the choline ester of sinapic acid, represents the dominant phenolic 

compound in rapeseed (Figure 3A). The concentration of sinapine in four tested seeds of the 

“Emerald” cultivar averaged 20.36 μmol/g. Average sinapine concentrations (Figure 3B) 

found in three embryo tissues (HR, IC and OC) are close to each other, and all of them are 

higher than 22 μmol/g. The concentration detected in SE (0.72 μmol/g) is significantly lower 

than that in the embryo tissues. This finding is in accordance with the reported occurrence of 

sinapine mainly in rapeseed embryo (Liu et al., 2012). 

Much experimental evidence suggests that the sinapine stored in rapeseed provides a 

supply of sinapic acid and choline, both of which serve as important precursors for essential 

plant components. Sinapine (12) degrades into sinapic acid and choline during early stages of 

seed germination (Tzagoloff, 1963; Bopp and Ludicke, 1975; Strack, 1981), and the two 
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components are used in later biosynthetic processes (Tzagoloff, 1963). In Raphanus sativus 

seedlings, choline released from sinapine was proven to be processed biosynthetically to 

phosphatidylcholine (Strack, 1981), and the sinapic acid moiety was hypothesized as the 

precursor for the biosynthesis of further phenolic compounds, such as flavonoids (Tzagoloff, 

1963). The even distribution of sinapine in rapeseed embryo tissue supports its hypothetical 

depot function. 

 

Figure 3. Distribution of sinapine in rapeseed. (A) 
Structure of sinapine (12). (B) Sinapine concentrations in 
different rapeseed tissues and whole rapeseed. HR, 
hypocotyl and radicle; IC, inner cotyledon; OC, outer 
cotyledon; and SE, seed coat and endosperm. Each 
column shows the mean of four replicates with standard 
error. 
 

 

 

Cyclic spermidine conjugates in rapeseed 

Cyclic spermidine conjugates in non-glucosinolate (NG) fractions of laser-

microdissected rapeseed tissues were detected by HPLC-ESIMS in positive ionization mode 

(see Materials and methods). The major peak in extracted ion chromatogram (EIC) for ions at 

m/z 496.4 ([M+1]+) (Figure S1) was identified as the major cyclic spermidine conjugate (13) 

(Figure 4A), based on its molecular mass of 495 Da and comparing the retention time with the 

compound recently isolated from rapeseed (manuscript 4.1). Based on the same molecular 

mass in the EIC and the same fragmentation patterns in MS/MS analysis compared to those of 

the major peak, several minor peaks (Figure S1) were suggested to be isomeric cyclic 

spermidine conjugates. However, structural details remained unassigned because nuclear 

magnetic resonance (NMR) data are lacking. The average concentration of compound 13 in 

the whole rapeseed is 1.94 μmol/g, as calculated from a calibration curve. Interestingly, the 

cyclic spermidine conjugates were found only in HR, where the average concentration of 13 is 

as high as 13.48 μmol/g. Compound 13 and minor cyclic spermidines are absent in SE, IC and 

OC tissues (Figures 4B, S1). No free spermidine was detected in any sample. 

Polyamines (PAs) and phenylpropanoid-polyamine conjugates (PPCs) are widely 

distributed in plants (Bienz et al., 2005), including seeds (Luo et al., 2009), and play 

important roles in plant growth, abiotic stress tolerance and defense against insect herbivores 

(Kusano et al., 2008; Alcázar et al., 2010; Kaur et al., 2010). Compound 13 (Figure 4A) was 

previously identified as the sole PPC from the same plant material, rapeseed (Baumert et al., 
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2005; Clauß et al., 2011). Nevertheless, this is the first time that the distribution of PPCs in 

seeds has been directly demonstrated. Our results showed that PPCs in rapeseed accumulate 

only in HR. This is consistent with the expression of PPC biosynthetic genes in Arabidopsis 

seeds (Luo et al., 2009). The same authors also demonstrated that PPCs degrade at an early 

stage of seed germination (Luo et al., 2009). Based on this evidence, PPCs that have 

accumulated in rapeseed are proposed to be sources of PAs and involved in diverse processes 

of plant growth and development (Kusano et al., 2008; Alcázar et al., 2010). Further 

experiments will establish the precise roles of PPCs distributed in hypocotyl and/or radicle in 

rapeseed.   Degradation products derived from PPCs also contain phenylpropanoids, which 

are universal precursors for condensed phenolics in plants. 

 
Figure 4. Distribution of the major cyclic spermidine 

in rapeseed. (A) Structure of the major cyclic 

spermidine conjugate (13) identified from rapeseed. (B) 

The concentration of 13 in different tissues and whole 

rapeseed. HR, hypocotyl and radicle; IC, inner cotyledon; 

OC, outer cotyledon; and SE, seed coat and endosperm. 

Each column shows the mean of four replicates with 

standard error, and * means not detectable. 
 

 

 
Flavonoids in rapeseed 

Two major flavonoids, kaempferol-3-O-β-D-glucopyranosyl-(1→2)-β-D-

glucopyranoside-7-O-β-D-glucopyranoside (14) and kaempferol-3-O-(2-O-sinapoyl)-β-D-

glucopyranosyl-(1→2)-β-D-glucopyranoside-7-O-β-D-glucopyranoside (15) (Figure 5A), are 

known from the rape cultivar “Emerald” (manuscript 4.1). Using calibration curves, the two 

flavonoids in dissected rapeseed samples were quantified by HPLC-ESIMS in negative mode. 

The average concentrations of flavonoids 14 and 15 in the whole seed are 0.23 and 0.42 

μmol/g, respectively (Figure 5B). The distribution pattern of flavonoids in different rapeseed 

tissues is contrary to that of PPCs. Compounds 14 and 15 were mainly detected in cotyledon 

parts (IC and OC) (Figure S2), where their concentrations are similar. Meanwhile, the two 

flavonoids are not detectable in SE and almost undetectable in HR (Figure 5B). In fact, a trace 

of flavonoid 15 was detected in only one of the four HR samples. No kaempferol derivative 

was detectable in the other three HR samples. 
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Figure 5. Distribution of the two major flavonoids in 
rapeseed. (A) Structures of two major flavonoids found 
in rapeseed: 14, kaempferol-3-O-β-D-glucopyranosyl-
(1→2)-β-D-glucopyranoside-7-O-β-D-glucopyranoside; 
and 15, kaempferol-3-O-(2-O-sinapoyl)-β-D-
glucopyranosyl-(1→2)-β-D-glucopyranoside-7-O-β-D-
glucopyranoside. (B) Concentrations of 14 and 15 in 
different rapeseed tissues and whole rapeseed. HR, 
hypocotyl and radicle; IC, inner cotyledon; OC, outer 
cotyledon; and SE, seed coat and endosperm. Each 
column shows the mean of four replicates with standard 
error, and * means not detectable. 
 

 

 

 

 

 

 

 

 

Flavonoids, which constitute an enormously diverse class of phenolic secondary 

metabolites, are involved in various physiological and ecological processes in plants (Croteau 

et al., 2000). A common function of flavonoids is protecting plants from UV-B irradiation 

(Harborne and Williams, 2000), which was also demonstrated in rape (Wilson and Greenberg, 

1993; Wilson et al., 1998). Here, the finding of flavonoid accumulation in the primordial 

tissue of the cotyledons (IC and OC) of mature rapeseed leads to the hypothesis that these 

compounds are preformed for protecting the chlorophyll and other light-sensitive components 

from UV-B irradiation in cotyledons emerging during germination. Flavonoids also 

accumulate in seed coats to protect seeds against diverse biotic and abiotic stresses (Lepiniec 

et al., 2006). As in other seeds, proanthocyanidins accumulate in rapeseed coats. Responsible 

for the seed color, they are normally insoluble (Auger et al., 2010). Oligomers and polymers 

are the probable reason why monomeric flavonoids were not detected in rapeseed hull tissue, 

specifically in SE. 

 

CONCLUSION 

Recent studies on the tissue-specific distribution of soluble primary metabolites such as 

lipids, amino acids, carbohydrates and polymers (starch) demonstrated the feasibility of the 

LMD-based chemical analysis of rapeseed organs (Schiebold et al., 2011). The major primary 
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metabolites in rapeseed embryo tissues are quantitatively but not qualitatively different, 

because these components are storage products and are involved in essential life cycles of 

plant growth and development. Unlike primary components, secondary metabolites help 

plants adapt to their biotic and abiotic environments (Wink, 2003; Hartmann, 2007). Seed 

tissues play different roles before and during germination, and develop into individual plant 

organs after germination. Therefore, secondary metabolites are speculated to accumulate 

unevenly in different seed tissues. The finding that some of the secondary metabolites 

detected in this work have different tissue-specific distribution patterns not only solidly 

supports this hypothesis but also offers the first clue to the biological functions of the 

secondary metabolites in the mature seed and probably during germination. The knowledge 

about the specific localization may be used to study the regulation of the biosynthesis and 

metabolic modification of secondary metabolites. On the other hand, the described sampling 

methodology, LMD, can be adjusted to facilitate the tissue-specific detection of metabolites, 

proteins and RNA in other plant materials. 

 

MATERIAL AND METHODS 

Plant material 

Rapeseed (winter cultivar “Emerald”) used in this study was purchased from Raps GbR 

(Langballig, Germany). Entire seeds were used for analysis. 

Laser microdissection  

The basic work flow of LMD and its application to plant tissue has been reported 

(Hölscher and Schneider, 2008; Moco et al., 2009). Mature rapeseed was fixed vertically in 

Jung tissue freezing medium (Leica Microsystems GmbH, Nussloch, Germany), and 

immediately frozen in liquid nitrogen. Serial cryosections (60 μm thickness) were prepared at 

–24°C using a cryostat microtome (Leica CM1850, Bensheim, Germany) and directly 

mounted on PET-Membrane FrameSlides (MicroDissect GmbH, Herborn, Germany). LMD 

was performed on the Leica LMD 6000 laser microdissection system (Leica Microsystems 

GmbH, Wetzlar, Germany) equipped with a nitrogen solid state diode laser of a short pulse 

duration (355 nm). The cutting settings were as follows: 20 × magnification, laser intensity of 

128 (the strongest), laser moving speed of 1 (the slowest). The cut materials were collected in 

the cap of 0.5 ml centrifuge tubes by gravity and then transferred to an HPLC vial. The 

pictures were taken by a microscope-integrated camera HV-D20P (Hitachi, Tokyo, Japan). 

Rapeseed was dissected into four parts, HR, IC, OC, and SE (Figure1), and weights, including 
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the supporting PET membrane of the frame slide, which was unavoidably cut along with the 

plant tissue, are listed in Table 1. 

