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belowground arthropod herbivores on production of secondary defence compounds, 

quantifying impacts of E. plantagineum establishment and the “novel weapons 

hypothesis” in Australia compared to its native range and comparing the genetic diversity 

of Echium spp. in Australia and in its native range. 

This PhD thesis describes the development of the platform for identification and 

profiling of secondary defence metabolites, elucidates the impact of plant stress on 
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of the National Life Sciences Hub at Charles Sturt University, Wagga Wagga, Australia. 
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Abstract 

 

The study of plant-plant interactions and invasion is a challenging task that 

requires a holistic approach towards developing a critical understanding of why some 

plant species are successful invaders while others are not. This research studied weed 

invasion in light of key biosynthetic pathways in roots and shoots, and has progressed 

from simplistic studies previously focused on one major metabolite of interest that have 

not taken into account plant stress, genetics and environment simultaneously. Echium 

plantagineum L. (Boraginaceae) commonly known as Paterson’s curse or Salvation Jane, 

is an exotic and invasive weed in Australia that was introduced from the Iberian Peninsula 

in the 19th century. It has spread across 30 M ha in southeastern Australia and exhibits 

potential for further invasion. It is a toxic herb that frequently establishes as monocultures 

and consequently has resulted in AUD $250 M in annual losses to the Australian farming, 

meat and fibre industries. Echium plantagineum accumulates toxic pyrrolizidine alkaloids 

(PAs) in its foliage and antimicrobial and phytotoxic shikonins or naphthoquinones (NQs) 

in its root periderm. The chemical diversity, ecochemical function and metabolic relation 

between PAs and NQs has not been explored previously in light of plant invasion and 

plant-plant interactions. 

Production of bioactive secondary metabolites and population genetics are key 

factors contributing to plant invasion. The production of secondary metabolites in exotics 

can be altered as a result of escape from natural enemies, evolutionary adaptation towards 

increased competitive traits, or environmental pressures. A metabolic profiling platform 

was developed to identify and profile PAs and NQs using UHPLC/Q-ToF MS (ultra-high 

pressure liquid chromatography coupled to quadrupole time of flight mass spectrometry) 
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in both positive and negative mode respectively. This platform was utilized to identify 

secondary metabolites and investigate the impacts of invasion on the biodiversity of 

ecosystems and the regulation of defence metabolism in the context of changing climate 

and plant stress.  

Methanolic foliar and ethanolic periderm and soil extracts were analysed using 

semi-quantitative targeted and untargeted metabolic profiling approaches. Seventeen PAs 

and nine NQs were identified in the foliage and root periderm, respectively. Periderm 

extracts contained predominantly dimethylacrylshikonin, β-hydroxyisovalerylshikonin 

and isovalerylshikonin while acetylshikonin was the key metabolite detected in soil 

samples. Shoot extracts were dominated by echimidine, echiumine and lycopsamine-N-

oxides. A total of 22 Australian and 13 European geographically distinct populations were 

evaluated in the study. The regulation of secondary metabolite production was studied in 

phenological and time-course experiments in four Australian populations of E. 

plantagineum in controlled glasshouse conditions. These results were compared to the 

metabolic profiles of a non-invasive exotic congener E. vulgare. Secondary metabolites 

were also analysed over time in response to simulated drought, herbivory, temperature 

stress and intraspecific competition in controlled phytotron conditions. Additionally, key 

genes involved in the NQ biosynthetic pathway were identified using sequence-specific 

primers based on Genebank accessions from related species.  

Production of PAs and NQs was initiated < 24 h from germination and increased 

over time until flowering. Echium vulgare accumulated lower concentrations of PAs but 

up to three-fold higher levels of NQs than E. plantagineum. NQs were potentially acting 

as carbon substrates in the root periderm for future conversion to additional bioactive 

forms or different metabolites under environmental stressors. Upregulation of NQ 

biosynthesis was observed in response to imposed stress including elevated temperature, 
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moderate drought, mechanical damage and intraspecific competition. Biosynthesis of 

PAs, in contrast, was less variable and frequently declined during exposure to stress 

possibly due to trade-offs between secondary products production and primary 

metabolism. The most rapid response in accumulation of secondary metabolites was 

observed within 6 h after simulated herbivory and 72 h after exposure to drought. 

Australian field populations of E. plantagineum produced up to six-fold greater 

concentrations of NQs and up to three-fold lower concentrations of PAs, in comparison 

to plants collected from native ranges. Echium plantagineum stands tended to be 

botanically more diverse but at a lower density in the Iberian Peninsula. Populational 

differences in chemistry were limited in Australian populations of E. plantagineum. A 

greater inter-populational diversity was noted in the endemic range.  

This thesis is a comprehensive and detailed report on the role of bioactive 

secondary plant products in plant invasion and stress response. In particular, I conclude 

that the success of E. plantagineum in Australia is likely a result of numerous factors 

including the synergistic effect of biological traits, high rates of seed production, flexible 

regulation of defence metabolism both above and belowground, greater levels of genetic 

diversity and escape from natural enemies.  
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Chapter 1 

 
General introduction 

 

1.1.Plant invasion 

Exotic plant species have always been a threat to natural, well-preserved ecosystems 

(Lavorel et al., 1999) and are thought to be the second largest cause of loss to biodiversity 

worldwide (Harvey et al., 2010; Keane and Crawley, 2002). Species introductions and 

anthropogenic impacts are of increasing importance to ecology, conservation and 

economy due to native species losses and exotic species gains (Ellis et al., 2012). Few 

introduced plant species succeed as exotic invaders (Mitchell and Power, 2003), however 

the mechanism(s) involved in successful plant invasion have not been fully explored 

(Lavorel et al., 1999). 

The interaction of an exotic species with the environment is complex (Pimentel et al., 

2001) and invaders often exceed predicted climatic envelopes (Beaumont et al., 2009; 

Broennimann et al., 2007). Exotics are a serious concern from an economic perspective. 

Global costs associated with management and losses due to biological invasions reach 

USD$1.4 trillion annually (Zhu et al., 2016b). 

Plants have been introduced to novel ranges intentionally or coincidentally as 

ornamentals, fodders, medicinal and agricultural plants or as contaminants (Hulme, 2009; 

Keller et al., 2009; Konarzewski, 2012). Although, the geographical distribution of 

species and introductions has been shaped by humans for centuries, the magnitude and 

diversity of plant invasion has increased in the era of globalization and requires new 

management methods, procedures and protection against further introductions (Hulme, 

2009).  
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1.1.1. Plant invasion mechanisms  

Understanding the mechanisms underlying plant invasion has always been a 

challenging task. These efforts are critical for the development of new management 

strategies, preventing future invasions and better prediction of threats associated with 

existing invaders (Keane and Crawley, 2002; Ren and Zhang, 2009). In addition, exotic 

and invasive species provide an opportunity to understand evolutionary and ecological 

processes that occur in plants (Sax et al., 2007). Successful invasion is likely a synergistic 

interaction of a multitude of factors and mechanisms (Gurevitch et al., 2011).  

Plant traits related to physiology, biomass allocation, growth rate, size and fitness can 

promote invasiveness (Van Kleunen et al., 2010b). Additionally, successful invaders 

might have a greater inherent competitive ability than native species as a result of separate 

evolutionary histories. This includes abilities such as fast resource uptake, ability to grow 

as dense monocultures, exudation of allelochemicals (Keane and Crawley, 2002), fast 

establishment and rapid reproduction that increases the ability to colonize empty niches 

(Baker, 1974; Hierro et al., 2005).  

In addition to the biological traits that facilitate colonization, there are three major 

mechanisms of plant invasions described in the literature:   

(1) The enemy release hypothesis, also known as the herbivore escape, predator escape 

or ecological release hypothesis, refers to the absence of competitors, predators or 

pathogens in the introduced range as the main advantage for an introduced species 

(Callaway and Maron, 2006; Hierro and Callaway, 2003; Hierro et al., 2005; Keane and 

Crawley, 2002; Mitchell and Power, 2003). The absence of predators allows the plant to 

allocate its energy and resources towards competitive traits (Callaway and Aschehoug, 

2000). Enemy escape hypothesis assumes that (a) natural enemies shape and control plant 

populations; (b) biocontrol agents have a greater impact on native species than on exotics 
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and (c) lack of natural enemies facilitates increased growth and spread (Keane and 

Crawley, 2002). Based on these assumptions, the main method for controlling exotics 

was the introduction of biocontrol agents, but this has not always been successful 

(Callaway 2000).   

(2) The novel weapons hypothesis posits that plants use biochemical mechanisms to 

conquer new environments (Callaway and Aschehoug, 2000; Callaway and Ridenour, 

2004; Callaway et al., 2011; Cappuccino and Arnason, 2006; Lind and Parker, 2010; 

Thorpe et al., 2009). Callaway and Aschehoug (2000) argued that invasive species not 

only escaped from their natural enemies but also brought novel mechanisms of interaction 

to invaded plant communities (Callaway and Ridenour, 2004). These exotics possessed 

phytochemically unique metabolites and biochemical mechanisms that have not 

previously been encountered by recipient communities. Consequently, these mechanisms 

are more efficient against unadapted competitors and/or predators (Callaway and 

Ridenour, 2004; Cappuccino and Arnason, 2006). The interference of plant bioactive 

metabolites (chemical weapons) with species in novel ranges can be critical in exotic 

species success (Bais et al., 2003; Callaway and Ridenour, 2004; Hierro and Callaway, 

2003). A recent study indicated that there are numerous phytochemical differences 

between exotic plant species and their native, non-invasive congeners (Macel et al., 

2014). These differences can be explored with metabolomics and metabolic profiling 

(Macel et al., 2014; Nakabayashi and Saito, 2013; Weston et al., 2015).   

(3) The evolution of adaptive traits in plants is more rapid than previously estimated, and 

allows for faster colonisation of environments (Hoffmann and Sgro, 2011; Prentis et al., 

2008). Adaptation occurs most frequently in exotics; however, native species which have 

to counteract the invasion and resist environmental pressure can also adapt rapidly 

(Hoffmann and Sgro, 2011). Adaptation is influenced by high genetic variation related to 
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hybridization or genetic directional selection under novel biotic and abiotic factors 

(Müller-Schärer et al., 2004). Multiple introductions result in higher genetic diversity and 

phenotypic plasticity of newly established populations (Clark et al., 2013; Gaskin et al., 

2005; Genton et al., 2005; Shaik et al., 2016). Successful plant invaders adapt to the new 

environment in 20 or fewer generations (Prentis et al., 2008). These adaptive changes can 

be caused by genetic variation (alleles available in the populations) or by mutations. 

Exotics often encounter genetic bottlenecks that decrease their population genetic 

diversity, reducing their adaptation ability. However, genetic bottlenecks may stimulate 

the conversion of epistatic to an additive variance under special conditions, thus 

promoting rapid adaptation (Prentis et al., 2008). The evolution of increased competitive 

ability (EICA) has been previously reported in novel ranges and is said to promote the 

competitive character of an exotic (Blossey and Notzold, 1995). 

1.1.2. Plant invasion in Australia 

Australia has a great diversity of endemic plant species resulting from isolation and 

the presence of diverse climatic zones that differ in seasonal rainfall and temperature 

patterns. Diverse climatic conditions provide expansive opportunities for exotic invaders 

to naturalize, and range from temperate and cooler climates in areas of higher elevation 

to hot and coastal ecosystems. Large infertile areas often degraded by agricultural 

practices have also created niches and pathways for the invasion of adaptive and low-

requirement plants (Konarzewski, 2012). It is estimated that Australia alone has 6.9% of 

global plant richness (Centre for Australian National Biodiversity Research, 2010); 

however, endemic species of vascular plants constitute 92% of total plant biodiversity in 

Australia (Centre for Australian National Biodiversity Research, 2010). Out of 

approximately 3000 species that were introduced and established in Australia, 130 

became invasive in natural ecosystems (Konarzewski, 2012). Although this number 
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seems low, exotic plants contribute to over AUD$3.5 - 4.5 billion in annual losses to 

agriculture and management of natural areas (Sinden et al., 2005). In contrast, the 

ecological implications of exotic invaders are difficult to quantify (Konarzewski, 2012). Over 

60% of weeds in Australian crops are non-native to the continent (Pimentel et al., 2001), 

cause substantial losses to agricultural production and commend over AUD $120 M in 

funding for weed management (Sinden et al., 2005).  

One of the major weeds of grazing lands in southeastern Australia is an exotic, Echium 

plantagineum also known as Paterson’s curse or Salvation Jane (Culvenor et al., 1984; 

Parsons and Cuthbertson, 2001; Weston et al., 2011). This toxic annual impacts the food 

and fibre industry, and agriculture costing over AUD $250 M in annually in Australia 

(Natural Resource Management, 2015).  

1.2. Biology and introduction of Echium spp.to Australia  

The Boraginaceae family encompasses around 2000 species which belong to 

approximately 100 genera. The family includes ornamental, agricultural, noxious and 

weed species (Parsons and Cuthbertson, 2001). There are over 50 Echium spp. now 

named which evolved in two major groups: woody Macaronesian and herbaceous 

Mediterranean species (including species found in Britain). Herbaceous Echium spp. were 

later introduced to the Americas, South Africa, Australia and New Zealand. 

Naturalization of E. plantagineum, E. vulgare and E. italicum (Forcella et al., 1986; 

Piggin, 1977) was also reported in Australia; however, in Australia the range of E. 

plantagineum has been expanding rapidly, in contrast to E. vulgare (a niche coloniser) 

and E. italicum which are present only in a few locations of central New South Wales 

(NSW) (Piggin, 1977; Zhu et al., 2016b).  

Echium plantagineum L. is an annual (or biennial under certain conditions) winter 

herb introduced to Australia (Parsons and Cuthbertson, 2001; Piggin, 1982). Its congener 

E. vulgare is a perennial exotic species in Australia of minor economic importance which 
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was introduced to Australia in 1820 (Parsons and Cuthbertson, 2001). However, the 

history of the introduction of E. plantagineum is unclear. It was reportedly imported to 

Australia in the mid 1800s as an ornamental plant (Parsons and Cuthbertson, 2001; 

Piggin, 1982) but it was more likely a contaminant of hay, introduced with sheep on 

multiple importation events from England and/or Iberian Peninsula after 1788 (Zhu et al., 

2016b). It has adapted to conditions that prevail in most of the Australian states to become 

a serious weed. However, it is not particularly invasive in its native Mediterranean region 

(Burdon and Brown, 1986; Grigulis et al., 2001; Parsons and Cuthbertson, 2001). It has 

naturalized in southeastern Australia where the climate is mild, similar to its native 

Mediterranean habitat (Sheppard and Smyth, 2012). Although it occurs in diverse 

mixtures with herbs and other pasture plants in the Iberian Peninsula (its endemic 

environment), it dominates disturbed sites and pastures in Australia. It has a tendency to 

grow invasively in overgrazed pastures, and can occasionally influence established crops 

(Sheppard and Smyth, 2012). Echium plantagineum has now spread across over 30 M ha 

in Australia (Figure 1) and produces up to 30,000 seeds/m2. Consequently, it dominates 

pastures in spring and outcompetes over 90% of all species (Parsons and Cuthbertson, 

2001; Piggin, 1982). 
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Figure 1 Distribution of (a) Echium plantagineum and (b) E. vulgare in Australia (AVH; 

Copyright 2009; Council of Heads of Australasia Herbaria Inc.); (c) E. plantagineum and 

(d) E. vulgare in the Iberian Peninsula (Map created based after Gibbs, 1971). 

1.2.1. Climatic preferences and life cycle of E. plantagineum 

Echium plantagineum establishes on a wide range of soils (Parsons and Cuthbertson, 

2001); however, it is more likely to grow on acidic and superphosphate enriched soils – 

often found in the Iberian Peninsula and across Victoria and New South Wales 

(southeastern Australia), which makes these states predisposed to Echium invasion 

(Sheppard et al., 2001). Echium plantagineum has a broader climatic tolerance in 

Australia than E. vulgare, which is limited to a fewer sites of higher elevation and cooler 

climate (Figure 1). However, the native habitat of E. vulgare is more diverse than endemic 

regions containing E. plantagineum (Klemow et al., 2002). Echium vulgare can be found 

in the southeastern highlands of Australia (Forcella et al., 1986) where winter 

temperatures drop below 0 ºC and vernalize the rosettes (Parsons and Cuthbertson, 2001). 