Sample preparation 

Generally, each sample was separated into glucosinolate fraction and non-glucosinolate 

(NG) fraction for further analysis through the procedure adapted from the literature (Burow et 

al., 2006). The four dissected tissue groups (HR, IC, OC, and SE) were extracted separately in 

an ultrasonic bath for 10 min with 1 ml 80% (v/v) MeOH, which contains 10 μM sinalbin as 

an internal standard for glucosinolates and 10 μM cinnamic acid choline ester synthesized 

according to (Böttcher et al., 2009) as an internal standard for sinapine. The weak anion 

exchange DEAE Sephadex cartridges (Sigma, Steinheim, Germany), which were conditioned 

with 800 μl H2O and equilibrated with 500 μl 80% (v/v) MeOH before use, were used to 

separate glucosinolates from the other compounds. Each sample (800 μl extract) was loaded 

to the cartridge and eluted with 500 μl 80% (v/v) MeOH. Eluate (1300 μl) was collected as an 

NG fraction and dried in a vacuum centrifuge evaporator Genevac HT-4X (Genevac Ltd, 

Suffolk, UK). Samples were reconstituted in 200 μl 20% (v/v) MeCN for NG analysis. The 

DEAE Sephadex cartridges were further eluted by 1 ml H2O twice and 500 μl 0.02 M 2-(N-

morpholino)ethanesulfonic acid buffer (pH 5.2). Sulfatase (30 μl solution) (Sigma, Steinheim, 

Germany) was prepared as described in (Graser et al., 2001) and loaded onto the cartridge. 

The cartridges were capped, incubated at ambient temperature overnight, and eluted with 500 

μl H2O for desulfated glucosinolate analysis. 

Identification and quantification of glucosinolates 

Desulfated glucosinolates were identified with HPLC-DAD/MS by comparing their 

mass spectrometric data and retention times with those of references. The compounds were 

quantified based on an internal standard with DAD. HPLC was conducted on an Agilent 

series HP1100 (binary pump G1312A, autosampler G1367A, diode array detector G1315A; 

Agilent Technologies, Waldbronn, Germany). Chromatographic separation was performed on 

a LiChrospher RP18 column (5 μm, 250 × 4.6 mm, Merck, Darmstadt, Germany) with a 

guard column (5 μm, 4 × 4 mm) using a linear binary gradient of H2O (solvent A) containing 

0.2% (v/v) formic acid (FA) and MeCN (solvent B), with a flow rate of 1.0 ml min-1 at 25 °C 

as follows: 0 min: 1.5% B, 1 min: 1.5% B, 6 min: 5% B, 8 min: 7% B, 18 min: 21% B, 23 

min: 29% B, 23.1 min: 100% B, 24 min: 100% B, 24.1 min: 1.5% B, and 28 min: 1.5% B. 

The injection volume was 50 μl. The absorption of HPLC eluate was monitored by DAD at 

229 nm. 

Identification and quantification of phenolics in the NG fractions 
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HPLC-ESIMS was applied to quantify phenolics in laser-microdissected samples in NG 

fractions. The chromatographic separation was performed on a Nucleodur Sphinx RP column 

(5 μm, 250 × 4.6 mm; Macherey-Nagel GmbH, Düren, Germany) using the above-mentioned 

separation conditions (HPLC system, flow rate, temperature, and eluent) except a linear 

gradient, which was as follows: 0 min: 10% B, 20 min: 30% B, 25 min: 70% B, 25.1 min: 100% 

B, 28 min: 100% B, 28.1 min: 10% and 32 min: 10% B. The injection volume was 10 μl. 

Electrospray ionization mass spectra of HPLC eluate were monitored on an Esquire 6000 ion 

trap mass spectrometer (Bruker Daltonics, Bremen, Germany). Both positive and negative 

modes were used in the range m/z 150-1200 with skimmer voltage +/−40 V, capillary exit 

voltage +/−150 V, capillary voltage −/+4000 V, nebulizer pressure 35 psi, drying gas 10 L 

min-1, and gas temperature 350 °C. Phenolics were identified based on their MS data and 

comparing the chromatographic retention times to those of compounds reported for rapeseed 

of cv. “Emerald” (manuscript 4.1). The concentration of sinapine was calculated relative to 

the internal standard cinnamic acid choline ester in positive mode. The cyclic spermidine 

conjugate and two flavonoids were quantified using calibration curves in positive and 

negative modes, respectively. 

Data analysis 

The experiments were performed in four replicates. Data are reported as means ± 

standard deviation (SD). Analyses of variance and significant differences among means were 

tested by one-way ANOVA using SPSS Statistics 17.0. The least significant difference at P = 

0.05 level was calculated. 
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Abstract 

The concentration of secoisolariciresinol diglucoside (SDG) found in flaxseed (Linum 

usitatissimum L.) is higher than that found in any other plant. It exists in flaxseed coats as an 

SDG-3-hydroxy-3-methylglutaric acid (HMGA) oligomer complex. A laser microdissection 

(LMD) method was applied to harvest material from different cell layers of seed coats of 

mature and developing flaxseed to detect the cell-layer specific localization of SDG in 

flaxseed; NMR and HPLC were used to identify and quantify SDG in dissected cell layers 

after alkaline hydrolysis. The obtained results were further confirmed by a standard molecular 

method. The promoter of one pinoresinol-lariciresinol reductase gene of L. usitatissimum 

(LuPLR1), which is a key gene involved in SDG biosynthesis, was fused to a β-glucuronidase 

(GUS) reporter gene, and the spatio-temporal regulation of LuPLR1 gene expression in 

flaxseed was determined by histochemical and activity assays of GUS. The result showed that 

SDG was synthesized and accumulated in the parenchymatous cell layer of the outer 

integument of flaxseed coats. 

 

Keywords: flaxseed, gene expression, β-glucuronidase, laser microdissection, lignans, Linum 

usitatissimum, localization, parenchymatous cells, pinoresinol-lariciresinol reductase, 

secoisolariciresinol diglucoside. 
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Introduction 

Linum usitatissimum, a plant with multiple uses, has traditionally been cultivated for 

fiber and oil production. Flaxseed is a rich source of polyunsaturated fatty acids and lignans. 

These components contribute beneficial nutritional and health-related functions to a flaxseed 

diet (Oomah, 2001; Adolphe et al., 2010; Singh et al., 2011). 

Flaxseed is by far the richest source of lignans in the plant kingdom. Between 6.1 and 

28.8 mg/g of secoisolariciresinol diglucoside (SDG) (5 in Fig. S1), was reported as the 

predominant lignan in whole flaxseed. This SDG concentration is higher in flaxseed than in 

any other edible plant (Axelson et al., 1982; Thompson et al., 1991). SDG was almost 

undetectable in flaxseed in any developing stage (Ford et al., 2001; Hano et al., 2006). 

Directly after its formation, SDG is assembled into oligomeric lignan macromolecules (6 in 

Fig. S1), in which from one to seven SDGs are linked by 3-hydroxy-3-methylglutaric acid 

(HMGA) through ester bonds (Klosterman and Smith, 1954; Kamal-Eldin et al., 2001; Struijs 

et al., 2009). Here, these macromolecules are collectively designated the SDG-HMG oligomer 

complex.  

The following biosynthetic pathway (Fig. S1) of both SDG and SDG macromolecules in 

flaxseed, has been proposed: a dirigent protein-assisted coupling of two E-coniferyl alcohol (1 

in Fig. S1) units results in one molecule of (−)-pinoresinol (2 Fig. S1). (−)-Pinoresinol is 

successively converted into (−)-lariciresinol and (+)-secoisolariciresinol (3 and 4 in Fig. S1). 

Then the latter molecule is glycosylated to SDG. Finally, SDG condenses with HMG-CoA to 

form the SDG-HMG oligomer complex (Umezawa et al., 1991; Ford et al., 2001; Hano et al., 

2006; Hemmati et al., 2010).  

The L. usitatissimum pinoresinol-lariciresinol reductase (LuPLR1) gene encoding the 

enzyme responsible for the synthesis of the major enantiomer (+)-secoisolariciresinol is 

strongly expressed in the seed coats of developing flaxseed, suggesting that SDG is 

synthesized and accumulated in this tissue (Hano et al., 2006). This is in agreement with 

enhanced levels of SDG in mechanically obtained coat-enriched fractions of mature seeds 

(Madhusudhan et al., 2000; Wiesenborn et al., 2003). LuPLR2, another PLR gene, encoding a 

protein with an enantiospecificity opposite to LuPLR1 exists in flaxseeds (Hemmati et al., 

2010). LuPLR2 is responsible for the synthesis of the minor (–)-secoisolariciresinol 

enantiomer in flaxseeds. It is generally accepted knowledge that lignans accumulate in the 

seed coats and are absent in embryos.  

Fig. 1 shows the anatomical structure of mature flaxseed coats. It consists of an outer 

integument with layers of mucilaginous cells (MCs), parenchymatous cells (PCs), and 

sclerified cells (SCs) and a flat layer of compressed cells (CCs), and the inner integument 
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comprising the brown cell (BC) and the endosperm cell (EC) layers. Immunolocalization data 

obtained by using antibodies against secoisolarciresinol, the aglycone of SDG, suggested 

accumulation of SDG mainly in the SCs of the outer integument of mature flaxseed 

(Attoumbré et al., 2010). The same method was applied to detect SDG in immature flaxseed 

at different developmental stages (Attoumbré et al., 2011).  

 
Fig. 1. Anatomy of a mature flaxseed coat. (A) Micrograph of a semi-thin section (5 µm) of mature flaxseed (cv. 
Barbara) coats stained with toluidine blue. Bar represents 50 μm. (B) Schematic organization of mature flaxseed 
coats (from P. Ozenda, Les végétaux – organisation et diversité biologique, Ed. Dunod, 2000 p 378, ISBN 2 10 
004684 5), reproduced with kind permission of Dunod Éditeur (Paris, France). MC, mucilaginous cell; PC, 
parenchymatous cell; SC, sclerified cell; CC, compressed cell; BC, brown cell; EC, endosperm cell. 

Further localization studies to better understand the site of synthesis and accumulation 

of SDG at a cellular level are presented here. Knowledge of cell-type specific localization of 

metabolites in seed coats would shed light on the putative ecological function of lignans, 

especially of the SDG oligomer complex, in defending the seeds against pathogens and/or 

their physiological role in seed development and germination. In addition, knowing the 

biosynthetic capacity of special cells in the seed coat would allow studying regulatory 

processes involved in individual steps of lignan biosynthesis in these cells. Understanding 

regulation of the lignan biosynthetic pathway would potentially open the chance to establish 

biotechnological production of lignans. 

Laser microdissection (LMD) has been used to harvest specific tissues or cells from 

plant materials for transcript and protein analysis (Hölscher and Schneider, 2008; Nelson et 

al., 2008) and enabled micro-spatial metabolic profiling studies (Hölscher and Schneider, 

2007; Nakashima et al., 2008; Hölscher et al., 2009). In this work, LMD was employed to 

sample the materials from different layers of both developing and mature flaxseed coats. After 

SDG was released by alkaline hydrolysis, NMR and HPLC methods were applied to identify 

and quantify SDG in these samples by comparing data with those of the standard compound 

isolated from flaxseed coats.  
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The LuPLR1 gene, which is involved in converting (–)-pinoresinol into (–)-lariciresinol 

and then into (+)-secoisolariciresinol, is expressed in flaxseed coats (Hano et al., 2006). To 

confirm the results obtained by LMD, flax transgenic plants containing the LuPLR1 gene 

promoter upstream from the β-glucuronidase (GUS) reporter gene (Jefferson et al., 1987) 

were prepared. The histochemical staining of GUS was used to determine the location of 

LuPLR1 gene expression in different developmental stage seeds, as well as LuPLR1 gene 

expression was detected in different parts of wild type flaxseed by the semi-quantitative 

reverse transcription-polymerase chain reaction (RT-PCR). Moreover, fluorescence 

spectrophotometry was applied to quantify GUS activities in various parts of the flaxseed to 

obtain temporal information about LuPLR1 gene expression. 

In this article, we describe the cell layer-specific detection of secondary metabolites by 

using chemical and molecular methods in parallel to elucidate both the spatial distribution of 

SDG as well as the temporal production of SDG in flaxseed during maturation. Our results are 

different from those reported by immunolocalization studies of SDG in flaxseed (Attoumbré 

et al., 2010, 2011).  

 
Material and methods 

Wild type and transgenic flaxseed 

Seeds of L. usitatissimum cv. Barbara were obtained from the cooperative Terre de Lin 

(Fontaine le Dun, France) and Laboulet semences (Airaines, France). Flax plants used for 

LMD were raised in the greenhouse of the Max Planck Institute for Chemical Ecology in Jena, 

Germany. The plants were grown in soil under greenhouse conditions (day 22–24°C, night 

18–20°C; 30–55% relative humidity; the natural photoperiod was supplemented with 14 h 

illumination from Phillips Sun-T Agro 400 Na lights). Bolls were harvested at 25 days after 

flowering (DAF) in order to obtain immature seeds. 

Transgenic flax plants were obtained as described (Renouard et al., 2012). In brief, the 

Agrobacterium tumefaciens strain GV3101 (pGV2260) was used for transformation. The 

construct contained an 895 bp fragment of the LuPLR1 gene promoter (accession number 

AY654626) cloned upstream from the GUSint reporter gene (which contains an intron) into 

the HindIII-XbaI sites of pGIBin19 plasmid; a transcriptional fusion with the GUSint reporter 

gene was then created. 

Transgenic flax plants and wild type plants were grown in the greenhouse of the Centre 

de Ressources Régionales en Biologie Moléculaire (CRRBM) of the University of Picardie 

Jules Verne under the conditions mentioned above. Seeds were harvested at different 

developmental stages for further gene expression studies: S0 (ca 4 DAF, embryo not visible); 
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S1 (ca 10 DAF, embryo 0.5-1 mm); S2 (ca 16 DAF, embryo 2-3 mm); S3 (ca 22 DAF, 

embryo 4-5 mm, green seed), S4 (ca 28 DAF, embryo 5 mm, seed coat turning brown), S5 

(mature seed ca 40 DAF, embryo 5 mm, brown seed coat). 

Manual separation of mature seeds 

The work flow involved in separating mature seeds and 25 DAF seeds is shown in Fig. 

2. Flaxseed was manually separated under a binocular microscope Stemi DV4 (Carl Zeiss 

MicroImaging GmbH, Jena, Germany). Mature seeds were cut longitudinally around the 

equator into two halves and embryos were removed from seeds by using a needle. The seed 

coats contain two parts, outer and inner integuments, which attach to each other loosely (Fig. 

S2A). It was easy to separate the outer and inner integuments by a very fine forceps and a 

needle under a microscope (Fig. S2B). Material of the mucilaginous cell layer can be picked 

by a needle under the microscope and separated from the rest of the seed coat (Fig. S2C).  

 
Fig. 2. Schematic representation of workflow involved in separating mature and 25 DAF flax seeds. Mature 
flaxseed was divided into embryos and seed coats; seed coats are further separated into two parts, A and B. A 
contains ECs and BCs, and B consists of CCs, SCs, PCs and MCs. LMD was applied to cut B into two subparts, 
B1 and B2, which comprise SCs and CCs, PCs and MCs, respectively. Some material was isolated from MCs as 
part C. After sample preparation, 25 DAF seed coats were directly dissected into three parts, I (MCs), II (MCs + 
PCs) and III (ECs-SCs). DAF, days after flowering; LMD, laser microdissection; MC, mucilaginous cell; PC, 
parenchymatous cell; SC, sclerified cell; CC, compressed cell; BC, brown cell; EC, endosperm cell. 

Laser microdissection 

The basic work flow of LMD has been reported (Moco et al., 2009). The materials 

(outer integument for a mature seed or a whole developing seed) were fixed vertically in Jung 

tissue freezing medium (Leica Microsystems GmbH, Nussloch, Germany), and immediately 

frozen in liquid nitrogen. Serial cryosections (25 μm thickness) were prepared at –24°C using 

a cryostat microtome (Leica CM1850, Bensheim, Germany) and directly mounted on PET-

Membrane FrameSlides (MicroDissect GmbH, Herborn, Germany). 
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The laser dissections were performed on the Leica LMD 6000 microdissection system 

(Leica Microsystems GmbH, Wetzlar, Germany) equipped with a nitrogen solid state diode 

laser of a short pulse duration (355 nm). The settings were as follows: 20× magnification, 

laser intensity of 90, laser moving speed of 1 (the slowest). The cut materials were collected 

in the cap of a 0.5 ml centrifuge tube by gravity. The pictures were taken by an integrated 

camera HV-D20P (Hitachi, Tokyo, Japan). 

Alkaline hydrolysis of separated samples 

Manually separated samples were transferred into 20 ml glass vials. Then 4 ml 20 mM 

NaOH (in MeOH / H2O 1:1) was added. After magnetic stirring at ambient temperature for 3 

h, the solutions were neutralized with 1% (V/V) acetic acid. Laser-microdissected samples 

were transferred into HPLC vials (1.5 ml), 1 ml 20 mM NaOH (in MeOH / H2O 1:1) was 

added and the samples were hydrolyzed correspondingly. The hydrolysis solutions were dried 

in vacuum <40 °C. 

NMR analysis of alkaline hydrolyzed samples 

The manually separated samples were extracted with 600 μl MeOH-d4 (99.96%, 

Deutero GmbH, Kastellaun, Germany) in an ultrasonic bath for 2 min and filtered into 5 mm 

diameter NMR tubes. The LMD samples were prepared in the same way but with 90 μl 

solvent and 2 mm NMR tubes. 1H NMR and 2D spectra (1H,1H COSY and HSQC) were 

recorded at 300 K in a Bruker Avance 500 NMR spectrometer equipped with a 5 mm 

cryogenic TCI probe (Bruker-Biospin, Rheinstetten, Germany). 1H NMR spectra were 

recorded with 1024 scans. The residual HDO signal was suppressed using the PURGE 

sequence (Simpson and Brown, 2005). The residual signals of methanol-d4 at δ1H 3.31 and 

δ13C 49.00 were used as chemical shift references (Gottlieb et al., 1997). 

HPLC analysis of alkaline hydrolyzed samples 

Analytical HPLC (paper 5.1) was performed on an Agilent series HP1100 (binary pump 

G1312A, autosampler G1367A, diode array detector (DAD) G1315A, 200–700 nm) (Agilent 

Technologies, Waldbronn, Germany). A LiChrospher RP18 column (5 μm, 250 × 4 mm. 

Merck KGaA, Darmstadt, Germany) was used with a linear binary gradient of H2O (solvent A) 

and MeCN (solvent B), both containing 0.1% (V/V) trifluoroacetic acid, with a flow rate of 

0.8 ml min-1 at 25 °C as follows: 0 min: 5% B, 35 min: 25% B, 37 min: 95% B, 47 min: 95% 

B, 50 min: 5% B, and 60 min: 5% B. The injection volume was 5 μl. The HPLC eluate was 

monitored by DAD at 280 nm. 

Manual dissection of developing seeds for gene expression studies 
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For GUS activity assays, immature seeds of stages S2, S3 and S4 were cut 

longitudinally with a scalpel and the embryos were removed with a needle. S0 and S1 early 

stages (embryo too small) and S5 (mature seeds) were used as a whole. For semi-quantitative 

RT-PCR, S3 developing seeds (wild type) were cut longitudinally on one side with a scalpel; 

the embryos were removed with a needle, and inner and outer integuments were separated 

under binocular microscope using fine forceps. 

Quantitative GUS activity assay 

ß-Glucuronidase activity of immature seeds (whole seeds, manually separated seed 

coats and embryos) was estimated as described by Renouard et al. (2012) using 4-

methylumbelliferyl-β-D-glucuronide (4-MUG, Sigma) as substrate. Immature seeds of stages 

S2, S3 and S4 were cut longitudinally with a scalpel and the embryos were removed with a 

needle, GUS activities of seed coats and embryo were measured separately. Seeds of early 

stages, S0 and S1 (embryo too small), and S5 (mature seeds) were used as a whole. 

Histochemical GUS assays 

Seeds (harvested from transgenic plants grown in the greenhouse) at different stages of 

development (S1, S2, S3, and S5) were cut transversally and subjected to histochemical 

staining for GUS activity as described by Jefferson et al. (1987) and modified (Kosugi et al., 

1990) to avoid background that could be due to non-specific endogenous GUS activity (i.e. 

with 20% methanol in 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc) solution). A 

K+ ferricyanide/ferrocyanide mixture (2 mM of each) was also added to the incubation buffer 

to prevent the diffusion of the indoxyl derivative before its oxidative dimerization. 

Semi-thin sections were then obtained as described by Hawkins et al. (2002). Briefly, 

GUS-stained samples were fixed in formalin acetic alcohol (FAA) (10% formalin (37% 

formaldehyde stabilized with methanol), 5% glacial acetic acid, 60% ethanol) for 24 h, 

dehydrated and embedded in paraffin. Semi-thin sections (5 μm) were made on a RM 2145 

rotary microtome (Leica, Wetzlar, Germany), then deparaffined and counter-stained with 

periodic acid Schiff to visualize the cell walls in each tissue before permanent mounting and 

microscopic observation. Pictures were taken with a Nikon Coolpix 5400 digital camera 

(Nikon, Tokyo, Japan). The same experiments were conducted on different stage wild type 

seeds as negative control. 

RNA extraction and semi-quantitative RT-PCR 

RNA was isolated from the embryo, inner integument and outer integument of S3 (ca 22 

DAF) immature seeds (separated using scalpel and forceps under binocular microscope) using 

the protocol described (Gutierrez et al., 2006). S3 developing seeds (wild type) were cut 
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longitudinally on one side with a scalpel; the embryos were removed with a needle, and inner 

and outer integuments were separated under binocular microscope using fine forceps. 

Reverse transcription and PCR amplification were performed as described by Renouard 

et al. (2012). A 939 bp fragment of the LuPLR1 cDNA was amplified using PLRF1 forward 

primer (5′-ATGGGGCGGTGCAGAGTTCT-3′) and PLR-R1 reverse primer (5′-

TCAAAGGTAGATCATCAG 

A-3′) designed from the flax LuPLR1 cDNA sequence (accession number AX191955). A 

PCR product (632 bp) corresponding to the exon 2 of the ACTIN gene was amplified with 

ACT-F2 forward primer (5′-TCTGGAGATGGTGTGAGCCACAC-3′) and ACT-R2 reverse 

primer (5′-GGAAGGTACTGAGGGAGGCCAAG-3′) designed from the tobacco sequence. 

cDNA fragments were amplified during 25, 27 and 30 cycles. 