600 km

500 km

Reported occurrence

a)

c) d)

b)
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Both species were misidentified in the past, therefore not all of the records for these 

species are accurate (Gibbs, 1971; Zhu et al., 2016b). Interestingly, the resources on 

distribution of Echium spp. in the Iberian Peninsula are limited and the most recent record 

dates back to 1971. As presented by Gibbs (1971), the distribution of E. plantagineum is 

correlated with southern, warmer climates but E. vulgare can be found in cooler, northern 

regions of the Iberian Peninsula (Figure 1) (Gibbs, 1971). 

Echium plantagineum typically germinates after hot summers in mild temperatures 

(preferred annual temperature range 4 °C to 27 °C) when the rainfall is more frequent 

(Sheppard and Smyth, 2012). It develops a rosette (Figure 2) which produces stems in 

late winter and begins to flower in spring. Some seeds may germinate in spring and 

survive summer as rosettes and blossom the following year (Parsons and Cuthbertson, 

2001).  

 

 

Figure 2 The life cycle of Echium plantagineum in controlled conditions. DAE – refers 

to days after emergence.   

6 DAE 13 DAE 18 DAE

25 DAE 32 DAE 39 DAE

5 cm
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Each E. plantagineum plant can produce up to 10,000 seeds which can remain in a 

soil seed bank for up to six years and germinate in favourable weather (Grigulis et al., 

2001). The seeds can be easily dispersed due to their roughened seedcoat that allows them 

to adhere to animal fur and protects the seed from digestion in the alimentary tracts of 

grazing animals (Parsons and Cuthbertson, 2001).  

Echium spp. produce toxic and bioactive secondary metabolites that are responsible 

for livestock poisoning and potentially are related to the successful invasion of E. 

plantagineum in Australia (El-Shazly et al., 1996; Papageorgiou et al., 1999; Skoneczny 

et al., 2016; Skoneczny et al., 2015). 

1.2.2. Morphology of E. plantagineum and E. vulgare 

There are limited differences in the morphology of E. plantagineum and E. vulgare. 

Echium vulgare has elongated leaves while E. plantagineum has oblong leaves with 

prominent lateral veins (Parsons and Cuthbertson, 2001). Both plants are erect and 

pubescent on the leaves and stems, and can produce one or multiple stems. The flower 

size and colour is different between the species. Echium plantagineum has larger (corolla 

18-30 mm) purple flowers (Figure 3) while E. vulgare has smaller (corolla 10-19 mm), 

blue to bluish-violet inflorescence (Gibbs, 1971). In addition, the number of stamens 

differs between the species; E. vulgare has five stamens with one distinctly shorter, while 

the E. plantagineum usually has two protruding and three smaller stamens (Gibbs, 1971; 

Parsons and Cuthbertson, 2001; Sheets, 2011). 
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Figure 3 Inflorescence of Echium plantagineum (own source).  

1.2.3. Genetic diversity of E. plantagineum 

Genetic diversity of plants has an impact on their survival and adaptability. 

Genetically diverse plant communities typically have higher plasticity and are more prone 

to becoming invasive (Clark et al., 2013; Gaskin et al., 2005; Genton et al., 2005). The 

first and only genetic diversity study of Echium in Australia was performed utilizing 23 

isozyme loci in one of New South Wales’ populations of E. plantagineum (Burdon and 

Brown, 1986). Australian communities of E. plantagineum revealed high genetic 

diversity, similar to that observed in Europe. Half of the isozyme loci were polymorphic 

which is unusual for plants in small and isolated populations (Brown and Burdon, 1983). 

High genetic diversity in the E. plantagineum genome suggests that there are multiple 

alleles controlling e.g. resistance genes which may contribute to the genetic variation also 

make populations flexible and more difficult to control (Burdon and Brown, 1986).   
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1.3. Plant defence mechanisms  

Plants and insects have been coexisting on earth for millions of years. These 

interactions have resulted in the evolution of mechanisms and adaptations, such as 

herbivore predation which is counteracted by defence mechanisms in plant. These 

mechanisms can be classified as physical and chemical. Both of types of defence 

mechanisms can be expressed constitutively or in response to attack (more commonly 

found in the case of chemical defence mechanisms) (Fürstenberg-Hägg et al., 2013). 

1.3.1. Physical plant defence mechanisms  

Physical defence features are plants’ morphological or anatomical traits that hamper 

the feeding or ovipositing of insects (Fürstenberg-Hägg et al., 2013; Hanley et al., 2007). 

These morphological adaptations can be classified into four major types:  

(1) The cuticle is a wax or cutin layer present on the surface of leaves. It protects plants 

against water loss and from predators (Fürstenberg-Hägg et al., 2013; Gutschick, 1999). 

The thickness and composition of the cuticle varies between species and phenological 

stage. Additionally, mineral crystals may be a part of the epicuticular layer (Fürstenberg-

Hägg et al., 2013). For instance, silicification is a deposition of silica in epidermal cell 

walls. It increases the rigidness and toughness of the leaf (Hanley et al., 2007). Such 

modification is limiting for both invertebrate and vertebrate herbivores including leaf-

eating and stem-boring insects (Massey et al., 2007) and livestock, due to reduced 

digestibility and impact on mandibular wear (Hanley et al., 2007). 

(2) Pubescence evolved to protect plants against water loss, heat and short wave radiation. 

However, it also has additional functions, such as keeping water droplets off the leaf 

surface or storing excess calcium (Gutschick, 1999). Trichomes may be divided into two 

groups: glandular and non-glandular. The first group is capable of producing bioactive 

compounds while the second mainly reduces the herbivore contact with tissues 
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(Fürstenberg-Hägg et al., 2013). Non-glandular pubescence in contrast, defends plants 

from molluscs, leaf chewing and sap-sucking insects and limits oviposition (Hanley et 

al., 2007). It has been demonstrated that the removal of trichomes increases insect 

feeding, proving the importance of these structures as defence mechanisms (Fürstenberg-

Hägg et al., 2013; Hanley et al., 2007). Echium spp. are a good example of species with 

exceedingly pubescent leaves. Ryan (2014) identified these both types of trichomes on 

the leaf surface of Echium spp., including glandular trichomes likely containing defence 

metabolites and two smaller or larger simple trichomes that form a physical barrier to 

insects. 

(3) Spinescence is a known means of plant defence against vertebrates and includes 

various sharp-ended structures: spines (veins, petioles, stipules and similar), thorns 

(woody branches) and prickles (an outgrowth from an organ epidermis/cortex) (Hanley 

et al., 2007). Trees, shrubs, and grasses may develop spiny structures at juvenile or mature 

growth stages. The development of these structures can be stimulated by herbivores 

(Cooper and Owen-Smith, 1986).   

(4) Leaf toughness is also an adaptation that protects plants from insects, increases 

resistance to wilting, enhances assimilation and the accumulation of defensive 

compounds and increases temperature tolerance (Hanley et al., 2007). Toughness is 

generally related to the presence of cellulose, lignin, suberin, callose or minerals that are 

incorporated into cell walls (Fürstenberg-Hägg et al., 2013). 

1.3.2. Chemical plant defence mechanisms 

Many plants are further protected against herbivores and pathogens by a diverse suite 

of secondary metabolites (Wittstock et al., 2004). The biosynthesis of plant defensive 

compounds consumes a considerable amount of the plant resources. Consequently, some 

plants have developed mechanisms that allow them to regulate energy and resources 
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devoted to biosynthesis of defensive products and synthesize compounds after the 

recognition of damage by an herbivore or pathogen. This defence strategy, known as 

induced defence, is risky because the herbivore attack may be too rapid to effectively 

deploy the chemical defence. Therefore, plants that are more frequently exposed to 

stressors often possess constitutive defences whereas plants that are attacked rarely may 

rely predominantly on induced defences (Wittstock and Gershenzon, 2002).  

1.3.3. Constitutive chemical defence 

Plants that rely on constitutive defences are continuously exposed to their own 

toxins and have developed mechanisms to withstand these poisons. These compounds are 

often stored as inactive precursors (Wittstock and Gershenzon, 2002). For instance, 

pyrrolizidine alkaloids are stored in the form of non-toxic N-oxides (Colegate et al., 

2005). The localization and transport of bioactive plant metabolites outside the plant helps 

prevent autotoxicity (Weston et al., 2012a). Numerous bioactive compounds are exuded 

from plant roots into the soil rhizosphere (Bertin et al., 2003; Dayan et al., 2009) while in 

plant shoots, toxic metabolites accumulate in specialized cells or glandular trichomes and 

are released as these structures are ruptured by a feeding herbivore (Wittstock and 

Gershenzon, 2002).  

1.3.4. Induced chemical defence  

The stimuli-triggered biosynthesis and secretion of toxic or repellent compounds 

has been studied for decades (Dixon, 2001). Plants are able to induce the biosynthesis of 

defence products upon exposure to abiotic and biotic stress (Akula and Ravishankar, 

2011; Bartwal et al., 2013; Dixon and Paiva, 1995; Ye et al., 2013). Plants also have the 

capacity to recognize insect oral secretions upon attack (Fürstenberg-Hägg et al., 2013). 

Insect oral secretions containing proteins such as inceptins, caeliferins, bruchins as well 
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as fatty acids were reported to play a role in insect recognition, but understanding of their 

origin or biosynthesis is still incomplete (Mithöfer and Boland, 2008). 

The biosynthetic pathways that can be activated as a response to herbivore attack are 

diverse (Bednarek, 2012). Interestingly plant defence mechanisms can be activated within 

seconds of an attack. The first step is the recognition of the attack, which results in 

changes in transmembrane potential. Genes that are specific to secondary products can be 

activated within an hour of initial recognition. Meanwhile intracellular Ca2+ concentration 

changes and reactive oxygen species (ROS) are generated, followed by the activation of 

mitogen-activated protein kinase (MAPK) cascades and jasmonic acid biosynthesis. The 

metabolic long-term changes may occur a few hours after feeding starts and can last for 

days (Fürstenberg-Hägg et al., 2013). Further adjustments may include morphological 

changes or production of secondary metabolites (Poelman et al., 2008). Chemicals 

produced after the induction of herbivore feeding are predominantly low molecular 

weight defence compounds, which may intoxicate or repel insects (Fürstenberg-Hägg et 

al., 2013).  

Developing plants are also challenged by abiotic environmental stresses such as 

drought, salinity, UV stress, and temperature extremes (Bartwal et al., 2013; Kleine and 

Müller, 2014; Selmar and Kleinwachter, 2013). These stresses can be overcome by 

deploying defense mechanisms, resulting in adjustment of plant secondary metabolites 

including signaling molecules, toxins and chemically reduced compounds that can impact 

the levels of ROS in plant cells (Akula and Ravishankar, 2011). 

1.4. Plant secondary metabolites  

Phytochemicals can be classified as primary and secondary metabolites depending on 

their function and role in plant physiology. Primary metabolites are essential to maintain 

housekeeping functions and are universally present in all plants (Walton and Brown, 
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1999). On the other hand, secondary metabolites are not involved in growth and 

development  but play a number of diverse roles, and are often involved in interactions 

with other organisms. The composition and types of secondary metabolites vary between 

genera and species (Croteau et al., 2000; Quinn et al., 2014; Walton and Brown, 1999).  

1.4.1. Classification of secondary metabolites 

Secondary metabolites are generally classified according to their carbon skeletal 

structure and types of functional groups; however the most useful classification system is 

based on the biogenetic origin of metabolites (Walton and Brown, 1999). As suggested 

by Walton and Brown (1999) secondary plant metabolites can be classified into three 

major groups: alkaloids and related nitrogen-containing compounds, terpenoids and 

phenolics (Figure 4).  

 

Figure 4 Classification of plant secondary metabolites based on their biogenetic origin 

as presented by Walton and Brown (1999).  
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Selected secondary metabolites play a critical role in plant constitutive and 

induced defence (Fürstenberg-Hägg et al., 2013; Howe and Jander, 2008). However, a 

majority of these chemicals have unknown ecological roles. Many possess allelopathic 

activity, play a role in plant defence as toxins or signalling molecules, or act as attractants 

to pollinators (Croteau et al., 2000; Quinn et al., 2014). These bioactive compounds may 

be toxic for some generalist herbivores; however adapted/specialized insects are capable 

of their detoxifying them (Fürstenberg-Hägg et al., 2013). 

1.4.2. Key secondary metabolites 

Only a few groups of secondary metabolites have been found to strongly affect plant 

interactions and are presented below (Fürstenberg-Hägg et al., 2013).   

(1) Alkaloids are organic bases derived from protein amino acids, with the nitrogen atom 

in their structures linked to 5- or 6-membered rings (Figure 5) (Walton and Brown, 1999). 

They evolved as a defence mechanism against insect herbivores but currently, more 

attention is given to their impact on mammalian systems (Howe and Jander, 2008). 

Alkaloids are usually produced in roots and stored in aboveground plant parts 

(Fürstenberg-Hägg et al., 2013; Ober and Hartmann, 2000). They are divided into three 

main classes: true alkaloids, pseudoalkaloids and protoalkaloids and are distributed in 

20% of angiosperm species (Bennett and Wallsgrove, 1994; Walton and Brown, 1999). 

Their antiherbivory role has been demonstrated in insects, molluscs and mammals and 

they are toxic to bacteria and fungi (Bennett and Wallsgrove, 1994). Currently there are  

over 10,000 known structures of alkaloids described in the literature (Walton and Brown, 

1999).   

(2) Benzoxazinoids, related to phenolic acids, are known for their suppressive effects on 

weeds, pests and pathogens. They are produced by numerous members of the Poaceae 

including wheat, barley and rye (Frey et al., 2009; Lu et al., 2012; Schulz et al., 2013). 
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They defend grasses against herbivores, fungi and bacteria (Frey et al., 2009).   

(3) Cyanogenic glucosides are secondary defence compounds reported in more than 2000 

plant species. They are known to act as feeding deterrents; however, many herbivores 

have evolved mechanisms for their detoxification. Their mode of action strongly depends 

on the insect species. Interestingly, some adapted insects prefer a diet rich in cyanogenic 

glucosides (Bennett and Wallsgrove, 1994).  

(4) Glucosinolates are widely found in Brassicaceae and Capparales. So far, about 120 

different structures of these constituents have been characterized. Tissue disruption 

causes a breakdown of their precursors to toxic constituents that act as feeding repellents 

and toxins (Fürstenberg-Hägg et al., 2013).  

(5) Non-protein amino acids are a unique example of plant produced toxins, as they are 

not particularly toxic to the host organism. They are produced in many plant families but 

are most common in herbaceous plants and legumes. Insects can incorporate these amino 

acid analogues into polypeptides, which results in the production of defective, non-

functioning proteins (Bertin et al., 2007; Fürstenberg-Hägg et al., 2013).   

(6) Phenolic compounds are aromatic structures with >1 hydroxyl groups attached to the 

phenyl ring (Figure 5), often stored in plants in conjugation with sugars or sulphates. They 

are derived from phenylalanine (p-hydroxycinnamic acid is a central constituent in their 

biosynthesis) (Walton and Brown, 1999). They are one of the largest groups of secondary 

plant products and are characterized by antioxidant, anti-inflammatory, anti-carcinogenic 

and other biological properties (Kabera et al., 2014). Many phenolics cause toxic or 

inhibitory effects due to their ability to ionize in the presence of bases. They are 

chemically diverse in structure and biosynthesis (Bennett and Wallsgrove, 1994). It has 

also been claimed that they play a role in the response to photodamage (Close and 

McArthur, 2002). Previous research demonstrated their ability to defend plants against 
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insects and other herbivores, as plants containing phenolics in higher concentration were 

less subject to attack by some insects. For instance, Salix dasyclados accumulated more 

phenolics at maturity and was consequently attacked less by flea beetles than juvenile 

plants. A similar observation was reported for cereal aphids feeding on wheat, which 

attacked cultivars containing lower concentrations of cell-wall bound phenolics. It was 

also hypothesized that phenolics produced on induction play a more important role than 

constitutively produced phenolics, although both types are important in plant defence 

(Bennett and Wallsgrove, 1994).   

(7) Terpenoids are unsaturated hydrocarbons, frequently cyclic, known to take part in 

plant defence (Figure 5). Their structures are based on the branched five-carbon 

isopentane skeleton (isoprene units) (Croteau et al., 2000) and are derived from isopentyl 

and dimethylallyl pyrophosphates (Walton and Brown, 1999). They are the most diverse 

group of secondary compounds, as they encompass over 40,000 structures (Howe and 

Jander, 2008).  