Lignin analysis 

Entire integuments of mature flaxseed were ground (grinder MM301, Retsch, Germany) 

and ultrasonicated for 10 min in EtOH / H2O 1:1 to extract the lignan macromolecule. The 

residue was then submitted to thioacidolysis. Another sample was submitted to thioacidolysis 

without prior extraction. The monomer composition of the labile ether lignin fraction was 

determined by thioacidolysis, which specifically disrupts the non-condensed intermonomer 

linkages (alkyl-aryl ether). The reaction was performed using 10 mg teguments and 

ethanethiol/BF3 etherate/dioxane reagent as detailed previously (Lapierre et al., 1986). 

Tetracosane was added as an internal standard. After 4 h, the mixture was extracted with 

CH2Cl2 (3×25 ml). Guaiacyl (G) and syringyl (S) thioethylated monomers were determined as 

their trimethylsilyl derivatives using a gas chromatograph equipped with a fused silica 

capillary DB1 column (30 m×0.3 mm) (J&W Scientific, Folsom, CA, USA) and flame 

ionization detector. The temperature gradient was 160–280°C at 2°C min-1. 
 

Results 

Manual separation and laser microdissection of the seed coat cell layers 

First, the embryo was removed from the mature seed and embryo extracts were 

analyzed by HPLC and NMR, demonstrating the absence of SDG (data not shown). Then the 

seed coats were manually separated into two parts (Fig. S2B), A (inner integument, 10.5 mg) 

and B (outer integument, 13.0 mg). Part A contains layers of endosperm cells (ECs) and 

brown cells (BCs), and part B comprises four layers, from inner to outer: compressed cells 

(CCs), sclerified cells (SCs), parenchymatous cells (PCs) and mucilaginous cells (MCs) (Figs. 

1, 2 and 3A). Material from MCs (1.8 mg) was manually collected from seed coats as part C 

(Fig. S2C). Part B obtained by manual separation was cryosectioned. LMD was used to 
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dissect cell layers of part B into two subparts B1 (CCs + SCs, 380 µg) and B2 (PCs + MCs, 

440 µg) (Fig. 3E-H). The material includes the supporting polyethylene terephthalate (PET) 

membrane of the frame slide, which was unavoidably cut together with the cells. LMD turned 

out to be excellent for dissecting seed coats because of the rigid architecture of their cell walls 

and relatively low water content. The characteristic cell shape and the autofluorescence of 

seed coat cells were used to identify the target material without staining. 
Table 1. SDG contents of seed coat cell layers determined by HPLC after alkaline hydrolysis. SDG 
concentrations were calculated as the percent of SDG amounts in separated material amounts. ND means no 
detectable peak in chromatogram. 

 
Fig. 3. Anatomical pictures and workflow of laser microdissection (LMD) taken with a HV-D20P camera 
integrated in the LMD 6000 micro dissection system. (A, B) Micrographs of part B of mature flaxseed coats 
under light and fluorescence, respectively. The full arrow shows SCs, and the empty arrow shows PCs. Bars 
represent 100 μm. (C, D) Anatomical structures of 25 DAF seed coats under light and fluorescence. Developing 
SCs and PCs are marked by full and empty arrows, respectively. Bars represent 50 μm. The fluorescence optic 
settings are as follows: excitation = 450-490 nm, dicroic mirror = 510 nm, and emission = 515 nm. (E-H) The 
LMD work flow of dividing part B is as follows: (E) Tissue of part B before laser cutting, (F) drawing a cutting 
line using the software of the laser microscope, (G) laser cutting alongside the software-drawn line, and (H) 
separated subparts B1 and B2 after cutting. Bars represent 100 μm. (I-L) Work flow of separating 25 DAF seed 
coats into three parts I to III. (I) Tissue of immature seed coats before laser cutting, (J) tissue after cutting part II, 
(K) tissue after successively cutting parts II and I, (L) tissue after successively cutting parts II, I and III. Bars 
represent 50 μm. DAF, days after flowering; PC, parenchymatous cell; SC, sclerified cell. 

  Part Cell layer Separated material 
amount (mg) 

Peak area 
(mAU) 

SDG amount 
(μg) 

SDG conce-
ntration (%) 

 

Mature 

seeds 

 
Manual 
separation 

A EC + BC 10.50 3.64 1.6 <<0.1 
B CC + SC + PC + MC 13.00 1418.22 400.0 3.1 
C MC 1.80 1.69 1.0 <0.1 

 
LMD 

B1 CC + SC 0.38 ND   
B2 PC + MC 0.44 46.11 13.5 3.1 

        
25 DAF 
seed 

 

LMD 

I MC 0.20 0.74 0.7 0.4 
II PC + MC 0.25 24.00 7.3 2.9 
III EC-SC 0.57 2.98 1.4 0.2 
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Immature seeds were harvested at 25 DAF. At that developmental stage, the 

ultrastructure of seed coats (Figs. 3C and D) is not yet fully developed and manually 

separating cell layers is very difficult. Hence, the entire seed was subjected to cryosectioning. 

LMD was used to dissect seed coats into three different parts: I (MCs, 200 μg), II (PCs + 

MCs, 250 μg) and III (from SCs to ECs, 570 μg) (Figs. 3I-L). Again, the collected masses 

contain a portion of the PET slide membrane. The material sampled by LMD was subjected to 

HPLC and NMR analyses. Some blank membrane pieces with fixation medium was collected 

and analyzed as control. No clear signal in NMR spectrum and no clear peak in HPLC 

chromatogram were observed. 

NMR analysis results of alkaline hydrolyzed samples 

SDG was released from the separated samples by alkaline hydrolysis. In the 1H NMR 

spectra (Fig. 4), SDG is readily determined by the diagnostic SDG signals of the trisubstituted 

phenyl ring (H-5/5': δ 6.64; H-2/2': 6.58; H-6/6': 6.56) and the doublet of the proton at the 

anomeric center of glucose (H-1''/1''': δ 4.23). Intense signals of SDG appeared in the NMR 

spectra obtained from extracts of the outer integument (B) of the mature seed coats. However, 

SDG can hardly be observed in part A (ECs + BCs) and C (MCs). In LMD samples, SDG was 

the major component of B2 (MCs + PCs), and SDG was not found in B1 (CCs + SCs). In the 

immature seeds (25 DAF), SDG was detected mostly in part II, which corresponds to MCs + 

PCs. A trace of SDG was found in part III (from SCs to ECs), and no SDG was observed in 

part I (MCs).  
 
 
Fig. 4. 1H NMR spectra (500 MHz, methanol-d4) of hydrolyzed 
material from different cell types of flaxseed coats. 1H NMR 
spectra A, B, C, B1, and B2 were obtained from mature seed 
samples. SDG: 1H NMR spectrum of secoisolariciresinol 
diglucoside. 1H NMR spectra I, II, and III were obtained from 25 
DAF seed samples. For details of sample preparation, see Figs. 1 
and 2. Partial 1H NMR spectra show characteristic SDG signals of 
the aromatic protons (H-5/5': δ 6.64; H-2/2': 6.58; H-6/6': 6.56) 
and the doublet of the proton at the anomeric center of glucose 
(H-1''/1''': δ 4.23). DAF, days after flowering. 
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HPLC analysis results of alkaline hydrolyzed samples 

SDG concentrations in seed coat samples were quantified using HPLC-DAD. The 

chromatograms (280 nm) of extracts from cells of mature seeds and 25 DAF seeds are shown 

in Fig. S3, and the concentration values, which were calculated by using an SDG linearity 

equation, are listed in Table 1. The HPLC and NMR data are consistent. In mature seed coats, 

part B contains 3.1% (w/w) SDG, and the concentrations of SDG in parts A and C were 

clearly below 0.1 % (calculated as 0.01% in A and 0.06% in C). SDG was detected only in B2 

in a concentration of 3.1%. In 25 DAF seed coats, SDG was mostly found in part II, most of 

whose material was from developing PCs. 

Quantification of LuPLR1 gene expression by β-glucuronidase (GUS) activity assay 

LuPLR1 promoter transcriptional activity was estimated by measuring GUS activity in 

seeds of transgenic plants (LuPLR1 promoter-GUS reporter gene construct) (Fig. 5). Enzyme 

activity was detectable as early as S0, then increased during phases of seed development to 

reach a maximum at S3 and finally decreased during the seed maturation phase (S4, S5). 

Manual separation at stages S2, S3 and S4 revealed that activity was mainly localized in seed 

coats. Indeed, GUS activity in embryos was very low and did not exceed the non-specific 

“GUS-like” activity of wild type S3 whole seeds.  
Fig. 5. GUS activities from embryo and 
seed coats in the developing seeds of flax 
plants stably transformed with an 895-bp 
LuPLR1 promoter-GUS reporter gene 
construct are shown. S0, S1, S2, S3, S4 
and S5 correspond to ca 4, 10, 16, 22, 28 
and 40 days after flowering, respectively, 
and WT represents the activity measured 
in an S3 wild type whole seed. 
 

 

 

 

 

Cell-specific LuPLR1 gene expression by histochemical GUS assay 

Histochemical GUS assay performed on developing seeds at stages S1, S2, S3 and S5 

revealed strong GUS activities localized in the outer integument (Part B) of S1, S2 and S3 but 

not S5, whereas no enzyme activity could be detected in the inner integument (Part A) and the 

embryo regardless of the developmental stage (Figs. 6A-D). 

Semi-thin sections of seeds preliminary assayed for GUS activity allowed more 

precise localization of LuPLR1 promoter transcriptional activity. GUS activity was mainly 

localized in the PCs, no matter what developmental stage was studied (S1, data not shown; S2 
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and S3) except for the mature seeds, in which no staining could be detected (Figs. 6B-F). 

Weak GUS activity could be detected in the MCs of S2 developing seeds. Staining was also 

observable in SCs and in CCs from S3 seed coats. No GUS activity was observed in BCs and 

ECs regardless of the development stage considered. In the seeds of wild type plants, no GUS 

staining could be observed in any cell layer and at any developmental stage studied (data not 

shown).  

 
Fig. 6. Histochemical studies of the localization of LuPLR1 promoter-driven GUS gene expression in transgenic 
flaxseed at different developing stages. (A) GUS assays performed on transversely cut seeds at S1, S2, S3 and S5 
(mature seed). Bars represent 1 mm. (B-D) Semi-thin sections (5 μm) of S2 (B, longitudinal), S3 (C, longitudinal) 
and S5 (D, transverse) seeds assayed by GUS activities. Bars represent 250 μm. (E, F) GUS staining in semi-thin 
sections (5 μm) of S2 (E) and S3 (F) seed coats. Bars represent 50 μm. OI, outer integument (Part B); II, inner 
integument (Part A); Em, embryo. MC, mucilaginous cell; PC, parenchymatous cell; SC, sclerified cell; CC, 
compressed cell; BC, brown cell; EC, endosperm cell. 
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RT-PCR detection of LuPLR1 gene expression in wild type plants 

Since gene expression was highest in S3 of transgenic seeds and then dropped, this 

developmental stage was used to detect LuPLR1 by RT-PCR in manually separated outer 

integument (Part B), inner integument (Part A) and embryo. S3 stage developing seeds (ca 22 

DAF) of wild type plants were chosen for manual dissection. LuPLR1 gene expression was by 

far the highest in the outer integument of transgenic seeds. The results shown in Fig. 7 

indicate that LuPLR1 is expressed strongly in the outer integument. Only a weak LuPLR1 

signal was visible in the inner integument, while no transcripts could be detected in the 

embryo, confirming the results of quantitative GUS assays. 
Fig. 7. LuPLR1 gene expression in the outer integument (OI), 
inner integument (II) and embryo (Em) of S3 (ca 22 days after 
flowering) wide type developing seeds analyzed by RT-PCR. 
Total RNA isolated from manually separated tissues was 
subjected to RT-PCR semi-quantitative analysis using an ACTIN 
gene as internal control. 27-cycle PCR products (10 μm) were 
loaded on 1 % (w/v) agarose gel. OI, outer integument (Part B); 
II, inner integument (Part A); Em, embryo. 
 

 
 

Lignin analysis 

Chemical characterization and quantification of lignin were performed on material from 

mature seed coats. Thioacidolysis was used as previously described for flax stem material 

(Day et al., 2005a). Before and after methanol extraction, no syringyl lignin was found; only 

guaiacyl was quantified (non-extracted sample: 22.8 +/- 4 µmol g-1 sample; ethanol-extracted 

sample 15.3 +/- 1 µmol g-1 sample). Although these values are low, they indicate the 

occurrence of lignin or lignin-like structures in the flax seed coat. The tri-substituted aromatic 

rings of the guaiacyl lignin are identical with those of the SDG. 

 

Discussion 

SDG localization in mature and immature flaxseed 

The cell layer-specific localization of SDG in flaxseed coats and the temporal 

progression of SDG production during maturation have been investigated by chemically 

analyzing microdissected samples and gene expression. As previously reported (Hano et al., 

2006; Attoumbré et al., 2010, 2011), and also indicated by our NMR and HPLC analyses, 

SDG accumulates in seed coats, not in embryos.  

Based on the NMR and HPLC analyses of samples from mature seed coats collected by 

manual separation, a high concentration of SDG (3.1%) was located in the outer integument 

(part B) but only a trace concentration (0.06%) was found in the layer of mucilaginous cells 

(MCs, part C). Because the constituents of MCs are pectins (Naran et al., 2008), and no 
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phenolics have been found there before, it seems reasonable to assume that the trace of SDG 

detected in MCs resulted from contamination by material from the adjacent parenchymatous 

cell (PC) layer displaced during manual separation. In the two subparts divided from B by 

LMD, SDG was detected only in B2, which contains MCs and PCs, but not in B1, which 

contains compressed cells (CCs) and sclerified cells (SCs) (Figs. 4 and S3, Table 1). The 

concentration of SDG in the inner integument (part A), which was as low as 0.01%, was 

probably due to contamination, again originating from PCs during manual separation. 

Therefore, according to chemical analysis, all SDG in mature seeds was thought to locate in 

the PC layer of the outer integument.  

The NMR and HPLC results (Figs. 4 and S3, Table 1) obtained from 25 DAF seeds 

indicated that the highest level of SDG was found in part II of the seed coats and minor levels 

were found in parts III and I of the seed coats. Thus, the PC layer is the major location of 

SDG in developing seeds already; around 78% of the total amount of SDG in 25 DAF seeds 

was detected in this cell layer. Unlike mature seeds, seeds in the early developing stage do not 

contain a complete PC layer. The PC layer, which is around 80 µm wide measured in the 

middle of 25 DAF seeds, is filled with liquid-like material. This could explain how a small 

amount of SDG is found in part I, because the material in PCs may easily delocalize during 

cryosectioning or the preparation of the slides, and LMD. Material diffusion may also cause 

the boundary between SCs and PCs to become indistinct, another reason may be SDG 

detected in part III of 25 DAF seeds.  

The detection of high levels of SDG in PCs contradicts recently reported 

immunolocalization data (Attoumbré et al., 2010, 2011), arguing for the accumulation of 

lignans in the secondary cell walls of SCs. Attoumbré et al. (2011) immuno-detected lignans 

in the SCs of developing flaxseeds. However, they failed to detect SDG in future SCs at an 

early developmental stage, while at the same time SDG was measured by HPLC in extracts of 

whole seeds. If these data are correct, it must be concluded that SDG is compartmentalized to 

tissue different from the SCs. Furthermore, lignans were not detected by immunolocalization 

in the endosperm of the developing seeds at any stage. Using HPLC instead of 

immunolocalization to analyze separated endosperm and inner integument cells layers, 

however, SDG was detected at 16 DAF. Again, contradictory results were obtained using two 

different methods, immunolocalization and HPLC. Therefore, it seems problematic to 

conclude from such data that lignans are located in SCs. It is likely that the reported 

immunoreaction is not specific to lignans including the SDG-HMG oligomer complex. In fact, 

Attoumbré et al. (2010, 2011) used antibodies which were developed using 

secoisolariciresinol (which occurs in flaxseed coats in very low levels only), not SDG nor the 
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SDG-HMG complex, as a hapten for immunization. Moreover, considering that cross-

reactivity for SDG was 22.1% and for other lignans up to 32.8 %, the specificity of the 

antibodies to SDG used was relatively low. It was also pointed out in Attoumbré et al. (2010, 

2011) that the specificity of the antibodies is relative to the substituent at the aromatic ring 

and at C-8 /C-8΄ of the lignan side chains. It is unclear, therefore, whether the ester-type bond, 

which connects SDG through HMGA to SDG-HMG oligomer complexes (Ford et al., 2001), 

affects the interaction with the antibodies. Although monolignols (coniferyl alcohol, p-

coumaryl alcohol) may cross-react with the antibodies used no such data were reported 

(Attoumbré et al., 2010).  

Flax lignin has been reported as highly condensed and rich in guaiacyl moieties (G 

lignin) (Day et al., 2005a) and our data indicate the occurrence of G lignin or lignin-like 

structures in the flax seed coat. Recent attempts to localize lignin using the Wiesner reaction 

in the outer integument resulted in light red coloration of sclerified cells but failed when 

polyclonal antibodies against guaiacyl lignin homopolymer were applied (Attoumbré et al. 

(2010). The failure of immunodetection was used in a chain of arguments to suggest that anti-

lignan antibodies do not recognize lignin epitopes and are specific of lignans (Attoumbré et al. 

(2010). However, to be conclusive, the data obtained with polyclonal antibodies against 

guaiacyl lignin homopolymer would have to be supplemented by using antibodies directed 

against the other lignin types. Moreover, the reactivity of lignan antibodies should have been 

tested against different types of lignin. Our finding that flax seed coats contain guaiacyl units 

but no syringyl units in the lignin supports the suggestion that structures other than SDGs are 

responsible for the positive reaction of antibodies raised against SDG reported (Attoumbré et 

al., 2010). Another explanation for the positive immunolabelling in SCs (Attoumbré et al., 

2010) could be that the PLR product (aglycone SECO) might have been synthesized but not 

converted to a diglucosylated and complex form (SDG-HMG); from this form, it is 

incorporated in the cell wall in a post-lignification “infusion” process. 

Another point to be mentioned is the poor solubility of SDG and SDG oligomers in 

water (Zhang et al., 2009) which may result in leakage from PCs to their neighbor cells, i.e. 

SCs during the ethanol dehydration steps applied by Attoumbré et al. (2010); meanwhile, 

SDG may stick to the lignified SC walls as these are more hydrophobic than the walls of PCs. 

Attoumbré et al. (2011) manually separated flaxseed of different developmental stages after 

they had been immersed in water for 1 h. In our experience, such separation methods are 

inadequate, again because of the weak solubility of SDG and SDG oligomers in water (Zhang 

et al., 2009). Also the physical stability of the PC layer at the early developmental stages is 

insufficient to allow it to keep its integrity during the separation procedure. 
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Location of SDG biosynthesis 

Two enzymatic assays (quantitative and histochemical) combined with semi-

quantitative RT-PCR measurements confirmed that LuPLR1 is expressed mainly in the seed 

coats. LuPLR1 is responsible for the synthesis of the major (+)-secoisolariciresinol 

enantiomer (87%) while a minor quantity of the (–)-secoisolariciresinol enantiomer (13%) is 

synthesized by LuPLR2 (Hemmati et al., 2010). The very weak β-glucuronidase (GUS) 

activity detected in embryos has to be attributed to non-specific GUS that has already been 

reported in seeds of a number of plants (Hu et al., 1990; Hänsch et al., 1995). GUS activities 

measured at different developmental stages in the coats and embryos of transgenic flax seeds 

containing the LuPLR1 gene promoter were in accordance with those of previously published 

semi-quantitative RT-PCR experiments (Hano et al., 2006), confirming that the SDG 

biosynthetic pathway is active already at S0 and reaches a maximum during S1, S2 and S3 

(Fig. 5). RT-PCR analyses of three separated parts (embryos, inner and outer integuments) of 

S3 seeds from wild type plants indicated that LuPLR1 is expressed in the outer integument, 

which also has been observed in transgenic plants. The weak amplification signal in the inner 

integument could be attributed to tissue contamination during manual dissection, confirming 

data of NMR and HPLC analyses. Co-localization of SDG and LuPLR1 expression suggests 

that glucosylation of (+)-secoisolariciresinol (4 in Fig. S1) also occurs in the PCs, which both 

synthesize (+)-secoisolariciresinol and accumulate SDG. 

Generally, data on histolocalization of LuPLR1 promoter-driven GUS expression at 

development stages S1 – S3 show that PCs are the major location of SDG synthesis, which 

LMD / HPLC and NMR data on SDG accumulation in mature and 25 DAF flaxseed also 

show. Histochemical assay did not detect GUS at S5. This is consistent with data showing that 

GUS activity is very weak in S5 flaxseed, suggesting that SDG synthesis is completed before 

maturity. 

GUS activity observed in some MCs at S2, and in some SCs and CCs at S3, suggesting 

that SDG in layers of non-PCs is due to the delocalization of PC material during 

cryosectioning and mounting. Otherwise, GUS would be detected in all MCs, SCs or CCs. 

The literature offers several other possible explanations of visible GUS staining in partial SCs 

and CCs at S3 of seed development as the result of LuPLR1 promoter transcriptional activity. 

Expression of LuPLR1 in SCs could be related to the fact that these cells are undergoing 

lignification. It has been proven using immunolocalization and in situ hybridization 

techniques in Forsythia intermedia, that lignan biosynthetic genes such as dirigent proteins 

and PLR genes are expressed in xylem and other lignifying tissues (Burlat et al., 2001; Kwon 

et al., 2001). More recently, it has been demonstrated that overexpression of two Pinus taeda 
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MYB transcription factors (PtMYB1 and PtMYB8) in Picea glauca resulted in up-regulation 

of phenylpropanoid and monolignol biosynthetic genes as well as two PLR encoding genes 

(Bomal et al., 2008). Lignans such as pinoresinol can also be found in a methanol-soluble 

oligolignol fraction of lignifying xylem (Morreel et al., 2004) or in differentiating tracheary 

elements (Tokunaga et al., 2005) and are therefore able to be incorporated into the lignin 

polymer. In some Pinaceae species, lignans (8-8΄ linked) and neo-lignans (8-5΄ linked) are 

known to be infused in the heartwood after lignification, increasing its resistance and 

durability (Gang et al., 1999). The hydrophilic knotwood extracts of different coniferous 

species have been also shown to contain mainly lignans, among which lariciresinol, 

secoisolariciresinol or matairesinol can be found in variable amounts according to the species 

(Willför et al., 2003). 