 

Figure 5 Structures representative for major classes of plant secondary products, as 

classified by Walton and Brown (1999). (a) Lycospamine (nitrogen-containing alkaloid); 

(b) myrcene (monoterpenoid); (c) shikonin (phenolic compound) (Chemspider; 

Copyright 2015; Royal Society of Chemistry).   

a) b) c)
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1.4.3. Volatile compounds 

Over 1700 volatile compounds have been identified among 90 plant families; these 

compounds constitute about 1% of secondary plant metabolites. At the cellular level, 

volatiles are usually lipophilic liquids that can cross membranes easily and be exuded to 

the environment. Chemically, they are mainly terpenoids, phenylpropanoids/benzenoids, 

fatty acids and amino acid derivatives (Dudareva et al., 2006). Volatile compounds are 

constantly released from plants, but the quantity and composition of these compounds 

depends on additional triggers. Infected or wounded plants elicit chemically uniform 

compounds which suggest that biosynthetic pathways that are activated after feeding or 

wounding are similar across genera. Volatiles play a role as deterrents but also allow 

insects to recognize their host and assess if the particular plant is under attack. In plant 

communities, plant volatiles play an informative role in the induction of defence response 

in neighbouring plants. It was also demonstrated that volatiles released from insect-

damaged plants are attractive to enemies of herbivores attacking the plant (Paré and 

Tumlinson, 1999), playing a role in tritrophic interactions (Dudareva et al., 2006) and in 

allelopathy (Eom et al., 2006; Eom et al., 2005). Volatiles have many functions in plant-

herbivore-carnivore interactions, plant-to-plant allelopathy, above/belowground plant 

defence, abiotic stress, seed dissemination and communication (Dudareva et al., 2006).  

1.4.4. Secondary plant products in plant interactions 

It is well known that plant-to-plant interactions are complex and involve interactions 

beyond those of competition for basic resources (Hierro and Callaway, 2003). The 

majority of actions and interactions take place in the ‘hidden half’ of the plant – the root 

system. Plant roots are able to exude secondary compounds to the rhizosphere, change 

soil structure its biological activity and physical properties (Bertin et al., 2003). Some 

classes of secondary metabolites have antagonistic or symbiotic effects on the growth and 
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development of neighbouring plants (Rice, 1979). The mechanism of plant interference 

mediated by secondary metabolites is called allelopathy, and compounds acting in 

allelopathy are called allelochemicals. Allelochemicals are represented by a diverse group 

of organic chemicals produced under certain conditions in all plant tissues. In sufficient 

concentrations they act as phytotoxins, affecting the growth and development of other 

plants (Weston and Duke, 2003). Allelochemicals may be exuded from roots directly to 

the rhizosphere, volatilized, leached from leaves or emitted after plant tissue degradation 

(Bertin et al., 2003). Plant exudates influence trophic interactions, herbivory, 

decomposition and nitrogen cycling. The production and release of secondary metabolites 

to the soil matrix is strongly stimulated by biotic and abiotic factors of ecosystems. 

Allelochemicals can be inhibitory to other species and their wide variety and different 

modes of action may increase their efficiency. These chemicals may also act as mediators, 

be involved in plant defence and nutrient chelation or play a role in the regulation of the 

microbiome (Inderjit et al., 2011).  

In general, plant defence mechanisms may be stimulated by both below- or 

aboveground factors. Aboveground herbivores are able to modify the plant response e.g. 

inducing the accumulation of polyphenolics or the release of volatile organic compounds, 

which may not only affect herbivores but other plants as well. The belowground 

interactions in the rhizosphere include soil microorganisms and interactions with other 

plant roots (Inderjit et al., 2011). The occurrence of plants, both below- and aboveground 

leads to interactions with many different organisms at multiple trophic levels. Plants can 

respond to an interaction with one group of organisms and at the same time can influence 

a different organism involved in a simultaneously occurring interaction (Kempel et al., 

2013). 
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Root exudation is one of the most common mechanisms of allelochemical release 

from living plant roots. Previous research indicated that secondary metabolites are exuded 

from single-celled root hairs (Bertin et al., 2003; Weston et al., 2013a). Root exudates 

contain varying compositions of organic compounds including polysaccharides, 

secondary metabolites, organic acids, growth regulators, vitamins and electrolytes (Bertin 

et al., 2003). These chemicals accumulate in the rhizosphere and can undergo physical, 

chemical and biological changes (Weston et al., 2015). 

There are several well-known examples of allelochemical-producing plants. One of 

the most studied examples is Juglans nigra, which produces juglone, a growth-inhibiting 

constituent that possesses allelopathic effects associated with activity against woody and 

herbaceous plant species and also against insect herbivores. Juglone is a naphthoquinone 

which is stored in plants as a non-toxic hydrojuglone and is transformed to its toxic form 

upon oxidation (Bertin et al., 2003; Weston, 1996). Numerous researchers have focused 

on allelopathy and phytotoxicity in Sorghum spp. (Weston et al., 2013a) and authors 

discovered that accumulation of bioactive sorgoleones is not only controlled by 

environment and genetics, but also depends on the targeted weed species (Dayan et al., 

2009; Weston et al., 2013a). Thus, use of sorghum in weed management as extracts, 

mulches, cover crops, rotation or intercropping with the aim of decreased herbicide usage 

has been attempted (Alsaadawi et al., 1986; Weston et al., 2013a). Perennials such as 

Medicago sativa L. and Trifolium spp. were found to be allelopathic in Australian 

pastures. The accumulation of allelochemicals in the soil resulted in autotoxicity in 

several allelopathic plant species (Weston and Mathesius, 2013). Another example of an 

allelopathic plant species is Nepeta x faassenii, which was observed to volatilize 

allelochemicals from glandular trichomes. These volatile constituents inhibit the 

germination and growth of neighbouring species (Eom et al., 2006). 
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Thousands of allelochemicals with ecological impacts have been identified to date. 

Some of them act in trophic interactions or may play a critical role in plant invasion as 

discussed earlier (Bradow and Connick, 1990; Fernandez et al., 2016; Haig, 2001; Hierro 

and Callaway, 2003; Kato-Noguchi, 2009; Lovett and Potts, 1987; Schulz et al., 2013; 

Vaughn and Berhow, 1999; Weston et al., 2013a).  

1.5. Echium spp. secondary defence metabolites 

Diverse chemicals biosynthesised by plants often play a key role in the interactions 

between plants and the environment (Hartmann, 1996), defend plants against pathogens 

and herbivores, or influence feeding and oviposition of arthropods (Ober and Hartmann, 

2000). Echium plantagineum produces bioactive compounds that fall into two chemical 

groups: pyrrolizidine alkaloids (PAs) occurring in the foliage and naphthoquinones (NQs) 

located in the root periderm, both of which likely play multiple roles in plant interactions 

and defence (Colegate et al., 2005; Papageorgiou et al., 1999; Weston et al., 2012a; 

Weston et al., 2013b). 

1.5.1. Pyrrolizidine alkaloids 

Plants containing PAs are among the most toxic in the kingdom Plantae and cause 

harmful effects to livestock, wildlife and humans. PAs are heterocyclic compounds, 

which are usually esters of basic alcohols (Fu et al., 2004; Hartmann, 1999). There are 

around 350 different structures of PAs which can be found in angiosperms. Over 95% of 

them are biosynthesised by plant species belonging to four families: Asteraceae, 

Boraginaceae, Fabaceae and Orchidaceae (El-Shazly and Wink, 2014; Ober and 

Hartmann, 2000). Insects and plants producing PAs usually accumulate them in their cells 

in the form of non-toxic N-oxides, which may be efficiently converted into toxic tertiary 

alkaloids (Ober and Hartmann, 2000). PAs can be found in plants together with their N-

oxides (PANOs) in nearly equal quantities (Fu et al., 2004). 
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PAs alkylate DNA and cause mutations in herbivores and are especially hazardous 

to non-ruminants (El-Shazly and Wink, 2014). Long-term toxicity is usually caused by 

the conversion of PAs into pyrrole derivatives that cross-link with DNA (El-Shazly and 

Wink, 2014). The consumption of high quantities of foliage can lead to the occasional 

death of cattle, horses and sheep (Peterson and Jago, 1984). Symptoms of toxicity were 

also observed in pigs (Culvenor et al., 1984) and rats (Peterson and Jago, 1984). Many 

PAs have been shown to exhibit weak antileukemic, carcinogenic, embryotoxic, 

hepatotoxic, mutagenic, pneumotoxic, virustatic (Alali et al., 2008), antimitotic, 

teratogenic and haemolytic activities (El-Shazly and Wink, 2014). 

Attention has also been drawn to the possibility of human intoxication by PAs. 

Research on echimidine (PA) in honey and mead (both derived from E. plantagineum) 

confirmed the presence of this alkaloid with other minor metabolites like echiumine and 

acetylechimidine in products for human consumption (Cao et al., 2013a). It has been 

firmly established that animal food products can frequently contain PAs, they may even 

be present in milk if cattle were fed on contaminated grazing land (Griffin et al., 2013).  

PA molecules are derived from 1-methylpyrrolizidine (Alali et al., 2008) and form 

the base ring system characteristic for necine (amino alcohol), which is comprised of two 

five-membered rings that share a N atom at position 4 (Figure 6). PAs are harmless when 

saturated, and therefore to become toxic, an unsaturated bond between positions 1 and 2 

and esterification of at least one hydroxyl group is required. PAs are relatively polar 

compounds (Crews et al., 2010). The localization of their biosynthesis varies among 

species (Frölich et al., 2007). Besides the necine base, the second component of the 

chemical structure of PAs is a necic acid. The necic acid structure is often a criterion for 

the classification of PAs (Hartmann, 1999). In Boraginaceae, PAs occur as free necines 
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or as a mixture of free bases and N-oxides. They can form monoesters at C-9 or C-7, open 

chain diesters, or rarely macroesters (Figure 6). 

 

 

Figure 6 General structure of PAs produced in Boraginaceae. The figure was adapted 

from El-Shazly and Wink (2014).  

 

The biosynthesis of lycopsamine-type PAs (common in Boraginaceae) is strongly 

linked to primary metabolism and is usually a three-step process (Figure 7). First, 

putrescine and spermidine are transformed to form a carbon skeleton of homospermidine 

in a reaction mediated by homospermidine synthase (HSS) (Frölich et al., 2007; 

Hartmann, 1999). Homospermidine is a polyamine and its biosynthesis is only possible 

with HSS, which is an enzyme unique to proteobacteria and PA-producing plants (Ober 

and Hartmann, 2000). The second step in biosynthesis leads to either O-9 esterification 

of trachelanthamidine with 2’,3’-dihydroxy-2-isoprobytbutyric acid, (-)-viridifloric acid, 

(+)-viridifloric acid, (-)-trachelanthic acid or (+)-trachelanthic acid. The necic acid group 

is derived from aliphatic amino acids that can be converted to trachelanthic acid. During 

this step of biosynthesis, trachelanthic acid is unified with trachelanthamidine 

(homospermidine derivative) to form trachelanthamine N-oxide followed by retronecine 
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O9-ester (e.g. intermedine N-oxide) (Hartmann, 1999). Finally, these intermediates may 

be O-7- and O-3’- esterified with a range of different acids (Frölich et al., 2007).  

 

Figure 7 Biosynthesis of lycopsamine type PAs. (1) Intermedine-N-oxide, (2) 

trachelanthamine-N-oxide, (3) trachelanthamidine, (4) homospermidine, (5) (+)-

trachelanthic acid, (6) 2-oxoisovaleric acid and (7) valine. Adapted from Hartmann 

(1999). 

1.5.2. Naphthoquinones 

Another group of bioactive secondary compounds produced and accumulated in 

Echium spp. are naphthoquinones (NQ), more specifically isohexenylnapthazarins (IHN) 

or shikonins (Papageorgiou et al., 1999; Weston et al., 2013b). Shikonins are produced 

by young roots and accumulate in vacuoles or vessels of the root periderm. They often 

provide pink to red pigmentation in young roots (Weston et al., 2012a) while older roots 
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exhibit a darkened periderm (Weston et al., 2011). Shikonins can change colour as a result 

of pH change (Hu et al., 2006) or oxidation (Papageorgiou et al., 1999). These pigments 

are produced in plants usually after activation of their biosynthesis as a result of exposure 

to stress conditions; however, they can be also observed in “unstressed” conditions in two 

cell types: the root hair and border cells (Brigham et al., 1999). LC/MS analysis of young 

root extracts revealed the presence of high amounts of acetylshikonin and smaller 

amounts of shikonin and its derivatives in the roots of E. plantagineum (Weston et al., 

2011). Weston et al. (2012) found that the production of bioactive compounds in roots is 

dependent on humidity, injuries or plant root pathogens in the rhizosphere environment 

(Weston et al., 2012a). Brigham et al. (1999) studied Lithospermum erythrorhizon 

(Boraginaceae) and observed that NQs in its roots are produced in specialized cells in the 

root tip. Furthermore, the ratio between shikonin derivatives varies depending on the level 

of stress and microorganisms present in rhizosphere as well. Shikonins have different 

biological activity and may also have various impacts on soil microorganisms (Brigham 

et al., 1999). The ratio of shikonin (R enantiomer) and alkannin (S enantiomer) 

synthesised by the same biochemical pathway differs depending on the plant species and 

often one of these enantiomers is dominant (Papageorgiou et al., 1999). 

Shikonins are highly reactive chemicals in plant, microbial and mammalian 

systems. They protect against inflammatory responses and cell damage (Kumagai et al., 

2012). Shikonin and selected derivatives share bioactive properties which include: 

cytotoxicity, anti-inflammatory (Brigham et al., 1999), antitumor, antibacterial, 

antithrombotic, antifungal, antioxidant and wound-healing properties (Albreht et al., 

2009). Once released in the soil environment, shikonins inhibit growth in plants and 

microorganisms (Weston et al., 2012a). In plant and microbial systems, they are 

respiratory inhibitors providing high activity in bioassays performed under controlled 
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conditions (Brigham et al., 1999; Weston et al., 2011). Echium plantagineum root extracts 

were bioassayed using ryegrass seedlings and were found to be highly phytotoxic. 

Compounds present in the roots and possibly expelled to the rhizosphere may be involved 

in plant defence, or might play a key role in invasive plant mechanisms, such as chemical 

weapons (Weston et al., 2011). Shikonins were further evaluated using an ethiolated 

wheat coleoptile bioassay and their inhibitory activity was correlated with concentration 

(Garcia Duran et al., 2014). Due to their broad spectrum activity, shikonins have been 

used in Far Eastern medicine (Papageorgiou et al., 1999) and are commonly used in 

Western medicine as anticancer agents (Gara et al., 2015). Shikonins also boast a wide 

application in industry as dyes, colorants or medicinal products. They may function in 

allelopathy, plant-insect interaction and electron transport (Brigham et al., 1999). 

Shikonins are derived from well-known  phenylpropanoid (PP) and isoprenoid precursors 

(Figure 8). The key precursors in shikonin biosynthesis are PHB (4-hydroxybenzoic acid) 

and GPP (geranyl pyrophosphate) which merge to form m-geranylPHB. There is still 

some dispute as to whether coumaric acid (derived from L-phenylalanine) is converted to 

PHB through the β-oxidative or retro-aldol pathway. Nevertheless, the precursor of GPP 

is the well-defined acetyl-CoA, which is converted to GPP in the isoprenoid pathway 

(Papageorgiou et al., 1999) or less often in plastid 2-C-methyl-D-erythritol 4-phosphate 

pathway (Singh et al., 2010). One of the key enzymes of the shikonin biosynthetic 

pathway is PHB geranyltransferase which couples PHB and GPP to form m-geranylPHB.
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Figure 8 Simplified shikonin biosynthesis pathway. (1) shikonin, (2) deoxyshikonin, (3) 

hypothetical intermediate, (4) m-geranylhydroquinone, (5) arylether arnebinol, (6) 

dihydroechinofuran, (7) echinofuran, (8) shikonofuran, (9) m-geranylPHB, (10) 4-

hydroxybenzoic acid (PHB), (11) β-D-glucoside-4-hydroxybenzoic acid, (18) coumaric 

acid, (19) cinnamic acid, (20) L-phenylalanine, (21) shikimic acid, (22) geranyl 

pyrophosphate, (26) mevalonic acid (27) Acetyl-CoA. PAL – phenylalanine ammonia 

lyase; C4H – cinnamate 4-hydroxylase; GPP – geranyl pyrophosphate. Figure was 

adapted from Papageorgiou et al. (1999).  