Applications of LMD in plant metabolite studies 

The conventional histological methods to study the spatial distribution of metabolites in 

microscopic plant samples make use of in situ labeling and (or) staining techniques. Due to 

the structural analogy among metabolites of many plants, the specificity of histological 

method is relative low. Recent developments in mass spectrometry (Svatoš, 2011) and Raman 

imaging (Freudiger et al., 2008) are promising tool in metabolic profiling. However, these 

techniques mostly focus on metabolites on sample surfaces and do not allow detection of 

three-dimensional distribution of metabolites within the tissue. NMR, though representing the 

most informative analytical method and being able to provide data on three-dimensional 

spatial distribution, is of limited suitability to identify metabolites directly from plant samples, 

due to its moderate sensitivity. In order to take advantage of its superior properties for 

metabolic profiling, NMR has to be combined with appropriate sampling methods. LMD was 

used for sampling plant material for DNA, RNA and protein analyses (Kehr, 2001, 2003; Day 

et al., 2005b; Nelson et al., 2006; Nelson et al., 2008) and to dissect plant material for the 

analysis of both primary metabolites (Angeles et al., 2006; Obel et al., 2009; Thiel et al., 

2009; Schiebold et al., 2011) and secondary metabolites (Hölscher and Schneider, 2007; Li et 

al., 2007; Hölscher et al., 2009; Abbott et al., 2010). As presented here, LMD combined to 

NMR and HPLC, allows for the quantitative spatio-temporal analysis of metabolites in plant 

cells. Future advances in LMD, such as improvement in target cell-recognizing software, 

multi-target sampling, hyphenation with sensitive detectors, together with NMR sensitivity 

enhancement, will enable more efficient cell-specific identification and quantification of 

metabolites in plant tissue. 

As a conclusion, LMD was applied for the first time in combination with chemical 

treatment, and two analytical methods, NMR and HPLC, to elaborate the spatio-temporal 
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location of metabolites in plants on the cellular level. This work also shows that laser 

microdissection is able to provide material sufficient for multiple analytical manipulations. 

The study constitutes a technical advance for the better understanding of the regulation of 

SDG biosynthetic pathway in flaxseed. Not only it allowed cell layer-specific location and 

time course analysis of SDG synthesis but also could be a powerful tool for future 

transcriptomic studies (Hölscher and Schneider, 2008; Nelson et al., 2008; Matas et al., 2011; 

Rajhi et al., 2011; Olofsson et al., 2012), the isolation of transcription factors controlling SDG 

synthesis in the parenchymatous cell layer being a great challenge.  

The ecological role of flax lignans in the developing and mature seed still awaits to be 

identified. However, the location of the SDG polymer complex in the parenchymatous cells 

just below the external mucilaginous cell layer suggests chemical defense against insects and 

microorganisms. An additional physiological function of lignans in seed development or 

germination is possible. It is also plausible that the SCs, supplementary to their role in 

providing the flaxseed scaffold, represent a mechanical defense barrier against invading 

organisms. Further studies are required in order to reveal the benefit to the flax plant of 

producing and accumulating lignans in the seed coat.  
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Chapter 6  

Discussion 

 

6.1 General discussion 

Examples from different plants showed prominent merits of HPLC-SPE-NMR in 

structure elucidation of mass-limited natural products extracted from a small amount of tissue 

(Chapter 3). Results also demonstrated inhomogeneous secondary metabolites distribution in 

plants. Taking the two Haemodoraceae plants, Wachendorfia thysiflora and Xiphidium 

caeruleum, as an example, the metabolic profiling is different between the vegetative part and 

reproductive part. Even within the vegetative part, secondary metabolites patterns are not the 

same in different organs, such as in roots and aerial parts. These findings motivated us to 

investigate secondary metabolites and their distribution in a smaller scale of single organ. 

Rapeseed was chosen, not only because of the economic importance of this crop, but also 

because seeds are reproductive organs, in which different tissues play individual role and 

develop into different plant parts of seedling. It was reasonable to speculate that each tissue in 

rapeseed possesses individual secondary metabolite patterns. To explore this hypothesis, 

secondary metabolites in rapeseed were profiled (manuscript 4.1); subsequently, these 

compounds of different structural types were determined in four laser-microdissected tissues 

(manuscript 4.2). The experimental results confirmed that some secondary metabolites are 

distributed unevenly in seed tissues. The distribution pattern offers a first clue to understand 

the biological functions of these compounds, which could be unveiled by further studies. The 

tissue-specific distribution pattern found in rapeseed encouraged us to study flax seeds for the 

cell-specific accumulation of secoisolariciresinol diglucoside (SDG), a lignan with increasing 

interest for human’s health. Previous studies proved SDG accumulation in seed coats, and a 

recent immunological report (Attoumbré et al., 2010) proposed SDG localizes mainly in one 

layer constituted by sclerified cells of seed coats. Chapter 5 not only elucidated temporal 

information of SDG biosynthesis, but also determined the accumulation site of SDG in 

flaxseed. SDG was detected in parenchymatous cells, a finding which is different from a 

previous immunolocalization study (Attoumbré et al., 2010). 

This thesis combines eight papers and manuscripts dedicated to elucidation and spatial 

distribution studies of plant secondary metabolites using state-of-the-art analytical techniques. 
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The results provided solid evidences of uneven distribution of secondary metabolites among 

plant organs, tissues, and even cell populations, which create the basis for future biosynthesis 

and biological function studies of the secondary metabolites investigated here. As different 

methodologies were applied, and plants belonging to diverse families were explored, findings 

in this thesis are discussed in detail from different aspects. 

 
6.2 Analytical methods and sampling 

6.2.1 HPLC-SPE-NMR 

In Chapter 3, twelve C-methylated flavonoids from Myrica gale seeds, 33 

phenylphenalenone-type compounds from seed and plant material of W. thyrsiflora, and three 

flavonoids and 19 phenylphenalenone-type compounds from X. caeruleum flowers, totally 

including 18 new phenylphenalenone-type compounds, were elucidated by hyphenated 

HPLC-SPE-NMR combined with MS. These applications demonstrated several advantages of 

HPLC-SPE-NMR analysis of a complex matrix over conventional identification of secondary 

metabolites. The first advantage is the possibility for full automation. HPLC-SPE-NMR 

enables chromatographic separation, peak collection and sample desiccation to be controlled 

automatically by software. By HPLC-SPE-NMR, multiple components of a mixture can be 

prepared for NMR measurements in several additive HPLC runs, which are fully 

automatically controlled and can be done during a single day, thus greatly accelerating the 

analysis. The other major advantage is high sensitivity. In addition to multiple SPE trapping, 

the special designed flow-cell probe typically with a volume of 30 or 60 µl, resp.) in HPLC-

SPE-NMR significantly increases NMR sensitivity. In paper 3.3, the directly detected 13C 

NMR spectrum of one major compound (R13) was measured in HPLC-SPE-NMR mode at 

125 MHz with high signal-to-noise ratios (4-20) after about 10,000 scans corresponding to 

approximate 9 h. In a recent publication (Wubshet et al., 2012), authors were also successful 

to measure 13C NMR spectra at 150 MHz of two triterpenoids from an approximate 600 μg 

prefractionated mixture by HPLC-SPE-NMR in 13 h for each compound. Although the 

sensitivity highly depends on the NMR system used, in most applications, milligram scale 

extract were sufficient for structures elucidation. 

Although HPLC-SPE-NMR is very efficient in structural elucidation, the complexity 

of plant natural product mixtures is a still big challenge. For example, in most cases, 

compounds in a mixture have a wide-spread polarity, which makes SPE cartridge trapping 

capacity for each compound different. While separation in the reported HPLC-SPE-NMR 

applications was readily performed on reversed phase stationary material, trapping very polar 

analytes is problematic regardless of SPE cartridges with different sorbents (Clarkson et al., 
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2007). Another challenge for the analysis of plant extracts is the large variation in compound 

concentration. Comparing with major compounds in a mixture, many more HPLC run 

replicates and trappings are needed to accumulate enough amounts of minor metabolites for 

NMR measurements; meanwhile, the major compounds could partially elute from the SPE 

cartridge because of limited sorbent capacity. Nevertheless HPLC-SPE-NMR is useful as a 

rapid tool for metabolic profiling of mixtures. 

6.2.2 Laser microdissection 

The application of a laser beam to dissect small plant samples for studying RNA and 

proteins in specific tissues and cells is getting common (Nelson et al., 2006). Although, 

secondary metabolites generally exist in plants at low concentrations, they may accumulate to 

high levels in specialized cells or tissue and, after microdissection, can be successfully 

determined in specific plant cells and tissues (Li et al., 2007; Hölscher and Schneider, 2007; 

Hölscher et al., 2009; Abbott et al., 2010). In Chapter 4, LMD was shown to be a precise tool 

to dissect different tissues from mature rapeseed for further tissue-specific secondary 

metabolites distribution study. Chapter 5 describes the capability of LMD to dissect specific 

cells from flaxseed coat. The two applications demonstrated the advantages of LMD to study 

secondary metabolites distribution over the conventional histological methods, which 

occasionally are lowly specific in distinguishing structures of related plant secondary 

metabolites. LMD-based chemical analyses of plant cells and tissue have to be distinguished 

from modern imaging technologies, such as infrared, Raman and mass spectrometry imaging 

methods, which mostly determine metabolites on sample surfaces. Currently, a limiting factor 

in using LMD in secondary metabolite studies is laborious preparation of cryosections and 

microscopic detection of target tissue. Future advances in LMD, such as improvement in 

target cell-recognizing software, multi-target sampling, hyphenation with sensitive detectors, 

will enable more efficient cell-/ tissue-specific identification and quantification of metabolites 

in plant tissue. 

 
6.3 Secondary metabolites distribution and biological significances 

6.3.1 C-methylated flavonoids from Myrica gale seeds 

Unexpectedly, diaryheptanoids, which have been reported in the vegetative part of M. 

gale plant as described in introduction, were not detected in the seeds. Instead, twelve C-

methylflavonoids were identified. This finding indicated the secondary metabolites profiles 

are different between the vegetative organs and the reproductive organs of M. gale plant. 

 Besides M. gale, C-methylflavonoids were only found in two other Myrica species, M. 

pensylvanica (Wollenweber et al., 1985b) and M. serrata (Gafner et al., 1996). The unusual 
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C-methylated chalcones and flavonoids found in M. gale may support the discussion 

(Verdcourt and Polhill, 1997; Skene et al., 2000) about segregating M. gale from the genus 

Myrica to a new genus named Gale. Some C-methylchalcones were also detected from 

Comptonia peregrine (Wollenweber et al., 1985b), which is the sole species of the genus 

Comptonia in the Myricaceae.  

Recent research (Popovici et al., 2010) suggests C-methylchalcones, which are the 

dominant components from the exudates of M. gale fruits, may act as signals in the 

establishment of mutualistic nitrogen-fixing symbioses by enhancing compatible fungi and 

inhibiting incompatible ones. One major C-methylchalcone, myrigalone A was shown to be 

an allelochemical, which has in vitro phytotoxicity to some classic plant species (Popovici et 

al., 2011), and inhibits Lepidium sativum seed germination (Oracz et al., 2012). 

6.3.2 Phenylphenalenones and flavonoids in Haemodoraceae 

Chemical structures of identified phenylphenalenones and flavonoids 

In Chapter 3, eight, fifteen and fourteen phenylphenalenone-type compounds were 

identified from seeds, aerial parts and roots of Wachendorfia thyrsiflora, respectively; 

nineteen phenylphenalenone related compound and three flavonoids were elucidated from 

Xiphidium caeruleum flowers. The characterized phenylphenalenones can be categorized into 

three groups based on their skeletons as phenylphenalenone (C19), oxa-phenylphenalenone 

(C18O) and aza-phenylphenalenone (C18N). Each group can be further divided into several 

subgroups (Figure 6.1). The distribution of phenylphenalenones according to different 

categories is listed in Table 6.1. The flavonoids detected in X. caeruleum flowers are apiginin 

and two of its glucosides. 
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 Figure 6.1 Skeletons of different phenylphenalenone-type secondary metabolites found in Haemodoraceae. 
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Table 6.1 Distribution of different types of phenylphenlenone-related secondary metabolites in different organs 
of Haemodoraceae plants. 

 Wachendorfia thyrsiflora  Xiphidium caeruleum 
Roots Aerial parts Seeds Flowers 

C18N 1 7 0  7 
C18O 7 8 0  10 
C19 6 0 8  2 

Biosynthesis and putative translocation of phenylphenalenones 

In vegetative parts of W. thyrsiflora plants, intact phenylphenalenones (C19) were only 

detected in roots. Oxa analogues phenylphenalenones (C18O) were found in roots and aerial 

plant parts. Except one compound (A14/R14 in paper 3.3) isolated from both parts, aza 

analogues of phenylphenalenones were mostly found in the plant aerial parts. The 

phenylphenalenone distribution pattern in W. thyrsiflora vegetative parts is highly similar to 

that in X. caeruleum (Opitz and Schneider, 2002), in which, C19 phenylphenalenones occurred 

exclusively in roots and C18O analogues distributed in both roots and aerial parts. The 

distribution pattern suggests the C19 phenylphenalenones were biosynthesized in the roots. C19 

phenylphenalenones can be oxidized to C18O analogues (Opitz and Schneider, 2003) and 

glucosylated. The occurrence of C19 and C18O phenylphenalenones, and their glucosides 

(Fang et al., 2011), and direct evidence of formation of phenylbenzoisochromenones from 

phenylphenalenones (Opitz and Schneider, 2003) in W. thyrsiflora root cultures indicated the 

oxidation and glucosylation are independent of the aerial part. Afterwards, C18O 

phenylphenalenones could be translocated from roots to aerial parts, where C18O 

phenylphenalenones were hypothetically converted to C18N analogues.  

Formation in the roots and transportation to the leaves and reproductive organs of 

tropane alkaloids has been demonstrated in the Solanaceae. The enzymes of the tropane 

biosynthetic pathway have been localized in root tissue (Nakajama and Hashimoto, 1999; 

Kaiser et al., 2006). To confirm transport from underground plant parts to leaves in W. 

thyrsiflora and X. caeruleum, identification of biosynthetic enzymes would be required, 

followed by molecular studies to compare gene expression in the roots and the leaves.  

Different from the results found in W. thyrsiflora and X. caeruleum, Dilatris species 

(Hölscher and Schneider, 2007) accumulate C19 phenylphenalenones in secretory cavities of 

leaf tissues. Moreover, unlike the phytochemical profile of vegetative tissue, the flowers of W. 

thyrsiflora contain thyrsiflorin, a C19-phenylphenalenone (Dora et al., 1990). The co-

occurrence of C19-phenylphenalenones, oxa-phenylphenalenones, and aza-

phenylphenalenones was found in the flowers of X. caeruleum (Table 6.1). Hence, the flowers 

of X. caeruleum and W. thyrsiflora are a location of C19-phenylphenalenones, and the flowers 
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of the former are also known to contain oxa- and aza-phenylphenalenones. Therefore, it may 

be speculated that the entire biosynthetic machinery of the phenylphenalenone biosynthetic 

pathway, including the formation of the C19 skeleton and processing to oxa- and aza-

phenylphenalenones, is expressed in flowers of X. caeruleum and W. thyrsiflora and probably 

other Haemodoraceae species as well. 

A previous phytochemical study of L. tinctoria seeds identified two 9-

phenylphenalenones and one dimer derived from them (Edwards et al., 1979). Eight 9-

phenylphenalenones and one dimer were determined from W. thyrsiflora seeds (Table 6.1). 

Above evidences indicated only intact phenylphenalenones (C19) were synthesized and 

accumulated in seeds but oxa-phenylphenalenone (C18O) and aza-phenylphenalenone (C18N) 

were not. 

Co-occurrence of phenylphenalenones and flavonoids in Haemodoraceae flowers 

Previous phytochemical studies of Haemodoraceae plants identified various 

phenylphenalenones and related compounds (Cooke and Edwards, 1981; Hölscher and 

Schneider, 1997; Opitz et al., 2002; Dias et al., 2009). Apigenin and its two glucosides found 

in X. caeruleum flowers are the first flavonoids detected in this family (paper 3.4). Secondary 

metabolites, especially pigments and volatiles, of flowers are considered to attract pollinators. 

Natural compounds absorbing in the visible or UV range of the spectrum, accumulate in 

flower petals and serve as nectar guides (Chittka and Raine, 2006). Flavonoids and 

carotenoids are among the most common flower pigments and are responsible for various 

flower colors (Tanaka et al., 2008). Since in the Haemodoraceae no flavonoids were detected 

before the present investigation, phenylphenalenones were considered to have replaced the 

flavonoids in this family, similar to betalaines, which replaced flavonoids as the flower 

pigments in plants of most families of the Caryophyllales (Strack et al., 2003; Brockington et 

al., 2011). However, colored delphinidin derivatives occur in flower petals of other 

phenylphenalenone-producing plants (Hölscher and Schneider, 2000; Wang et al., 2011) such 

as Strelitzia reginae (Strelitziaceae) (Harborne, 1967) and Eichhornia crassipes 

(Pontederiaceae) (Toki et al., 1994). In our study (paper 3.4) phenylphenalenones (Lazzaro et 

al., 2004), phenylbenzoisochromenones, and phenylbenzoisoquinolinones, apigenin and its 

glycosides providing the white color to the flowers of X. caeruleum, seem to be responsible 

for the UV-reflecting properties of the X. caeruleum petals (Buchmann, 1980) and for guiding 

visiting insects to the pollen. Hence, general replacement of flavonoids by 

phenylphenalenones in the Haemodoraceae is no longer sustainable. Nevertheless, 

phenylphenalenones, but not flavonoids, are chemotaxonomic markers of the family 

Haemodoraceae. 
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6.3.3 Secondary metabolites in rapeseed and their tissue-specific distribution 

Although phytochemistry of rapeseed was explored many times, metabolic profile of 

each batch should be treated differently, because secondary metabolites in plants could be 

affected by several factors, such as cultivar, growth condition, and harvesting time. Therefore 

secondary metabolites in rapeseed winter cultivar “Emerald” were thoroughly explored prior 

to distribution studies. The secondary metabolites found in rapeseed “Emerald”can be 

categorized into five groups, phenolic choline esters, glucosinolates, phenylpropanoids, 

flavonoids and conjugated polyamines. Among them, major components, glucosinolates and 

sinapine, the dominant phenolic choline ester in rapeseed, were found evenly distributed in 

embryo tissues. Two flavonoids were mainly detected in cotyledons, and cyclic spermidine 

conjugates were found exclusively in hypocotyl and radicle parts in rapeseed embryo. One 

phenylpropanoid, sinapate methyl ester was isolated from rapeseed as a major component 

(manuscript 4.1); however it failed to be detected in LMD samples. The sinapate methyl ester 

probably is a methylation product of sinapic acid degraded from sinapine during separation. 

The different distribution patterns of these secondary metabolites indicate each class 

of compounds may play individual roles for rapeseed. The glucosinolate-myrosinase system is 

a well explored plant chemical defense system in Brassicales order (Winde and Wittstock, 

2011). The even distribution of glucosinolates in rapeseed embryo tissues suggests that they 

protect seeds and future seedlings from herbivore attacks. Sinapine also accumulates 

uniformly in rapeseed embryos since sinapine is the source of choline to synthesize 

phosphatidylcholines (Strack, 1981), which are major components of biological membranes. 

Polyamines play diverse biological roles in plants (Kusano et al., 2008; Alcázar et al., 2010). 

The conjugated polyamines, cyclic spermidine conjugates, were exclusively detected in 

hypocotyl and/or radicle in rapeseed, which infers that they are probably involved in root and 

shoot formation and growth (Nag et al., 2001; Couée et al., 2004). Flavonoids are well known 

antioxidant compounds and radical scavengers in plants and protect them from UV-B 

irradiation. Therefore the predominant occurrence of two major rapeseed flavonoids in 

cotyledons, which develop to the first leaves of young seedling primarily exposed to light, is 

reasonable. 

6.3.4 Secoisolariciresinol diglucoside (SDG) in flaxseed (Linum usitatissimum) 

Although a lot of research was carried out on flaxseed to elucidate the 

pharmacological and chemical properties of SDG and few studies approached understanding 

of SDG biosynthesis (Ford et al., 2001; Hano et al., 2006), nothing has been reported about 

the biological function of SDG for flaxseed. 
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Chapter 5 in the thesis was dedicated to establish the formation kinetics of SDG and 

its biosynthetic precursor, coniferin, and to elucidate the cell-layer specific accumulation of 

SDG in flaxseed. As a result, SDG biosynthesis was found to start around 6 days after 

flowering and cease before the seeds browned and desiccated. On the other hand, SDG 

accumulates predominantly in parenchymatous cells in mature flaxseed. SDG was proposed 

to protect abundant polyunsaturated fatty acids in embryo from oxidation (Hano et al., 2006). 

The brown cell layer probably contains further metabolites, which may function as 

antioxidants, because the browning process in plants suggests the existence of 

proanthocyanidins (Pourcel et al., 2007), and showed significant antioxidative activity in 

plant seeds (Takahata et al., 2001). Therefore, it is plausible that the location of the SDG 

polymer complex in the parenchymatous cells just below the external mucilaginous cell layer 

suggests chemical defense against insects and microorganisms. Further studies are required in 

order to reveal the benefit to the flax plant of producing and accumulating lignans in the seed 

coat. 