 

Cell culture-based research has shown that when shikonin biosynthesis is inhibited, 

PHB is transformed and stored in the non-toxic form of PHBOG (β-D-glucoside-4-

hydroxybenzoic acid). The presence of shikonofurane, echinofuran, dichydrofuran and 

aranebinol in shikonin-producing cells has suggested that one of the intermediates is a m-
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geranylhydroquinone. The steps in biosynthesis between m-geranylhydroquinone and 

deoxyshikonin, an immediate shikonin precursor, are speculative (Papageorgiou et al., 

1999). m-GeranylPHB is a product of the reaction catalysed by PHB geranyltransferaze 

and is the first shikonin-pathway specific product, thus, it might be an important 

regulation point in shikonin biosynthesis. Bohem et al. (2000) investigated the regulatory 

mechanism of this reaction. They introduced the prokaryotic ubiA gene responsible for 

PHB geranyltransferaze production into Lithospermum erythrorhizon (Boraginaceae). 

Although the ubiA expression was high enough to produce 50 times more m-geranylPHB, 

the shikonin content was increased by only 22% which suggests that the regulation of this 

compound’s biosynthesis is complex (Boehm et al., 2000). Singh et al. (2010) 

investigated the production of shikonin in Arnebia euchroma (Boraginaceae) and 

suggested that PHB is synthesised via the phenylpropanoid pathway. PHB biosynthesis 

is dependent on species and substrate available. The authors also performed studies 

related to up-regulation and down-regulation of genes engaged in shikonin biosynthesis 

(Singh et al., 2010). Twelve genes were identified as impacting the biosynthesis of 

shikonin: three from the PP pathway, nine from the isoprenoid pathway (also known as 

mevalonate pathway – MVA) and one gene regulating the coupling of PHB and GPP. In 

this case, the regulatory function of the shikonin pathway was assigned to all genes that 

code enzymes in the PP pathway (AePAL coding phenylalanine ammonia lyase, AeC4H 

coding cinnamic acid 4-hydroxylase, Ae4-CK coding4-coumaroyl-CoA ligase); AePGT 

(coding p-hydroxybenzoate-m-geranyltransfeerase) and only one gene in the MVA 

pathway (AeHMGR coding 3-hydroxy-3methylglutaryl-CoA reductase). The expression 

of these genes was positively correlated with shikonin production (Singh et al., 2010). 
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1.6. Biological control 

The biological control of weeds aims to decrease their quantity by reducing their 

vigour or reproductive potential (Sheppard et al., 2001). Introduced plants often dominate 

plant communities due to the lack of specialist consumers (Keane and Crawley, 2002), 

pathogen suppression or because of their abilities to produce ‘biochemical novel 

weapons’ (Callaway and Aschehoug, 2000; Callaway and Ridenour, 2004). Most 

importantly, the ‘enemy release hypothesis’ claims that the decrease of natural enemies 

and biocontrol agents in novel environments enables the competitive potential of exotics 

(Keane and Crawley, 2002). Therefore, the introduction of biological control agents from 

endemic ranges was suggested in order to provide enemies for invasive plant species. The 

use of biological control of E. plantagineum in Australia begun in 1928 and seven insect 

species from the Mediterranean were formally released in Australia in the 1980s 

(Naughton et al., 2006). Six of seven species established (Table 1) and now feed on E. 

plantagineum; however, Dialectica scalariella is merely an occasional pest and does not 

cause serious destruction. On the other hand, Mogulones larvatus is one of the most 

promising agents limiting the populations of E. plantagineum (Sheppard et al., 1999). 

Other Echium species (E. vulgare, E. italicum and E. simplex) which have been 

introduced to Australia are also attacked by biocontrol agents (Nordblom et al., 2001). 

Weston et al. (2012b) demonstrated that the distribution of four major natural 

biocontrol agents (weevils, flea beetle and leaf miner) is not uniform and insects tend to 

localise in clusters across New South Wales and Victoria which can impact their efficacy 

in controlling the widespread invasion of E. plantagineum (Weston et al., 2012b).   
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Table 1 Species introduced to Australia for the biological control of Echium 

plantagineum. Data presented in the table is based on (Naughton et al., 2006) and 

(Sheppard et al., 1999). 

Agent 

species 

Common 

name 

Plant part(s) 

attacked 

Impact of agent on E. 

plantagineum in field 

experiment 

Year released 

Dialectica 

scalariella 

 

Leaf-mining 

moth 

Leaf, below 

steam surface 
No significant impact 

1980*,1988-1991 

NSW 

Mogulones 
larvatus 

 

Crown 

weevil 

Leaf, crown, leaf 

stalks 

45-70% loss of above 
ground biomass, 

64-96% loss of seed 

production 

1992 

Mogulones 

geographicus 

 

Root weevil 
Leaf, root, leaf 

stalks 

24-53% loss in weed 

biomass and seed 

production 

1993 (probably 

NSW) 

Longitarsus 

aeneus** 

 

Root hair 

flea beetle 
Leaf, root hairs Did not establish Unknown 

Longitarsus 

echii 

 

Tap root 

flea beetle 

Leaf, inside 

taproot 

62% loss in biomass, 

75% loss to seed 

production*** 

Unknown 

Phytoecia 

coerulescens 

 

Steam 

beetle 
Leaf, steam No significant impact Unknown 

Meligethes 
planiusculus 

 

Pollen 
beetle 

Flower bud, 
flower, 

developing seed 

65% loss to developing 
seeds 

The last one 
released to the 

field 

* Leaf-mining moth did not establish in 1980 because of drought and predation by grasshoppers. 

**Root hair flea beetle did not establish in Australia. 

Currently, the most promising agent for managing E. plantagineum is considered 

to be the crown weevil. It was introduced to the field with a 40% success rate in 1000 

releases across New South Wales and Victoria in the 1980s and 1990s; however, only 34 

releases were performed in Western and South Australia (Nordblom et al., 2001). To date, 

it exists in rather limited numbers in regions across New South Wales and Victoria 

(Weston et al., 2012b). 

1.7. Final remarks 

Echium plantagineum has been studied in detail and is now an interesting model 

of a successful exotic plant invader in Australia (Weston et al., 2011; Weston et al., 

2013b). However, relatively little is known about the regulation of its defensive chemistry 

and the specific roles of these metabolites in allelopathy and herbivore defence (Colegate 
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et al., 2005; Weston et al., 2013b). The biosynthesis of shikonins has not yet been 

investigated in the tissues of living E. plantagineum, as most of the evidence on the 

production and regulation of NQs has relied on studies performed in vitro with cell 

cultures of Lithospermum spp. (Boehm et al., 2000; Brigham et al., 1999; Papageorgiou 

et al., 1999; Singh et al., 2010). The biosynthetic pathway of shikonins remains 

understudied from both chemical and ecological perspectives and information on 

regulatory mechanisms, shikonin-derivatives, and their roles in plant physiology is 

limited (Papageorgiou et al., 1999). Moreover, the role of secondary metabolites in E. 

plantagineum, as well as other invaders, in response to biotic and abiotic stress requires 

further investigation (Akula and Ravishankar, 2011; Baldwin, 1998; Bi et al., 2007; 

Dixon and Paiva, 1995; Kato-Noguchi, 2009; Shulaev et al., 2008; Suzuki et al., 2014; 

Widodo et al., 2009). 

Although plant invasion is the subject of multiple studies, there is limited 

information available related to the impact of plant metabolites, both above- and 

belowground, on invasion success (Abhilasha et al., 2008; Clark et al., 2013; Graebner et 

al., 2012; Hierro and Callaway, 2003; Pal et al., 2015; Thorpe et al., 2009; Verhoeven et 

al., 2009). The majority of studies investigating invasive plant chemistry have not tested 

how a model plant would respond to stress in order to determine the mechanisms 

regulating the biosynthesis of bioactive metabolites. Echium plantagineum is highly 

invasive across Australia but it is not a particularly abundant species in the Iberian 

Peninsula (Piggin, 1977; Weston et al., 2013b). Interestingly, its close relative, E. vulgare 

is a less successful invader in Australia. Therefore, comparisons in ecology of plants in 

the native and in the non-native range and between invasive and non-invasive congeners 

are vital in providing clues to further understand both invasion biology and plant defence 

metabolism (Van Kleunen et al., 2010a). 
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Thus, the objectives and hypothesis of this research were formulated based on my 

current knowledge of plant-interactions, secondary metabolism and ecochemical roles of 

secondary metabolites in plant invasions. Specific methodologies and approaches to study 

secondary plant metabolites were reviewed in Chapter 3. I have identified four main areas 

that require further investigation based on the reviewed literature and objectives of the 

ARC discovery project ARC DP130104346. These include the following: 

1) Metabolic profiling of bioactive plant metabolites including PAs and NQs 

using both targeted and untargeted mass spectrometry in both shoots and roots 

(above- and belowground plant organs) from the perspective of biosynthetic 

pathways, not single molecules 

2) Investigation of the biosynthesis of shikonins and derivatives through the 

study of pathway regulation in E. plantagineum and the related congener E. 

vulgare  

3) Metabolic response of E. plantagineum when exposed to key environmental 

stressors 

4) The ecological impacts of E. plantagineum and possible roles of key defence 

metabolites, including PAs and NQs, on its invasion success in Australia.  

 

These points are further developed in the hypotheses and thesis objectives outlined in 

Chapter 2.  
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Chapter 2 

 
Hypotheses and Objectives 

 

2.1. Objectives 

The PhD studies outlined were a part of the larger Australian Research Council 

project entitled: “Invasive plant success and multi-trophic level chemical ecology using 

Paterson’s curse as a model” (ARC DP130104346) granted to Leslie A. Weston, Geoff 

M. Gurr and Ragan M. Callaway. The main objectives of the project were to: (1) study 

the production and regulation of NQs in Australian and European populations of E. 

plantagineum and evaluate the impact of plant stress on elicitation of secondary defence 

compounds; (2) quantify the effects of E. plantagineum establishment on competitors in 

Australian and European plant communities including an evaluation of the existence and 

operation of the ‘novel weapons’ hypothesis (Callaway and Aschehoug 2000); (3) assess 

the impacts of plant chemistry on above- and belowground consumers and their natural 

enemies; (4) and evaluate the genetic diversity of E. plantagineum and closely related 

species. 

The ARC project objectives were addressed in several related research projects 

including: (1) The honours thesis research performed by Brigette Ryan (BScAg in 2014) 

who studied ‘The role of leaf surface chemistry and morphology in plant defence of two 

related invasive weeds Echium plantagineum and E. vulgare at Charles Sturt University, 

Australia. (2) The honours thesis of Luz Cabelerias (BSc in 2016) at University of Vigo 

in Spain investigating the differences in the production of NQs and PAs in several 

populations of E. plantagineum from Australia and the Iberian Peninsula in controlled 

condition experiments. Plant extracts for this study were analysed using techniques 

developed in this PhD project. (3) A doctoral thesis is performed by Saiful Jamil MSc on 
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the impacts of plant chemistry on above- and belowground consumers and their natural 

enemies, using the chemical profiling developed during this PhD project, at Charles Sturt 

University, Australia. (4) The PhD thesis by Alexandra Garcia Duran MSc at University 

of Cadiz in Spain (2017) which provides significant and crucial information on the 

biological activity of Echium spp. periderm extracts and purified NQs. (5) The post-

doctoral research undertaken by Dr Xiaocheng Zhu on the genetic diversity of Echium 

spp. and cellular localization of bioactive NQs. These projects together have and will 

continue to result in numerous co-published conference abstracts and recently submitted 

papers. The peer-reviewed articles resulting from the above collaboration are currently 

published or under developed and complement a tale of the invasion of exotic E. 

plantagineum in Australia. 

This PhD research was tightly associated with objectives 1 and 2 of the ARC project 

and formed a base for the completion of objective 3. In the present work, the motivation 

was to provide additional knowledge on plant invasion mechanisms, regulation of defence 

metabolism and plant response to environmental stresses at the level of bioactive 

secondary metabolites. These aims resulted in the three main objectives of this PhD 

research project. Project objectives were therefore to:  

1.  Develop a platform for identification and profiling of NQs and PAs in plant 

extracts using ultra-high pressure liquid chromatography coupled to quadrupole 

time of flight mass spectrometry. 

2. Investigate the biosynthesis of NQs and PAs across different populations of E. 

plantagineum (including its congener E. vulgare as a reference species) using this 

platform and evaluate the impact of environmental stress and plant phenology on 

the accumulation of defence metabolites. 
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3. Estimate the impact of E. plantagineum establishment on native and non-native 

plant communities and explore the operation of the ‘novel weapons’ hypothesis 

by comparing native versus non-native populations of E. plantagineum. 

2.2. Hypotheses 

This PhD project was exploratory in nature and required novel techniques for 

metabolite profiling. The research undertaken in this project was based on: (1) the 

previous investigations performed within our laboratory on Echium plantagineum 

chemistry and biology, (2) the current knowledge on biosynthesis and the environmental 

regulation of the NQs and PAs as reported in the literature and (3) lack of strong evidence 

for mechanisms controlling plant invasion, including the ‘novel weapons’ hypothesis. 

Many researchers have reported ‘novel weapons’ results based on a single metabolite of 

interest and have not studied their release over time. In particular, this project has 

addressed the concept that (a) most ‘novel weapons’ involve biosynthetic pathways 

resulting in production of multiple bioactive metabolites or ‘novel weapons’, (b) ‘novel 

weapons’ must be released over a period of time and accumulated in the plant and 

environment in significant quantities to result in bioactivity, (c) a plant can produce and 

release more than one family of ‘novel weapons’ in its invaded range both above- and 

belowground, (d) these metabolites may act in different ways upon various organisms and 

their production can be regulated by abiotic and biotic stressors. Therefore these themes 

were addressed in the current PhD project and used to formulate various hypotheses and 

objectives as described in the resulting chapters.  

NQs are secondary plant products biosynthesized in the periderm of the 

Boraginaceae (Papageorgiou et al., 1999) and possess a broad spectrum of bioactivities 

(Brigham et al., 1999; Papageorgiou et al., 1999; Weston et al., 2011). The first NQs 

detected in Echium plantagineum included acetylshikonin, and 1,3-dihydroxy-3-
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methylanthraquinone (Weston et al., 2011; Weston et al., 2013b); however, other 

Boraginaceae species were also reported to contain a variety of related compounds 

(Albreht et al., 2009; Papageorgiou et al., 1999). It was therefore hypothesized that: 

H1 The metabolic profile of the E. plantagineum periderm contains numerous 

NQs, most of which are currently unidentified. Some of those may be bioactive. 

H1 was addressed in Chapters 4, 8 and Appendix 1.  

It had been shown in the literature that 14 pyrrolizidine alkaloids were 

accumulated in the shoots of E. plantagineum (Colegate et al., 2005; Weston et al., 

2013b). The metabolic profiling of the foliar extracts indicated the presence of additional 

compounds that were identified as isomers of previously reported metabolites and these 

were included in my analysis and described in Chapter 5. Moreover, previous reports 

indicated that the production of secondary products is often dependent on the biotype, 

phenological stage and plant age (Akula and Ravishankar, 2011; Bednarek, 2012; Quinn 

et al., 2014; Walton and Brown, 1999). It was also noted that Echium spp. populations 

from hotter and drier areas produced high levels of NQs and certain PAs (Weston et al., 

2013b). Although the reports on the regulation and biosynthesis of NQ are limited in 

scope, it is known that the phenylpropanoid biosynthetic pathway, leading to NQ 

biosynthesis, is stress inducible (Brigham et al., 1999; Singh et al., 2010) in direct contrast 

to the constitutively produced PAs (Hartmann, 1999). Therefore, it was hypothesized that: 

H2 (a) Accumulation of PAs and NQs varies during the E. plantagineum life cycle 

and among populations, (b) NQ and PA biosynthesis is potentially induced by 

exposure to stress and may also be environmentally regulated over time.   

H2a was evaluated in Chapter 4 and 5. H2b was explored in the Chapter 6. 
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Echium plantagineum is not particularly invasive in its native range in Europe; 

however, it is highly competitive and potentially toxic in Australia (Grigulis et al., 2001; 

Weston et al., 2013b). In contrast, the congener of similar origin and introduction history, 

E. vulgare has not been as successful in the naturalized range (Klemow et al., 2002; 

Piggin, 1977). These observations lead to the following hypothesis: 

H3 Various Echium spp. produce different bioactive metabolites involved in plant 

defence. Some of those may act more or less successfully as ‘novel weapons’.  

H3a was evaluated in Chapters 4, 5, 7 and Appendix 2.  
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Chapter 3 

  

Metabolic profiling: An overview – new approaches for the detection 

and functional analysis of biologically active secondary plant products 

 

Whilst I am not the first author of this publication, my role in developing this 

manuscript was critical. A short initial literature review on the analytical techniques used 

for metabolic profiling was later expanded with additional references to a full manuscript 

written by Leslie A. Weston with contribution of listed authors, but particularly myself 

as a second author. The aim of this manuscript was to review current examples of 

metabolic profiling and metabolomics in research on bioactive or unknown plant 

metabolites that might play a key role in allelopathic plant interactions. Additionally, it 

presents the initial workflows used in my PhD project for NQ profiling and preliminary 

data obtained from root periderm extracts collected by Weston et al. (2013b) over 3 years 

and profiled using improved methodology I developed. This literature review assisted in 

the development of key analytical techniques and approaches used later in my thesis to 

identify and profile secondary metabolites in plant extracts. All figures used in this 

manuscript were prepared by myself and were based on the workflows and data that were 

obtained as preliminary data in the first year of my PhD project. 

 

This manuscript was later published in the International Journal of Allelopathic 

Interactions as a review paper on metabolic profiling.  
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Weston, L. A., Skoneczny, D., Weston, P. A., and Weidenhamer, J. D. (2015). Metabolic 

profiling: An overview - new approaches for the detection and functional anlysis of 

biologically active secondary plant products. Journal of Allelochemical Interactions 2, 
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Abstract 

The study of the diverse roles of plant metabolites or secondary plant products 

involved in plant defence has made rapid advancements in recent years, partly due to the 

use of metabolomics or targeted metabolic profiling of plant extracts. Metabolomics 

refers to the use of various analytical techniques to quantitate the suite of primary and 

secondary metabolites in complex sample matrices collected from organisms; metabolic 

profiling refers to metabolomic studies that focus on quantifying a subset of the 

metabolomic components. The metabolites present in plant extracts reflect the end 

products of gene expression at a particular point in time and often include both plant and 

microbial metabolites, corresponding to complex regulatory systems in the genome of a 

living plant. Metabolic profiling is a critical tool in understanding how a living system 

responds to environmental conditions to which it was subjected, including biotic stress. 

It also facilitates the use of functional gene annotation through the use of data mining 

tools for the comprehensive characterization of a plant genotype. In addition, metabolic 

profiling can also be useful for determination of complex pathways of secondary product 
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biosynthesis in higher plants and a broader understanding of biological activity and 

function associated with the presence or absence of key secondary products in the 

metabolome. Metabolic profiling of organisms involved in trophic interactions can 

provide valuable information on joint metabolic networks and assist in broader 

understanding of a system. Here, we explore examples of applications of metabolic 

profiling used to better understand the complex role of secondary products in plant 

growth, development, defense, and the chemistry of food crops.   

 

Keywords: metabolomics, chromatography, QTOF, mass spectrometry, secondary 

plant products, allelochemicals 

 

3.1.Introduction 

Metabolomics is defined as the systematic study of unique chemical fingerprints 

associated with cellular processes in living organisms (Breitling et al., 2013; Rochfort, 

2005). It frequently includes the separation, detection and quantification of all metabolites 

in a sample by analytical techniques involving gas and/or liquid chromatography (GC or 

LC) coupled with mass spectrometry (MS) (Roessner and Bacic, 2009), but may be 

accomplished using nuclear magnetic resonance (NMR) spectroscopy techniques applied 

to complex mixtures (Kim et al., 2010). Metabolic profiling refers to the focused or 

targeted study of metabolites in biological systems in response to a particular treatment 

or state. In most instances, metabolic profiling focuses on small molecules or metabolites 

present in an extract that reflect the metabolome at a particular point in time (Kim and 

Verpoorte, 2010). The metabolome itself consists of the larger collection of all 

metabolites in a biological system including both primary and secondary metabolites; 

metabolomics can therefore be performed on a cell, a tissue, an organ or an organism, as 
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well as on matrices such as blood, urine, soil or culture media. Metabolomics also has the 

potential to aid in pharmaceutics, natural product drug discovery and functional food 

analysis (Rochfort, 2005); understanding mechanisms of toxicity (Clarke and Haselden, 

2008) as well as in plant phenotyping and quantitative trait analysis (Kiambi et al., 2008; 

Roessner and Bacic, 2009). 

Metabolic profiling of allelochemicals in the rhizosphere could also provide 

strong insight into the resulting decomposition following incorporation of plant material 

into the soil (Krogh et al., 2006) and the complex interplay between plants and their 

associated rhizosphere microorganisms, an area which is relatively understudied. Today, 

plant metabolomics is still considered to be an emerging field; its progress has been 

associated with the development of suitable platforms for the isolation and identification 

of secondary plant products, and pinpointing their roles in complex interactions. 

However, there are currently many useful reviews on the subject of metabolomics and 

instrumentation in general (Ellis and Goodacre, 2006; Nguyen et al., 2012; Tugizimana 

et al., 2013).  

From the plant research perspective, recent advances in genomics, transcriptomics 

and proteomics have led to an improved understanding of the role of specific genes in the 

regulation of cellular processes in higher plants (Roessner et al., 2001). However, these 

techniques often do not present the complete story regarding the processes of metabolism 

and catabolism in an organism or a cell at a particular point in time. Metabolomics 

complements both genomic and proteomic approaches to the study of living systems (Fig. 

1) as it does provide a reflection of the chemistry of a living organism at a given point in 

time. Metabolomics is therefore a powerful tool for use in systems biology or functional 

genomics, both of which attempt to integrate genomic, transcriptomic, proteomic and 
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metabolomic information to present a more complete image of the processes occurring in 

a living organism (Breitling et al., 2013; Rochfort, 2005).  

Metabolomic studies of animal systems are relatively advanced, in comparison to 

the plant sciences, as exemplified by The Human Metabolome project led by Wishart in 

Canada; in 2007 a database of nearly 2500 metabolites, 1200 drugs and 3500 food 

constituents making up common components of a human metabolome was released 

(Wishart et al., 2007). Similar plant projects have been underway in Medicago trunculata 

and Arabidopsis thaliana and are now closer to completion, despite the surprisingly 

greater complexity of metabolites in plant/bacterial systems (Farag et al., 2008). The 

complexity of all metabolomics data generated, whether plant, bacterial or mammalian, 

has required new bioinformatics techniques and software for data analysis, including the 

use of unsupervised, multivariate data analysis and heat maps to detect patterns in 

complex data (Morgenthal et al., 2006). One finds that metabolic profiling can be 

performed with routine ease, but data handling represents the bulk of time and effort in 

obtaining useful results. 

In this review, we focus on the use of metabolomics and metabolic profiling to 

study plant metabolites involved in plant defence, using both above- and belowground 

examples of metabolic profiling, in an effort to understand the role of primary and 

secondary metabolites in plant function and as a part of broader studies in plant genomics 

biology. We also point out how these techniques may have application to the study of 

plant/plant or plant/microbial interactions and allelopathy. 
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Fig. 1. The metabolome is a result of the interaction of a plant’s genome with its 

environment. Metabolites present in a system are the end products of gene expression and 

can interact with the proteome, transcriptome and genome. Metabolomics can provide an 

instantaneous reflection of the metabolome at a particular point in time and complements 

genomic, transcriptomic and proteomic approaches to the study of living systems. New 

bioinformatics techniques for data analysis allow data integration across the “omics” and 

contribute to the study of biological systems using two common strategies; forward 

genetics and reverse genetics approaches. 

 

3.2.Metabolic profiling: Benefits and utilisation 

There are several advantages of the study of metabolites in plants and their 

extracts through metabolomics. Firstly, when used in concert with transcriptomics and 

proteomics for study of plant biological systems, metabolomics can help elucidate details 

of plant natural product biosynthesis (Dixon and Sumner, 2003). Secondly, because the 

number of detectable key metabolites is often significantly reduced compared to the 

number of genes in an organism, metabolomic analyses can be performed by smaller 

teams of researchers than other “omics” studies. Thirdly, one can focus on chemistry 

which is not yet well understood, and evaluate and identify metabolites for which we have 

limited knowledge (Breitling et al., 2013). This is critically important in developing fields 

such as plant toxicology and allelopathy. Fourthly, since the metabolome directly reflects 

the current functional state of a system, metabolite concentrations may change markedly 
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during biochemical reactions. These changes can be detected and quantified, while in 

comparison, enzyme flux associated with proteomic analyses might be limited over time, 

resulting in less sensitivity in detection of systems change. Last but not least is the 

potentially reduced cost of metabolite analysis when compared to costs incurred for 

transcriptomic and proteomic studies (Dunn and Ellis, 2005).  

Metabolic profiling is now becoming an important tool in understanding the 

systematic responses of an organism to changing environmental conditions (Carrari et al., 

2006; Dixon and Sumner, 2003; Rochfort, 2005; Roessner and Bacic, 2009), and 

facilitates functional gene annotation (Schauer and Fernie, 2006). The term "metabolic 

profile" was first introduced by Horning and collaborators in 1971 after they 

demonstrated that gas chromatography-mass spectrometry (GC/MS) could be used to 

measure compounds present in human urine and tissue extracts. The Horning group and 

those of L. Pauling and A. Robinson further advanced GC-MS methods to monitor the 

metabolites present in urine in the 1970s. This was the first clear example of metabolic 

profiling (Robinson and Robinson, 2011). Analytical techniques used in metabolomic 

studies (Fig. 2) (MS coupled with GC or LC, as well as NMR) provide both structural 

and qualitative data and can be used in a ‘global’ or ‘targeted’ manner to either determine 

structures of hundreds/thousands of compounds or detect biologically active metabolites 

at part per billion levels (Griffiths and Wang, 2009). Today, plant scientists have adapted 

these concepts and techniques to study the role of plant secondary products in the function 

of the organism, including roles in regulation and plant defence (Dixon and Sumner, 

2003; Kim et al., 2010; Leiss et al., 2009; Roessner and Bacic, 2009). 
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Fig. 2. The typical work flow for performing metabolic profiling of secondary plant 

products. Analytical techniques used in these studies generally include mass spectrometry 

coupled with gas and/or liquid chromatography, which provides both limited structural, 

qualitative and quantitative data. Profiling can be performed in a “global” or “targeted” 

manner. Data may be analysed is a variety of ways, using several platforms. For more 

information on selected workflow see  

www.agilent.com/labs/features/2010_metabolomics.html. 

 

3.3.Sample preparation and analytical tools 

Since sample preparation and clean-up have a profound impact on the selection 

of compounds to be analysed, the use of metabolic profiling allows one to focus on a 

specific group of chemicals or particular pathway and thus minimizes the effects of matrix 

complexity. Matrix complexity can be decreased by post-extraction processing (such as 

solid phase extraction or SPE) or by selection of a specific organs or tissues for processing 

(Fiehn, 2002). Metabolic profiling in our laboratory has included extracts of periderm 

peels (less complex then the whole root) and shoot extracts which were concentrated and 

purified by SPE. These processes enriched our matrices for certain chemical constituents 

such as naphthoquinones, N-containing compounds, or pyrrolizidine alkaloids, and 

provided advantages by simplification of the matrix and concentration of key compounds 

of interest (Fig. 3) (Weston et al., 2013).   

Roessner and Bacic (2009), indicated that the particular conditions under which a 

plant is growing can strongly influence the levels of metabolites produced by plants, and 
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thus sample collection. In particular, light-dark photoperiod, light intensity and time of 

day are factors which impact the concentration of plant secondary metabolites (PSMs) 

and may seriously influence metabolic profiling studies. This suggests that investigators 

must pay attention to the time of plant collection, and thus attempt to minimize variation 

over time by harvesting at discrete intervals. Samples must also be carefully stored to 

minimize enzymatic degradation or decomposition of natural products due to heat or light 

exposure. As plant tissues are often difficult to extract due to presence of waxy cuticles 

or lignins and contain both hydrophilic and lipophilic compounds of interest, it is critical 

that the optimal strategies for uniform extraction of small molecules of interest should be 

determined at the outset of a study (Roessner and Bacic, 2009).   

Extraction of marine samples, freshwater or seawater remains a challenge for 

investigators working with aquatic plants, however several techniques have been used to 

extract metabolites from seawater matrices. Most common is the use of liquid/liquid 

extraction, but this is time and solvent consuming. A wide range of polar and non-polar 

compounds have been successfully extracted from aqueous media using C18 SPE 

(Goultiquer et al., 2012). Organotin, a natural product of interest, was previously 

extracted from seawater by headspace solid phase micro-extraction (HS-SPME) and later 

quantified by GC/MS (Békri et al., 2006). This methodology was also applied to extract 

iodinated and brominated compounds exuded by diatoms (Vanelslander et al., 2012). 

Alternatives to SPME extraction include the stir bar sorptive extraction (SBSE) where 

passive sorbent–polymethyldimethylsiloxane (PDMS) is used. In this methodology high 

concentrations of sea salt increase the extraction range of metabolites (Goultiquer et al., 

2012).  
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Fig. 3 Plant extracts of Echium plantagineum were prepared using techniques to enrich 

for bioactive secondary products of interest, specifically naphthoquinones and 

pyrrolizidine alkaloids. Targeted metabolic profiling was then performed on compounds 

of interest. This simplifies the sample matrix and also increases the concentrations of the 

compounds of interest (Skoneczny et al., 2014; Weston et al., 2013). 

 

Small quantities of plant tissue are often frozen in liquid nitrogen as a technique 

of choice for immediate processing upon collection, but freeze-drying or immediate 

storage of plant tissues at -80 °C upon collection, or fresh processing are alternative 

approaches, especially with plant products that may be particularly labile or 

photosensitive. Whole leaf tissues or roots can also be freeze-dried and then homogenized 

to a powder for full extraction (Roessner and Bacic, 2009). We often utilize a 

temperature- and pressure-controlled speed extraction unit (Buchi Corporation, Flawil, 

Switzerland) that processes multiple freshly collected plant samples uniformly. This 

solves several problems 1) it minimizes human error; 2) it optimizes and speeds up the 

extraction process; and 3) provides a high level of uniformity within sample extracts as 

well as an improved yield of compounds of interest. In particular, the use of high pressure 
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often results in maximal extraction of secondary products present in exceedingly small 

concentrations in a complex matrix, such as a field-collected soil.  Both fresh and dried 

materials can be extracted by subjecting them to programmed temperature and pressure 

elution; plant, soil and rhizosphere samples have also been successfully extracted. 

Discrete plant tissues often contain high concentrations of specialized natural 

products in specific locations, such as root periderm or root hairs or glandular trichomes 

on the leaf surface. In this case, root periderm tissue can be thinly peeled, cut, dissected 

or analysed by use of microprobes and processed by direct solvent extraction or 

centrifugation for further extraction (Weston et al., 2012) or leaf tissue can be processed 

rapidly by dipping or performing leaf peel extractions (Ryan, 2014). The use of 

microprobes formed by coating stainless steel wires with silicone tubing for insertion into 

soil has also been optimized for soil extraction and successfully used for the study of plant 

metabolites in complex soil matrices, including the study of thiophenes released by the 

living roots of Tagetes spp. (Weidenhamer et al., 2009) or sorgoleone released by living 

roots of Sorghum spp. (Weston et al., 2013a). We have also successfully used this 

technique, along with direct extraction of root periderm, to study naphthoquinones and 

other potentially active allelochemicals in soils infested with Echium plantagineum, or 

Paterson’s curse, a noxious invasive weed (Weidenhamer et al., 2014; Weston et al., 

2013). In addition, use of SPME fibres can facilitate trapping of both volatiles (Loi et al., 

2008) and non-volatiles (Dayan et al., 2009) for evaluation by GC-MS.  

Most recently, investigators have used laser micro-sectioning technology to excise 

particular cell types, which are then extracted and analysed by conventional metabolic 

profiling, or in situ mass spectrometry for imaging in and across planes of various tissues. 

This approach generally uses Matrix Assisted Laser Desorption/Ionisation, Time of Flight 

(MALDI ToF) spectrometry and involves mounting tissues on a MALDI plate and 
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exposing them to laser pulses, which frees and ionizes molecules in the matrix for 

additional analysis by MS (Roessner and Bacic, 2009). 

Today, most plant investigators use a combination of LC and GC techniques 

coupled with high resolution mass spectrometry (LC/MS and GC/MS, respectively) or 

NMR for metabolite profiling. The use of both triple quadrupole MS (QQQ) or sensitive 

ion traps for quantification, along with quadrupole time of flight mass spectrometry (Q-

ToF) for accurate and precise profiling of complex matrices, has resulted in major 

advancements and putative annotation of PSMs present at low abundance in plant extracts 

(Fig. 2). These instruments are used routinely by many laboratories for metabolic 

profiling of plant extracts. A variety of MS techniques can be used, depending on the 

sensitivity, mass resolution and dynamic range required (Griffiths and Wang, 2009; Obata 

and Fernie, 2012). In 2005, the first metabolomics web database, METLIN, was 

developed as a library for use in characterization of human metabolites at the Scripps 

Research Institute. Originally containing mass spectral data for >10,000 metabolites, 

METLIN now contains data for well over 65,000 metabolites, including  tandem mass 

spectrometry data, representing the largest dataset in metabolomics. By using available 

databases and compound libraries, plus the creation of one’s own personal compound 

library based on comparison with known standards, one can routinely identify or annotate 

low concentrations of PSMs (Smith et al., 2005).  