 

 
 
 
 
     
 
 



Summary                                                                                                                        94 

 

 

Chapter 7 

Summary 

 
In Chapter 3, it is described how HPLC-SPE-NMR was successfully applied to 

elucidate structures of secondary metabolites from different plant materials. Twelve C-

methylated chalcones and flavonoids were identied from Myrica gale seeds. Recent 

investigations have shown that these compounds are involved in establishing nitrogen-fixing 

symbioses with compatible fungi. A phytochemical study on vegetative part of Wachendorfia 

thyrsiflora plant led to identification of eleven and ten phenylphenalenone-type compounds 

from aerial parts and roots, respectively, and four others from both parts. Twelve of them are 

new natural compounds. Among the 25 phenylphenalenone-type compounds from W. 

thyrsiflora, the phenylphenalenones (C19  skeleton) occurred exclusively in roots, oxa-

phenylphenalenones (C18O skeleton) were found in both aerial part and roots, and most aza-

phenylphenalenones (C18N skeleton) were detected in aerial parts. This distribution pattern 

suggestes that the phenylphenalenones were biosynthesized and oxidized to oxa-

phenylphenalenones in roots, then tranlocated to aerial parts and partially converted to aza-

phenylphenalenones. Eight phenylphenalenones with a C19  skeleton and a corresponding 

dimer were elucidated from W. thyrsiflora seeds. This finding indicates that 

phenylphenalenones accumulated in the seeds without further oxidation, glucosylation or 

other conversion. Seventeen phenylphenalenones, oxa-phenylphenalenones and aza-

phenylphenalenones, including five new ones, and three flavonoids were identified from 

Xiphidium caeruleum flowers. This is the first report on the isolation of flavonoids from the 

Haemodoraceae family. Current results of investigations on Xiphidium caeruleum flower 

components indicate that phenylphenalenone-type compounds are characteristic flower 

pigments of this species and have in part replaced the flavonoids. The most common flower 

pigments, anthocyanins and carotenoids, were not reported from flowers of the 

Haemodoraceae so far. 

In Chapter 4, it is described how eleven glucosinolates and eighteen phenolics 

including seven new lignans were characterized from rapeseed (Brassica napus) winter 

cultivar “Emerald”. Further study on the organ-specific distribution of these compounds in 

rapeseed was conducted. As a result, glucosinolates and sinapine, the predominant sinapate in 

rapeseed, were proven to be accumulated evenly in embryo of rapeseed, while a cyclic 
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spermidine conjugate was exclusively found in hypocotyl and/or radicle, and the major 

amount of flavonoids was detected in cotyledons of rapeseed embryos. The different 

distribution patterns of these secondary metabolites indicate that each class of compounds 

may play individual roles for rapeseed dormancy and germination, which needs further 

experiments to elucidate. 

Chapter 5 was dedicated to explore spatio-temporal formation and accumulation of the 

predominant lignan, secoisolariciresinol diglucoside (SDG), in flaxseed (Linum 

usitatissimum). SDG was detectable in developing flaxseed around six days after flowering, 

and its biosynthesis ceased before the seeds browned and desiccated. SDG accumulates 

predominantly in parenchymatous cells in mature flaxseed coat. This finding is different from 

previous reports of SDG accumulation in lignified sclerified cells of the seeds coat. 
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Zusammenfassung 

 
In Kapitel 3 wird beschrieben, wie die HPLC-SPE-NMR Kopplung erfolgreich zur 

Strukturaufklärung von Sekundärstoffen aus verschiedenen Pflanzenmaterialien eingesetzt 

wurde. Zwölf C-methylierte Chalcone und Flavonoide wurden aus Samen von Myrica gale 

isoliert und identifiziert. Wie kürzlich nachgewiesen wurde, sind diese Verbindungen an der 

Etablierung von Symbiosen der Pflanze mit Stickstoff-fixierenden kompatiblen Pilzen 

beteiligt. Phytochemische Untersuchungen vegetativer Teile von Wachendorfia thyrsiflora 

führten zur Identifizierung von elf Verbindungen des Phenylphenalenon-Typ in oberirdischen 

Pflanzenteilen und zehn Verbindungen in den Wurzeln sowie vier weiteren Verbindungen in 

beiden Pflanzenteilen. Zwölf dieser Verbindungen sind neue Naturstoffe. Von den insgesamt 

25 Verbindungen des Phenylphenalenon-Typs aus W. thyrsiflora kommen die eigentlichen 

Phenylphenalenone (C19  Gerüst) ausschließlich in Wurzeln vor. Oxa-Phenylphenalenone 

(C18O Gerüst) wurden sowohl in oberirdischen Pflanzenteilen als auch in Wurzeln gefunden 

während die meisten Aza-Phenylphenalenone (C18N Gerüst) oberirdisch vorkommen. Dieses 

Verteilungsmuster lässt vermuten, dass Phenylphenalenone zunächst in den Wurzeln gebildet 

und auch dort in Oxa-Phenylphenalenone überführt werden. Anschließend werden sie 

vermutlich in die grünen Pflanzemteile transportiert und dort zum Teil in Aza-

Phenylphenalenone umgewandelt. Acht Phenylphenalenone mit C19  Gerüst und ein 

entsprechendes Dimer wurden in W. thyrsiflora Samen nachgewiesen. Dieses Ergebnis zeigt, 

dass Phenylphenalenone in Samen ohne weitere Oxidation, Glucosylierung oder andere 

Metabolisierungsschritte akkumulieren. Siebzehn Phenylphenalenone, Oxa-

Phenylphenalenone und Aza-Phenylphenalenone einschließlich fünf neuen Verbindungen und 

drei Flavonoiden wurden in Blüten von Xiphidium caeruleum gefunden. Dieses ist der erste 

Bericht über die Isolierung von Flavonoiden in der Familie Haemodoraceae. Die Ergebnisse 

der Untersuchungen an Blütenbestandteilen von Xiphidium caeruleum zeigen, dass 

Verbindungen das Phenylphenalenon-Typs charakteristische Blütenfarbstoffe dieser Art sind, 

wo sie zum Teil die sonst in Pflanzen verbreiteten Flavonoide ersetzen. Über das Vorkommen 

von Anthocyaninen und Carotenoiden, den allgemein häufigsten Blütenfarbstoffe, in den 

Haemodoraceae ist bisher nichts bekannt. 

In Kapitel 4 werden elf Glucosinolate und 18 phenolische Verbindungen 

einschließlich sieben neuen Lignanen aus Raps (Brassica napus) “Emerald” beschrieben. Es 
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wurden weitere Arbeiten zur organ-spezifischen Verteilung dieser Verbindungen in Raps 

durchgeführt. Die Ergebnisse zeigen, dass Glucosinolate und Sinapin, das vorherrschende 

Sinapinsäure-Derivat in Raps, gleichmäßig im Rapssamen verteilt sind, während cyclische 

Spermidinkonjugate ausschließlich im Hypocotyl und/oder Radikel vorkommen und 

Flavonoide hauptsächlich in Kotyledonen der Rapssamen-Embryos gefunden wurden. Die 

unterschiedliche Verteilung der Sekundärmetabolite in verschiedenen Organen der 

Rapssamen lässt individuelle Funktionen jeder dieser Verbindungsklassen während der 

Samenruhe und Keimung vermuten. Dafür sind jedoch weitere Untersuchungen erforderlich.  

Kapitel 5 ist der Untersuchung des räumlichen und zeitlichen Verlaufs der Bildung 

und Akkumulation von Secoisolariciresinol-Diglukosid (SDG), dem dominierenden Lignan in 

Leinsamen (Linum usitatissimum), gewidmet. Als Ergebnis wurde SDG in sich 

entwickelndem Leinsamen etwa sechsTage nach der Blüte nachgewiesen und es wurde 

gezeigt, das die Biosynthese vor der Bräunung und Trocknung der Samen abgeschlossen ist. 

SDG wurde haupsächlich in parenchymatischen Zellen der Schale reifer Leinsamen 

nachgewiesen. Dieses Ergebnis unterscheidet sich von früheren Berichten, wonach 

lignifizierte Skleritzellen als Ort der SDG-Akkumulation beschrieben sind. 
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4.2 Tissue-specific distribution of secondary metabolites in rapeseed (Brassica napus L.).                

 
Figure S1. Extracted ion 
chromatograms for the cyclic 
spermidine in different 
rapeseed tissues. Extracted ion 
chromatograms (EIC) for ions at 
m/z 496.4 ± 0.5 measured in 
positive ionization mode of 
samples from different laser-
microdissected rapeseed tissues. 
13: Major cyclic spermidine 
conjugate (for structure, see 
Figure 4A). ▼ major cyclic 
spermidine conjugate (13) 
peak .HR, hypocotyl and radicle; 
IC, inner cotyledon; OC, outer 
cotyledon; and SE, seed coat and 
endosperm. 
 

 
                                                                                                                                  
Figure S2. Extracted ion 
chromatograms for the two 
major flavonoids in different 
rapeseed tissues. Extracted ion 
chromatograms (EIC) of samples 
from different rapeseed tissues 
measure in negative ionization 
mode for (A) ions at m/z 771.4 ± 
0.5 of flavonoid 14; and (B) ions 
at m/z 977.5 ± 0.5 of flavonoid 
15. For structures, see Figure 5A. 
HR, hypocotyl and radicle; IC, 
inner cotyledon; OC, outer 
cotyledon; and SE, seed coat and 
endosperm. ▼ flavonoid 14 
peaks in (A) and flavonoid 15 
peaks in (B). 
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5.2 Laser microdissection-assisted quantitative cell layer-specific detection of 

secoisolariciresinol diglucoside in flaxseed coats (Preliminary version).        

 

 

Fig. S1. Proposed biosynthesis pathway of SDG oligomer in flaxseed. DPO, dirigent-protein oxidase; PLR, 
pinoresinol-lariciresinol reductase; GF, glucosyltransferase. 1, E-coniferyl alcohol; 2, (−)-pinoresinol; 3 (−)-
lariciresinol; 4, (+)-secoisolariciresinol; 5, SDG; 6, SDG-HMG oligomer. 

 

 

 
Fig. S2. Mechanical separation of the flaxseed coats. (A) Picture of the flaxseed coats; (B) flaxseed coats 
separated into two parts A and B; (C) some mucilaginous cell (MC) material was isolated from seed coats as part 
C. Bars in A and B represent 1.0 mm, and the bar in C represents 0.5 mm. 
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Fig. S3. HPLC chromatograms of alkaline hydrolysis of separated samples. Chromatograms A, B, C, B1, and B2 
were obtained from mature seed samples. SDG: Chromatogram of secoisolariciresinol diglucoside (SDG). 
Chromatograms I, II, and III were obtained from 25 DAF seed samples. For details of sample preparation, see 
Figs. 1 and 2. Framed peaks in different chromatograms represent SDG. Some peaks in chromatogram B were 
identified by comparing with standards as 4-(β-D-glucopyranosyl) coumarate (1), 4-(β-D-glucopyranosyl) 
ferulate (2), methyl 4-(β-D-glucopyranosyl) caffeate (3), methyl 4-(β-D-glucopyranosyl) coumarate (4), and 
methyl 4-(β-D-glucopyranosyl) ferulate (5). 
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