High field NMR, which can be used alone on complex mixtures or coupled to LC, 

offers a different approach to compound identification based on atomic interaction (Kim 

et al., 2010; Obata and Fernie, 2012). Although often less sensitive than MS techniques, 

structural information content and reproducibility can sometimes be higher, allowing 

NMR to play a critical role in structural elucidation of key metabolites (Obata and Fernie, 

2012). One of the main advantages of metabolomics analyses utilising NMR is the 
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possibility of identifying metabolites by comparing NMR data with references or by use 

of two-dimensional NMR for structural elucidation. Two-dimensional NMR is often 

well-suited for the analysis of phenolics in plant extracts and for primary metabolites such 

as sugars and amino acids. NMR is also relatively rapid; sample preparation requires 

about 30 minutes and spectral acquisition can occur in as little as 10 minutes (Kim et al., 

2010). 

3.4.Secondary metabolite profiling and functional genomics 

PSMs are often species-specific and play important regulatory roles or assist in 

biological functions such as plant defence (Weston et al., 2012; Quinn et al., 2014). Plants 

produce numerous compounds which participate in growth and development (primary 

metabolites) and diverse groups of constituents whose biological significance is often 

unknown (secondary metabolites) (Croteau et al., 2000; Quinn et al., 2014; Wink, 1999). 

Although knowledge of secondary metabolism in plants has improved significantly in the 

last decade, the role of the vast majority of PSMs remains unknown. It is estimated that 

more than 100,000 PSMs have been characterized in higher plants (Croteau et al., 2000; 

Wink, 1999). PSMs play important roles in their interaction with the environment 

(Hartmann, 2007), defence against microbes, pathogens and herbivores, or as chemical 

attractants (Ober and Hartmann, 2000; Quinn et al., 2014). Their targeted study by 

metabolic profiling has resulted in major advances in our understanding of their roles in 

plant defence, nitrogen utilisation, plant/microbial interactions and chemical signalling 

(Lau et al., 2014; Weston and Mathesius, 2013).  

Two common strategies are utilised to determine the function of PSMs through 

metabolic profiling. The first is the use of forward genetics where phenotypic plant 

features are the starting point in studying gene activity and resulting metabolites, 

produced by a series of unknown or unidentified genes. In contrast, a reverse genetics 
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approach works backwards from a known specific gene or protein sequence towards 

identification of corresponding metabolites and the phenotype of specific organisms (Fig. 

1). Both techniques are useful tools for understanding more complex molecular 

interactions in biological systems (Kiambi et al., 2008). For example, metabolic profiling 

allows identification of the rapid production of phytoalexins by plant tissue in response 

to elicitors (Bednarek et al., 2001); this approach could be used to further screen for 

unknown phytoalexins and the genes involved in their production, as well as the targeted 

study of known phytoalexin systems.  

Metabolic profiling was successfully employed to investigate the plant-microbe 

interactions using rice (Oryza sativa) and the pathogen Magnaporthe grisea as a model 

system. In this case, the authors identified 93 compounds of interest in plant extracts using 

NMR and GC/MS techniques, and additionally profiled samples with LC/MS to study 

numerous biochemical changes in rice plants 24 h after inoculation (Jones et al., 2011).  

Metabolomics is also a powerful tool for transgenic organism risk assessment. 

When plant breeders introduce new genes into breeding lines for trait enhancement, both 

proteomics and metabolomics can play an important role in assessing the impact of the 

new genes at the molecular level. Gene expression profiles coupled to metabolic profiles 

can provide key information regarding safety of food crops, for example, or excessive 

production of toxic secondary metabolites. In a study performed by Urbanczyk-Wochniak 

et al. (2005) evaluating wild type and transgenic potato tubers, strong correlations were 

found between presence of nutritionally important metabolites and incorporation of key 

transgenes into potatoes. As another example, targeted introduction of structural genes 

into transgenic tomatoes has also resulted in production of tomato fruit yielding high 

levels of stilbenes, deoxychalcones or flavones, important in plant defence and also anti-

oxidant activity contributing to human health (Schijlen et al., 2006; Weston and 
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Mathesius, 2013). There are now many examples of using metabolic engineering to 

produce bioplastics, vaccines and derivatives of natural plant products for drug design 

(Lau et al., 2014). In the case of golden rice, higher levels of vitamin A have been 

incorporated into rice through transgenes for carotenoid production. In many instances, 

the production of toxic secondary products has been suppressed by the use of selective 

breeding coupled with metabolic profiling to detect the presence of undesirable 

metabolites in the transgenic plants, such as the case of solanine in potato tubers (Dixon 

and Sumner, 2003; Lau et al., 2014). This technique could be employed to select plant 

forages for reduced toxicity to grazing livestock or ornamentals and turfgrasses for 

reduced hypoallergenic activity. 

The plant metabolome also generally contains a significant number of volatile 

compounds, which are typically analysed by GC/MS or systems employing cryo-SPE. 

Volatiles clearly play important roles in plant/plant, plant/insect and plant/microbial 

interactions and act as signalling mediators. Tikunov et al. (2005) analysed 94 

commercial varieties of tomato for volatile compounds exuded from tomato pulp. Novel 

approaches in data analysis, including spectral alignment, multivariate data analysis and 

MS spectral reconstruction, allowed the authors to identify 322 volatiles, representing 

80% of all volatiles previously identified in tomato using multiple techniques for 

detection (Tikunov et al., 2005). Another interesting study was performed by Eom et al. 

(2006) to study volatile allelochemicals emitted by common ornamental groundcovers in 

an attempt to identify weed-suppressive plants for use along roadsides. Groundcovers 

grow over the soil surface and often suppress weed growth by successfully competing for 

resources with other plants, or by emitting significant quantities of PSMs which may be 

associated with plant defence, insect attraction, herbivore repellence, or allelopathic 

activity. The growth-inhibiting properties associated with the presence of PSMs of several 
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species including Alchemilla mollis, Nepeta × faassenii, Phlox subulata, Sedum acre, 

Solidago cutleri and Thymus praecox were investigated. Nepeta × fassenii and S. cutleri 

proved to be suppressive, likely due to the production of bioactive volatiles. In this case, 

the authors profiled volatile foliar constituents and identified 21 compounds in the volatile 

mixture extracted from Nepeta x fassenii (ornamental catmint) using HS-SPME to collect 

plant volatiles for GC/MS (Eom et al., 2006). 

Marine organisms also produce a wide variety of unusual chemicals that are often 

structurally unique and difficult to identify. Researchers have investigated the genomics 

of selected marine ecosystems and often concentrated on unique metabolic pathways 

present in marine organisms (Goulitquer et al., 2012). Although GC-ToF analysis is used 

for identification of unique volatile metabolites, LC-MS based techniques are best suited 

for the analysis of marine organisms and ecosystems due to high salinity associated with 

these samples (Fernie et al., 2012). 

Metabolomics, in conjunction with transcriptomics, also further revealed the 

adaptation strategies to limited Fe use by marine plankton. Low abundance of Fe is often 

growth limiting for plants and phytoplankton, however it was discovered that marine 

organisms employ unique strategies to overcome this limitation. Phaeodactylum 

tricornutum responds to Fe availability by reducing the quantity of Fe-chelating glucose 

derivatives. Moreover, cellular processes including photosynthesis, mitochondrial 

electron transport and nitrate assimilation can be downregulated at low Fe levels due to 

high Fe requirements by specific enzyme complexes in these processes (Fernie et al., 

2012). Using LC/MS, algally-produced chemicals were investigated; in this case changes 

in biosynthesis of secondary metabolites in other marine organisms were observed as a 

direct result of products produced by algal blooms. An additional study evaluated 

volatiles produced by diatom cell cultures, collected by HS-SPME, and identified 18 
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iodinated and brominated volatiles including cyanogen bromide, a potent allelochemical 

(Goulitquer et al., 2012; Vanelslander et al., 2012). Genomics data in diatoms has 

revealed several novel biosynthetic pathways, previously unknown; however, their 

functions and roles remain unclear at this time. Metabolomics of primary and secondary 

metabolites appears to be a very promising tool for provision of additional data for these 

understudied marine organisms and genetic × environmental interactions (Fernie et al., 

2012). 

3.5.Impact of plant stress as assessed by metabolic profiling 

 One approach for the novel use of plant metabolic profiling is the study of the 

impact of environmental stress on plant performance. This screening is of particular 

importance to plant breeders and stress physiologists who are interested in comparing 

commercial cultivars of crop species with those of wild species or landraces, which might 

exhibit tolerance to particular plant stressors. Roessner and Bacic (2009) described the 

use of metabolic profiling to compare salt-tolerant barley genotypes with less tolerant 

genotypes when cultivated under high salt (sodium ion) conditions. Their results showed 

that a less tolerant genotype contained higher levels of amino acids, which were correlated 

with increased levels of necrosis. In contrast, a stress-tolerant genotype exhibited 

increased levels of organic acids and sugars, which are thought to be involved in 

protection against stress in barley leaf tissues (Widodo et al., 2009). Metabolic profiling 

can also be used to evaluate the impact of water stress on plant growth. In water-stressed 

plant leaves, increases in proline and decreases in aspartate are often noted in metabolite 

profiles comparing stressed and unstressed plant leaves. Interestingly, plants of different 

maturity stages at various levels of water stress respond differently in terms of their 

metabolic profiles. Changes in branched chain amino acids were also noted in the leaves 

of water-stressed wheat, barley and tomato (Obata and Fernie, 2012). 
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A unique experiment to assess the impact of plant community diversity (species 

number and composition) on the metabolome of plants of varying architectural traits (tall 

versus short) was performed to gain insight into mechanisms used by plants which impact 

performance and competition in biodiverse communities, including competition for 

resources such as C and N. Less competitive, small-statured plants showed metabolic 

signatures correlated with increasing diversity and species richness, indicating both C and 

N limitation in corresponding metabolites. In comparison, taller species which became 

dominant in mixed communities did not show altered metabolic profiles in response to 

altered resource availability with increasing plant diversity. In this case, both LC/MS 

QTOF and GC/MS QTOF evaluation of metabolites were performed to detect and 

quantify most analytes of importance (Scherling et al., 2010).  

Metabolic profiling can also be coupled in broad scale studies on population 

genetics of plant species to obtain key information on impact of environment or plant 

stress on plant genotype and gene expression of PSMs. In a recent study performed with 

geographically distinct populations of Paterson’s curse (Echium plantagineum L., 

Boraginaceae), plants found near roadsides across Australia were surveyed along three 

distinct longitudinal transects for presence of pyrrolizidine alkaloids, important secondary 

products involved in plant defence against grazing herbivores and toxicity (Quinn et al., 

2014; Weston et al., 2013). Composite samples were collected from each of 45 sites; 

metabolic profiling using LC-MS found 14 alkaloids and their N-oxide derivatives in all 

plants, with significantly greater levels in warm, dry sites compared to cooler, moister 

sites. Toxic pyrrolizidine alkaloids consistently occurred in all shoot extracts, with 

lepthantine-N-oxide, echimidine-N-oxide and echiumine-N-oxide predominant. The 

patterns of abundance of secondary metabolites in E. plantagineum suggest that climate 

change resulting in warmer, drier conditions might result in greater production of these 
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defensive compounds, making this noxious weed even more toxic to livestock, and also 

potentially more allelopathic due to the elevated production of root-produced 

naphthoquinones (Weston et al., 2013). 

3.6.Use of metabolic profiling to evaluate secondary plant products in the soil 

rhizosphere  

Metabolic profiling can also be used to evaluate plant growth responses 

belowground to associations formed with microbes, other plants, insects or macrobiota in 

the soil rhizosphere. Experimentation belowground has often proven difficult due to 

inability to access the soil rhizosphere and the living plant roots it harbors, the complexity 

of the soil matrix and the sheer numbers of organisms present in the soil (Bertin et al., 

2003; Weston and Mathesius, 2013). Given our recent ability to detect and analyse soil 

constituents at very low concentrations through targeted MS techniques, metabolic 

profiling of soil extracts has resulted in considerable information regarding the flux in 

secondary metabolites produced by root exudation, as well as degradation and 

transformation of both primary and secondary metabolites over time (Carlsen et al., 

2012).  

In a field study investigating the fate of flavonoids released from legume stands 

over time, sensitive LC-MS/MS techniques were used to profile a diverse group of over 

20 flavonoids released from living and decomposing white clover (Trifolium repens L.) 

stands in Denmark in situ and after soil incorporation of the clover as a green manure 

(Carlsen et al., 2012). As the authors report, numerous studies have implicated 

allelochemicals produced by white clover in weed suppression, as well as negative 

interactions associated with allelopathy or replant/pathogenesis problems following white 

clover establishment. This ground-breaking study evaluated the pattern of flavonoid 

release from living clover grown under field conditions and also from leachates following 

incorporation of green cover crops into field soil. The investigators found that the 
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flavonoid aglycones formononetin, medicarpin, and kaempferol predominated in soil 

analyses, with glycosides of kaempferol and quercetin also present at relatively high 

concentrations. Kaempferol persisted for days in field soil surrounding living or 

incorporated clover stands. These aglycones and related constituents have specifically 

been reported to possess substantial phytoinhibitory activity (Rice, 1984) and thus these 

findings may help to explain the potential for allelopathy and autoallelopathic interactions 

associated with established white clover stands (Weston and Mathesius, 2013). Carlsen 

et al. (2012) also noted that highest flavonoid concentrations in clover crops were 

associated with presence of clover flowers, in comparison to leaves, stems or roots in soil 

degradation studies. Several of the flavonoids identified are also known inhibitors of 

fungal growth, while others are associated with stimulation of microbial growth in the 

rhizosphere (Mandal et al., 2010). 

Krogh et al. (2006) performed metabolic profiling of allelochemicals 

(benzoxazinones) of wheat and rye in the soil. GC-MS and NMR techniques were 

employed for the identification of allelochemicals and LC-MS was later utilized for 

targeted analyses of soils for PSMs. The dynamics of leaching, transformation and 

metabolism of selected PSMs in the soil was evaluated through the use of focused studies 

(Krogh et al., 2006). The effects of allelochemicals and their degradation intermediates 

were also studied with respect to non-target aquatic organisms. Others have used targeted 

approaches to study the activity of secondary metabolites on aquatic organisms in an 

attempt to study the biosynthetic degradation pathways of these compounds in aquatic 

environments (Fritz and Braun, 2006). Metabolic profiling can enable the study of 

catabolism and bioactivity of natural products in a variety of environments, in association 

with bioassay-directed isolation, and may reveal novel metabolites implicated in 

organismal interactions. 
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An interesting approach to the study of PSMs in roots was performed using 

Paterson’s curse (Echium plantagineum) roots, which produce high concentrations of red-

coloured naphthoquinones (NQs) in both the root periderm and as exudates by living root 

hairs. These shikonin derivatives have strong antimicrobial and antifungal properties, and 

are also suppressive to annual ryegrass germination (Weston et al., 2013). Numerous NQs 

have been identified in Paterson’s curse root extracts using metabolic profiling in an 

attempt to study the biosynthetic pathway(s) responsible for their production, and to 

assess their relative activity as allelochemicals. When coloured root extracts were 

separated and combined by shade of colouring from red to clear, profiling and subsequent 

principal component analysis showed clear differences in content of related NQs, based 

on extract colouration. Red- coloured extracts were highest in levels of shikonin, 

acetylshikonin and deoxyshikonin, with lower levels in pink and yellow extracts and non-

detectable levels of NQs in clear extracts. For data generated in the afore-mentioned 

experiment, a Venn diagram was designed to present naphthoquinone constituents present 

in distinctly coloured samples (Fig. 4) (Skoneczny et al., 2014). In addition, silicone 

microprobes placed in soil around roots of pot-grown E. plantagineum plants revealed 

the presence of several NQs in soil containing Echium roots, and upon removal of soil 

probes, the probes exhibited a pink or red color. Probe extracts were analysed using LC-

QTOF/MS and contained detectable concentrations of NQs, indicating that plant roots 

might exude or release significant levels of bioactive secondary products in surrounding 

rhizosphere (Weidenhamer et al., 2014). The ability to profile the dynamics of these 

metabolites in soil provides a tool for further investigation of their ecological role in the 

rhizosphere. The fate of root-produced NQs in soil ecosystems is now under additional 

investigation.  
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Fig. 4 Coloured root extracts of Echium plantagineum were separated by their unique 

colouration into samples that ranged from purple, dark red and bright red to clear. 

Targeted metabolic profiling resulted in detection of numerous naphthoquinones and 

other related compounds; coloured samples varied qualitatively in their composition. 

Only 12 annotated compounds were in common in all coloured root extracts and 9 of 

them were shikonin-related compounds including arnebin-2, arnebin-6, α-

methylbutyrylshikonin,benzoylshikonin, β,β-dimethacrylshikonin, deoxyshikonin, 

isobutyrylshikonin, teracrylshikonin and 1-methoxyacetylshikonin. Venn diagrams such 

as this one can be used to clearly visualise profiling results for samples that vary 

qualitatively and/or quantitatively, and indicate overlap of common constituents 

(Skoneczny et al., 2014). 

 

3.7.Current challenges in the use of metabolic profiling – the case of Medicago 

truncatula 

Although we are currently able to elucidate many intermediates in biosynthetic 

pathways through the use of metabolic profiling, there are some key challenges to 

overcome to fully utilise and integrate this technology into plant physiological and 

biochemical studies. The first challenge is presented by the sheer number of PSMs and 

their related metabolites of interest in plants. Arabidopsis has been reported to encode 

25% of its genome as metabolism enzymes, and this percentage may be even higher in 

legumes (Dixon and Sumner, 2003).  With over 18,000 species of legumes, the diversity 

of secondary products produced--including alkaloids, non-protein amino acids, 

isoflavonoids, saponins and triterpenoids--can be staggering. Some PSMs are as yet 
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unidentified, requiring focused attempts to purify and perform NMR and other 

spectrometry for final structural characterization to discriminate between isomers with 

the same molecular formula (Kim et al., 2010; Weston and Mathesius, 2013). Recent 

research on legumes performed at the Noble Foundation in Oklahoma, USA has 

demonstrated that metabolic profiling can be successfully used to study both novel PSMs 

including isoflavonoids and phenylpropanoids and their biosynthetic pathways (Farag et 

al., 2008). By performing exogenous and endogenous profiling of cell suspension cultures 

of M. truncatula in the presence and absence of methyl jasmonate and fungal elicitors, 

Farag and co-workers (2008) found novel and flexible methods of biosynthesis of 

isoflavonoids in these legume systems, along with three novel products. Their results also 

suggested differential methods for synthesis of the phytoalexin medicarpin, depending on 

the nature of elicitation.  

The use of multiple methods for analysis of secondary metabolites is critical when 

evaluating the broader metabolome of plants. Farag and co-workers, along with many 

earlier researchers, used primarily LC-MS for profiling, but today the use of both LC and 

GC coupled to MS, NMR or other spectrometric techniques allows for the detection and 

analysis of a wider range of secondary constituents. 

3.8.Summary 

Metabolomics is a rapidly emerging technology that evaluates global metabolite 

profiles in a plant system under a specific set of conditions or at a particular point in time, 

to study impact of environment upon a biological system. The metabolome consists of 

both primary and secondary plant products and can be particularly challenging to analyse 

due to its inherent chemical diversity. Metabolic profiling, in contrast, is applied more 

specifically for analysis of a portion of the plant metabolome, and is often used by 

investigators to assess the current state of the plant, its tissues, or the specific matrix in 
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which it is growing, for a more targeted understanding of metabolites of interest. 

Although there are many ways to perform metabolic profiling, the use of LC or GC 

coupled to MS is most common. In most cases, more than one analytical approach is 

required to study the full complement of constituents of interest. Metabolic profiling has 

proven most useful in facilitating functional gene annotation through the use of data 

mining tools for the comprehensive characterization of a plant genotype. In addition, 

metabolic profiling can also be useful for determination of complex pathways of 

secondary product biosynthesis in higher plants as well as a broader understanding of 

biological activity and function associated with the presence or absence of key secondary 

products in the metabolome. This gives an opportunity to give the biological meaning to 

differences and activity found in the systems.  

Investigators have recently employed metabolic profiling to study impacts of plant 

stress upon secondary product production, role of secondary products in plant toxicity 

and human health, and complex interactions between plants and rhizosphere organisms. 

In addition, metabolic profiling, in combination with transcriptomics and proteomics, has 

and will contribute to a broader understanding of plant physiology and function, and the 

ecological roles of diverse PSMs. Metabolomics and metabolic profiling have become 

tools which can be now utilized for biosynthetic pathways elucidation and regulation 

studies to complement existing techniques. These tools can be successfully employed for 

the study of joint metabolic networks of interacting organisms, leading to a broader 

understanding of ecological interactions at multi- trophic levels. The use of multiple 

instrumental platforms for chemical analysis is often most effective for identification and 

role of PSMs involved in plant interactions such as allelopathy. The study of plants in 

mixed stands in the field or under controlled environmental conditions will soon be 

facilitated by metabolic profiling. Our own laboratory along with those of I. Fomsgaard 
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and others are currently attempting such studies. In the future, new developments and 

reductions in the cost of instrumentation will continue to allow enhanced detection of 

PSMs at ultralow concentrations, enabling greater precision in identification of 

metabolites of interest and their roles in allelopathic interference. We believe that 

metabolomics will also result in further advances in the regulation of plant growth and 

development in the next decade, as more focused studies of the complete plant 

metabolome, including metabolites produced by the plant and those of associated micro- 

and macrobiota, are routinely performed.  
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Chapter 4  

 

Metabolic profiling and identification of shikonins in root periderm of 

two invasive Echium spp. weeds in Australia. 

 

The objective of this study was to identify shikonins in Echium plantagineum root 

periderm extracts and evaluate their production in time course experiments using multiple 

field-collected Australian populations and to compare metabolite production to that of its 

congener E. vulgare as specified in H1 and H2 (Chapter 2). Previous reports identified 

shikonin and three potential derivatives in periderm extracts of field collected plants 

(Weston et al., 2013b); however I hypothesized that there are potentially additional 

related NQ constituents present. Additionally, this study provided insights into in vivo 

shikonin production for the first time, in contrast to published previously studies 

performed in vitro using Lithospermum and related borage species cell suspension 

culture.  

Metabolic profiling of shikonins has proven challenging due to both the physical 

and chemical properties of NQs (Zhang et al., 2012). Selected extraction methods and 

analytical techniques for identification using mass spectrometry and metabolic profiling 

we reviewed in Chapter 3. Shikonins are known for their instability due to electrolytic 

phenomena, leading to the formation of molecular radical ions by 

protonation/deprotonation but also through capture or loss of electrons. These challenges 

were addressed in a recent publication on ionization of NQs in negative mode by Zhang 

et al. (2012) and were considered during the analysis in negative ion mode using 

electrospray ionization source.  
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The resulting metabolic profiling platform that was selected for use in this thesis 

allowed for the eventual identification of shikonins in periderm and soil extracts 

(Appendix 1). It was further utilized in my own thesis project to evaluate the production 

of shikonins under environmental stress (Chapter 6) and between endemic and non-native 

populations of this weed collected from Spain and Australia (Chapter 7). 

 

The following manuscript is submitted for review in the journal Molecules. 

 

Skoneczny, D., Weston, P. A., Zhu, X., Gurr, G. M., Callaway, R. M., Barrow, R. A., and 

Weston, L. A. (2016). Metabolic profiling and identification of shikonins in root periderm 

of two invasive Echium spp. weeds in Australia. Molecules. Submitted for review. 

 

Supplementary materials are attached at the end of the thesis.  
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Bioactive, monomeric shikonins were identified in the periderm of Echium 

plantagineum and E. vulgare using UHPLC Q-TOF MS. Results suggest that shikonin 

biosynthesis is highly conserved between species and shikonins are likely to play an 

important role in rhizosphere defence. 
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4.1. Abstract 

Metabolic profiling can be successfully implemented to analyse a living system’s 

response to environmental conditions by providing critical information on an organism’s 

physiological state at a particular point in time and allowing for both quantitative and 

qualitative assessment of a specific subset(s) of key metabolites. Shikonins are highly 

reactive chemicals that affect various cell signalling pathways and possess antifungal, 

antibacterial and allelopathic activity. Based on previous bioassay results, bioactive 

shikonins, are likely to play important roles in the regulation of rhizosphere interactions 

with neighbouring plants, microbes and herbivores. An effective platform allowing for 
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rapid identification and accurate profiling of numerous structurally similar, difficult-to-

separate bioactive isohexenylnaphthazarins (shikonins) was developed using UHPLC Q-

TOF MS. Root periderm tissues of the invasive Australian weeds Echium plantagineum 

and its congener E. vulgare were extracted overnight in ethanol for shikonin profiling. 

Shikonin production was evaluated at seedling, rosette and flowering stages. Five 

populations of each species were compared for qualitative and quantitative differences in 

shikonin formation. Each species showed little populational variation in qualitative 

shikonin production; however, shikonin was considerably low in one population of E. 

plantagineum from Western New South Wales. Seedlings of all populations produced the 

bioactive metabolite acetylshikonin and production was upregulated over time. Mature 

plants of both species produced significantly higher total levels of shikonins and 

isovalerylshikonin > dimethylacrylshikonin > shikonin > acetylshikonin in mature E. 

plantagineum. Although qualitative metabolic profiles in both Echium spp. were nearly 

identical, shikonin abundance in mature plant periderm was approximately 2.5 times 

higher in perennial E. vulgare extracts in comparison to those of the annual E. 

plantagineum. These findings contribute to our understanding of the biosynthesis of 

shikonins in roots of two related invasive plants and their expression in relation to plant 

phenological stage.  

Keywords: metabolomics; UHPLC MS Q-TOF; plant defence; secondary plant 

products; naphthoquinones; rhizosphere. 

4.2. Introduction 

A plant’s metabolome is a reflection of its physiological state at a particular point 

in time under given conditions and can be successfully studied using a systematic 

approach, more commonly referred to as metabolomics [1–3]. In contrast, metabolic 

profiling is a focused approach that allows an in-depth analysis of selected metabolites, 
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while successfully minimizing matrix complexity [3]. Metabolic profiling typically 

focuses on compounds of similar origin or similar chemical properties, and is often useful 

in defining biosynthetic pathways, joint metabolic networks or organismal responses to 

environmental changes [4]. Metabolic profiling can be performed using both targeted and 

untargeted approaches to evaluate most abundant metabolites present in a particular 

system. Qualitative and quantitative approaches to metabolic profiling can provide 

information about an organism’s response to varying environmental conditions, 

regulation of biosynthetic pathways and impact of genotype on metabolite expression 

[5,6]. Recent research has also demonstrated the suitability of metabolic profiling for 

investigation of biosynthetic pathways of plant secondary products [3,7–9] and also as an 

aid in the direct comparison of chemical profiles of various plant species [10]. 

Ultra-high pressure liquid chromatography coupled to quadrupole/time of flight 

mass spectrometry (UHPLC Q-TOF MS) is a powerful tool for separation and 

identification of secondary plant products. It enables identification of compounds by their 

accurate mass and typically generates structural information for compounds of interest in 

terms of unique fragmentation patterns or retention times specific to certain related 

compounds or groups of compounds [11]. Identification of metabolites using UHPLC Q-

TOF data is facilitated by the comparison of sample results with those of compound 

databases and libraries for structural comparison. However, the majority of library-based 

metabolic structural data is based on results generated from model plant systems of Oryza 

and Arabidopsis; therefore studying novel or unknown plant metabolites remains a 

challenging task [12–14]. 

Plant secondary products are considered nonessential to organismal function; 

however, they are of critical importance in the regulation of trophic interactions, plant 

defence or adaptation to climatic conditions [15,16]. Numerous researchers have studied 
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plant secondary products in foliar tissues, but many secondary metabolites derived from 

plant roots and the soil rhizosphere remain under-investigated [3]. Roots and root 

exudates often contain high concentrations of secondary products which are either 

actively or passively exuded, or released directly into rhizosphere where they interact 

with insects and herbivores, microbiota and/or other plants [17,18]. Plant exudates or 

root-released secondary products are typically represented by a diverse range of organic 

chemicals, and are often localized in specialized root tissues or organs in sufficient 

concentrations to act as phytotoxins [16,19]. Once in the rhizosphere, these compounds 

can act as microbial signalling molecules or antibiotics, thereby impacting seed 

germination or influencing plant growth and development [12,20,21]. In some cases, 

plant secondary products also influence invasive species success through their adverse 

impacts on native plants or microbial communities [12,22]. In the case of Echium 

plantagineum and E. vulgare, two successful invaders in Australia, bioactive secondary 

products, the shikonins could be associated with the success of these species in their novel 

range through their ability to influence rhizosphere interactions in the root zone where 

they are released from living root hairs and periderm of the Echium taproot. Other 

members of the Boraginaceae are also known to produce isohexenylnapthazarins with 

strong bioactivity as antimicrobials, insecticides and allelochemicals [23–26]. 

This study aimed to evaluate bioactive secondary products including shikonins 

that are concentrated in the root periderm of E. plantagineum and E. vulgare. In their 

native range of the Iberian Peninsula, these species are not common [27,28] and are often 

found in diverse mixtures of pasture grasses and herbaceous species. However, since their 

introduction to Australia in the 1800’s, they have become highly successful invaders. 

Echium plantagineum, also known as Paterson’s curse, is an annual weed now naturalized 

over 30 M ha where it dominates roadside plant communities and pastures [29,30]. In 
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contrast, E. vulgare, or viper’s bugloss, is perennial and is limited to areas of higher 

rainfall and elevation in Southern Australia [27,31]. Both species were introduced to 

Australia either as ornamental pot plants [30] or more likely as contaminants of hay 

associated with importation of merino sheep [32,33]. Much less abundant across Southern 

Australia than Paterson’s curse, the perennial E. vulgare does not have major impacts on 

Australian agriculture [27]. However, the prevalence and toxicity of E. plantagineum 

causes significant impacts on Australia’s textile and meat industries, causing an estimated 

annual loss of AUD $250 M and reduced pasture quality [34]. Despite the negative effects 

of E. plantagineum on invaded ecosystems and its hepatotoxicity to grazing animals, the 

chemical composition of its belowground root system and potential impacts on 

rhizosphere interactions have been poorly explored. 

Numerous Echium and other boraginaceous spp. accumulate bioactive secondary 

products including pyrrolizidine alkaloids mainly in foliar tissues [9,26,35] and 

isohexenylnaphthazarins (otherwise known as naphthoquinones or more specifically as 

shikonins) in the periderm of the roots [8,24,26]. In contrast, the interior of the root, or 

root cortex, does not produce shikonins [33,36]. Alkannins and shikonins (structural 

enantiomers) are lipophilic red pigments that accumulate in the periderm of certain 

Boraginaceae used as medicinal plants for their purgative, antimicrobial and wound-

healing properties [24,37–40]. 

Interestingly, shikonins are derived from both the phenylpropanoid and isoprenoid 

biosynthetic pathways, both of which are typically upregulated under stress conditions 

[23]. Some of the key initial steps in isohexenylnaphthazarin biosynthesis have been 

revealed through identification of enzymes regulating biosynthesis and precursors 

including deoxyshikonin, the proposed precursor of shikonin [24]. Subsequent steps in 
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the biosynthesis of shikonin derivatives remain unidentified and the pathway itself may 

vary among species [24]. 

 

 

Figure 1 Structures of shikonins identified in Echium plantagineum and E. vulgare 

(Table 1). Isolvaleryshikonin and α-methylbutyrylshikonin are referred to as compound 

8 and compound 9, respectively. 

 

Isohexenylnaphthazarins in general, and more specifically shikonins, are highly 

reactive chemicals, interacting with plant, microbial and mammalian systems and 

affecting various cell signalling pathways. In mammalian systems, these compounds 

promote and protect against inflammatory responses and cell damage [39]. In plant and 

microbial systems, shikonins are known to be respiratory inhibitors providing strong 

antifungal, antibacterial and allelopathic activity in bioassays performed under controlled 

conditions [23,41]. Shikonins can also induce apoptotic reactions in e.g., prostate cancer 

cell lines [42]. Shikonin and its derivatives (Figure 1) exhibit potent pharmaceutical 
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activity including anti-inflammatory [23], antitumor, antibacterial, antithrombotic, 

antifungal, antioxidant and wound healing activities, making boraginaceous roots 

valuable in Far Eastern [24,37] and Western medicine [42]. Propionylshikonin was found 

to be an effective antiviral agent against tobacco mosaic virus [43]. Shikonins also play 

an important role as potent inhibitors of plant, fungal and microbial growth [23,26,41,44]. 

In this study we aimed to: (1) develop a platform enabling the metabolic profiling 

of shikonins in a large number of root samples of E. plantagineum and E. vulgare; (2) 

identify key secondary metabolites in root periderm using targeted and untargeted 

analyses; (3) evaluate the impact of plant growth stage on the biosynthesis of shikonins; 

and (4) investigate the importance of genotype (plant population) on shikonin 

biosynthesis when both species were grown under uniform controlled environmental 

conditions. 

4.3. Results and discussion 

4.3.1. Identification of isohexenylnaphthazarins in Echium plantagineum root 

periderm extracts 

Metabolic profiles of periderm extracts were generally of low complexity and 

contained up to 20 related and highly abundant compounds when evaluated by UHPLC 

Q-TOF under negative ion mode. All major chromatographic peaks in the total ion 

chromatogram (Figure 2(b)) were attributed to isohexenylnaphthazarins, indicating the 

presence of bioactive shikonins and consistently high activity of the biosynthetic pathway 

for shikonin production in the periderm. Isohexenylnaphthazarins identified in ethanolic 

extracts of Echium root periderms were classified as shikonins by accurate mass and 

observed fragmentation patterns using UHPLC Q-TOF and by comparison with analytical 

standards (Table 1) as well as previously published spectra [37]. Additional supporting 

information was provided by spectral evaluation of samples using diode array detection 
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(DAD) at 254 nm (Figure 2(a)). Preliminary untargeted data analysis indicated the 

presence of additional compounds of low abundance in periderm extracts, including 

shikonin polymers of m/z 555.1650, 597.1768, 611.1915, 625.2078, 639.2242 and 

655.2187; however, further experimentation is required to confirm their exact polymeric 

structural identity. 

Shikonins are characterized by the presence of polycyclic rings with multiple 

quinone moieties (Figure 1); their structure is reflected in the fragmentation pattern 

observed which generally reveals a common fragment ion of m/z 270 (Figure S1). 

Fragmentation patterns of MS2 spectra (Figure S1) allowed for the positive identification 

of nine related isohexenylnaphthazarins (Table 1) in extracts of field-collected root 

periderm tissue of E. plantagineum, in contrast to previous methods developed in our 

laboratory that positively identified only four shikonins using LC/MS QQQ 

instrumentation [26]. Shikonin derivatives annotated in this study were generally formed 

by chemical modification of the side chain (Figure 1, Table 1). 

Acetylshikonin (1), deoxyshikonin (2), dimethylacrylshikonin (3) and shikonin 

(7) (Table 1) were further identified by comparison to analytical standards and 

characterized based on both retention time and MS2 spectra. The m/z 270 and/or m/z 269 

ion was specifically identified in 1 and 3 and also found in MS2 spectra of related 

shikonins for which commercial standards were not available. This distinct fragmentation 

pattern was also consistent with that reported by Albreht et al. [37] who presented both 

mass and nuclear magnetic resonance (NMR) spectra of similar isohexenylnaphthazarins 

in Echium italicum root extracts. 
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Figure 2 Chromatographic separation obtained from 12 selected field collected samples 

of Echium plantagienum and E. vulgare. a) DAD chromatogram of root periderm extracts 

at wavelength 254 nm and b) total ion chromatogram of the same extracts. Numbers 1 -9 

denote shikonins (Table 1). 
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However, the authors did not present the accurate masses of identified 

compounds. Shikonins with side chain modification typically produce a product ion of 

m/z 270 or m/z 269, strongly suggesting they are ester derivatives of 7, in which the ester 

bond is the fragmentation point. Due to differential fragmentation and variable ionization 

(which includes formation of free radicals) one of the most abundant fragment ions is 

often m/z 269 or m/z 270. 

Identification and absolute quantification of shikonins is typically challenging due 

to both the physical and chemical properties of these compounds [45,46]. Shikonins are 

sensitive to heat, light, pH and oxygen, which affects their stability and may increase their 

degradation [45]. Compounds similar to shikonins with sufficient redox potential, 

including polycyclic aromatic hydrocarbons, polyenes and quinones, are known for 

electrolytic phenomena. In this case, shikonins in our study formed molecular radical ions 

by protonation/deprotonation but also by capturing or losing an electron. Shikonin 

derivatives, as described by Zhang et al. [46], readily form radical anions when analysed 

in negative ion mode using electrospray ionization source. Formation of multiple types 

of ions is generally dependent on solution pH, the mobile phase utilized and the ionisation 

source. Higher organic concentration in the mobile phase also promotes formation of [M 

+ e]− ions. In this study, each shikonin derivative was noted to form several ions including 

[M + e]− and [M − H]− (Figure S1). Spectra of compounds 4, 6, 7 and 9 was often 

dominated by the [M − H]− ion; however other compounds captured electrons more 

frequently and formed [M + e]− ions. Our results are consistent with those obtained by 

Zhang et al. [46] who evaluated shikonins using an LTQ Orbitrap MS and an identical 

mobile phase. Additional analysis by our laboratory was also performed using HPLC 

QQQ (Agilent 6410, Agilent, Santa Clara, CA, USA) with an electrospray ionization 
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source and further confirmed results obtained here using UHPLC Q-TOF and those 

published results from an LTQ Orbitrap [46]. 

Multiple factors influencing ion formation render isohexenylnaphthazarins 

somewhat difficult to analyse and quantitate [46]. Procedures employed in this study 

aimed for high uniformity of sample preparation, low temperature (<25 °C) extraction 

and minimization of exposure to light. Good laboratory practices, optimal procedures and 

sample storage (−20 °C) generally minimize molecular interactions. 

Key molecular features including retention time and accurate mass were noted for 

all molecules of interest and included for further experimentation in a personal database 

and library (Table 1). Since isovalerylshikonin and α-methylbutyrylshikonin showed the 

same m/z and similar fragmentation patterns, they were referred to as compound 8 and 

compound 9, respectively. Although structures of both compounds were previously 

reported, they have identical formulae which makes their structural elucidation using 

UHPLC Q-TOF more challenging. Both 8 and 9 were identified in E. italicum root 

extracts, and further confirmation of structure was provided via NMR [37]. Our method 

allowed for fast, accurate and complete profiling of shikonins without the laborious 

process associated with their purification or synthesis which can also be challenging. 

However, absolute identification of molecular features profiled using metabolomics 

approaches (including shikonins) requires comparison with analytical standards. 

Positive identification of 3 was obtained by comparison with the commercial 

standard; however, we are not able to exclude the possibility of other structurally related 

metabolites occurring in complex root periderm extracts considering the potential for 

coelution of structurally similar compounds. The DAD chromatogram of multiple 

overlaid samples (Figure 2(a)) suggests that there were likely only two compounds eluting 
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at 8.0 ± 0.5 min. These peaks were associated with the presence of angelylshikonin, 

tiglylshikonin or other as yet unknown shikonins [37]. 

To date, UHPLC Q-TOF mass spectrometric analysis has facilitated the rapid 

separation and identification of nine closely related shikonins in a single analysis, without 

the use of multiple detection and/or structural elucidation methods. Obtained mass 

accuracy was highest for 4 and 5 and equalled 0.52 and 0.84 ppm, respectively (Table 1) 

and was similar to that obtained by Jaiswal et al. [47] using a comparable mass 

spectrometer; they identified over 48 alkaloids in tissues of Aconitum with mass accuracy 

approaching 1 ppm and rarely exceeding 10 ppm [47]. High mass accuracy allowed for 

identification of several anions formed, in comparison to less accurate mass 

spectrometers. The method demonstrated in this study provided direct, rapid and thorough 

analysis of metabolic profiles of root periderm tissues containing numerous structurally 

similar shikonins representative of the shikonin biosynthetic pathway encountered in E. 

plantagineum and E. vulgare, but did not allow for complete identification of all shikonin 

derivatives present 

4.3.2. Profiling of coloured periderm extracts 

Shikonins are red pigments, and are thought to be responsible for the red, pink or 

purple colouration of root periderm tissue in Echium spp. [24,26]. Exterior colouration of 

living roots varies upon harvest and ranges from bright red to tan, or brown to black. Dark 

colouration is mainly associated with aged roots and likely due to oxidation or 

polymerization of shikonins in the periderm over time [41]. Polymerization can also 

affect the activity and structural properties of shikonins [48]. The colour of shikonin 

extracts in general is dependent on the pH of the solution, and varies from red, purple and 

blue in acidic, neutral and alkaline pH, respectively [45]. 
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We observed that the root periderm extracts of field-collected E. plantagineum 

samples possessed remarkable variation in colour, ranging from bright red to pink, orange 

to bright yellow, and pale yellow to clear. Field surveys indicated that greatest production 

of shikonins in E. plantagineum was associated with collection from northern Australian 

locations and sites experiencing warmer growing conditions at low elevation [26]. Thirty-

six composite plant extracts obtained from a diverse collection of field-grown plants of 

E. plantagineum were ranked by colour in this experiment into four distinct colour groups 

and metabolic profiling was performed on a sample from each category (Figures 3 and 

S2). Shikonins were present in red extracts; however, eight yellow to clear extracts did 

not contain isohexenylnaphthazarins and were excluded from statistical analysis. Peach 

coloured extracts generally had at least one isohexenylnaphthazarin present including 2, 

3, 7 and 8. Additional compounds were detected in orange-coloured extracts which were 

also complex, consisting of 1, 2, 3, 5, 7 and 8. It is clear that root periderm colouration 

was closely related to the presence of specific isohexenylnaphthazarins, and dark orange 

to red colouration was associated with increasing number of isohexenylnaphthazarins in 

profiled extracts (Figures 3 and S2). However, stepwise logistic regression analysis 

indicated that only the presence of compound 1, acetylshikonin, was significantly 

correlated with extract colour (p = 0.037). 
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Figure 3 Distribution and relative abundance of nine shikonins in 36 periderm extracts 

separated by colouration including red, orange, peach, and yellow, with nine replicates 

for each colour treatment. * denotes significant positive correlation of compound 

abundance with extract colour.  

 

Shikonins are easily detectable by UV-Vis absorbance, and a useful model system 

to evaluate presence of shikonins in ethanolic extracts by colour ratings was developed, 

allowing ready visualisation of the products of shikonin biosynthesis and plant response 

to environmental stressors. Weston et al. [26] also observed more intense colouration of 

periderm and high total concentrations of shikonins in E. plantagineum collected from 

hot and dry areas using UV-vis absorbance, indicating shikonin biosynthesis is likely 

significantly upregulated under conditions of UV or drought stress. Clearly, under certain 

conditions in Australian soils, substantial production of shikonins occurs and is associated 

with increased bioactivity of extracts. The greatest phytotoxicity to annual ryegrass and/or 

wheat coleoptiles was observed in dark red periderm extracts of field-collected roots 

[8,41,44]. We also noted that concentration of acetylshikonin (1), was significantly higher 

in dark red extracts. The presence of acetylshikonin is also associated with potent 

antimicrobial and phytotoxic effects as assessed in crude extracts and with a purified 

standard [8,23,24,41,44]. 
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Although variation in the abundance of isohexenylnaphthazarins is associated with 

differences in root colouration in controlled and field environments, it is not completely 

clear how environment influences production of shikonins in field-grown plants. Recent 

findings have also provided evidence that shikonins are directly released into the 

rhizosphere from living Echium roots, and can accumulate at ppm levels in E. 

plantagineum-infested soils [36,49]. Here shikonins are likely to be potent mediators of 

plant and microbial interactions, based on results of bioassays performed under controlled 

laboratory conditions. However, their role in plant invasion success is more speculative 

[41,49,50]. We do know that allelochemicals produced by plants can adversely impact 

competitors, directly or after transformation in soil, impacting physical, chemical and 

biological soil factors and/or affecting other trophic levels [51]. 

4.3.3. Time and population dependent production of isohexenylnaphthazarins  

Biosynthesis of plant secondary products was shown to be related to phenological 

stage [52]. Increased production of secondary products at the reproductive stage was 

previously described in multiple genera including Salvia, Hypericum, Thymbra and 

Satureja, where higher levels of phenolics during flowering were involved in attracting 

pollinators [53]. We profiled shikonins in a controlled-environment study to evaluate the 

periderm of plants produced from seed of five geographically distinct Australian (Table 

S3) populations of E. plantagineum. Under identical growth conditions, the production 

of shikonins was significantly downregulated during the seedling stage (p < 0.05) and 

was somewhat variable among populations (Figures 4(a) and S3(a); Table S1). Shikonins 

were always most abundant in mature plants, and across populations were ranked in terms 

of total production as 8 > 3 > 7 > 1. Acetylshikonin (1) was detected in all populations of 

1-week-old seedlings, but was significantly less abundant in seedlings in contrast to 

mature plants. Acetylshikonin is one of the most bioactive isohexenylnaphthazarins in in 
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vitro evaluation against soil bacteria and was also more active than 3 [23]. Thus, 

production of shikonins, including acetylshikonin, may be crucial in protecting seedlings 

and possibly mature plants against soil-borne microbes and pathogens and possibly 

germinating weed seedlings. 

Zhu et al. [36] suggested that the root periderm forms a chemical barrier in living 

Echium roots, and contains a protective layer of isohexenylnaphthazarins, potentially 

enabling greater survival of seedlings. Compound 8 was also present in seedling radicle 

extracts in four out of five populations. Deoxyshikonin (2), 3 and 7 were identified only 

sporadically in immature seedlings, likely due to their low abundance in periderm 

extracts. Interestingly, 2 and 7 are precursors of other isohexenylnaphthazarins and are 

thought to be rapidly converted to various shikonin derivatives [24]. The positive 

identification of lower m/z isohexenylnaphthazarins in seedlings suggests that these 

compounds are potentially associated with the initial steps in the isohexenylnaphthazarins 

biosynthetic pathway.  
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(a) (b) 

  

  

  

  

Figure 4 Relative abundance (RA) of 1, 2 and 7 based on the peak area and averaged 

over replication in Echium plantagineum (Ep) and E. vulgare (Ev) in glasshouse 

controlled conditions. Error bars represent standard error of the mean (SEM). Key: (a) 

Ep-B-Bendigo, Ep-CM-Coombah, Ep-CR–Cobar, Ep-G-Grenfell, Ep-WW-Wagga 

Wagga; (b) Ep-A–Adelong, Ep-S-Silverton, Ev-A–Adaminaby, Ev-C–Cooma. 

Significant differences (p < 0.05): ≠—between populations, Sp—between species and 

T—between time points. Int – significant interaction, time × population. S—seedling, 

R—rosette, F—flowering. Data was log transformed prior to statistical analysis.  
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In comparison, isohexenylnaphthazarins with greater molecular weights were found to be 

present in mature plants, with compounds 9 and 4 exhibiting variation depending on 

population and growth stage. As shikonin production is likely upregulated or induced by 

biotic or abiotic stimuli, and some compounds are likely transient intermediates in the 

shikonin biosynthetic pathway, not all shikonins were detected in all plant samples. Low 

abundance of 2, deoxyshikonin, in seedling and mature plants further suggests its rapid 

conversion to metabolites including 1 and 7 which are highly active [23,24,41,44,54]. 

Dimethylacrylshikonin (3) was also prevalent in root extracts, however, it is not 

particularly bioactive [23] and may be an intermediate which is later converted to other 

complex metabolites. Compounds 4 and 9, also expressed differentially among 

populations, may be regulated by environmental factors or genotype.  

Seedlings obtained from glasshouse culture of all populations were relatively uniform in 

size and appearance when grown under controlled conditions. However, despite a 

uniform appearance above-ground, the Coombah population produced significantly 

reduced levels of most shikonins of abundance (4, 5, 6, 7, 9). Coombah is located in a hot 

and dry plain at low elevation. While this population produced low levels of 

isohexenylnaphthazarins, plants from Cobar, another hot and dry area in NSW, were 

characterized by significantly enhanced production of isohexenylnaphthazarins in 

comparison to Coombah population (Figures 4(a) and S3(a)). This finding suggests that 

genotype and possibly epigenetics may also play an important role in regulation of 

biosynthesis of isohexenylnaphthazarins and that further research into the impact of 

genotype on production is needed. 

We also compared populations of both annual E. plantagineum and perennial E. vulgare 

harvested before and after floral initiation in E. plantagineum and at vegetative maturity 

in E. vulgare. Two populations of each species were harvested and extracted after 6–8 
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weeks and at 27–29 weeks, when E. plantagineum was fully flowering. In contrast, E. 

vulgare remained in the vegetative growth stage throughout the experiment, likely due to 

its perennial growth habit and lack of vernalisation under controlled growth conditions 

[27]. Isohexenylnaphthazarins were clearly present in periderm extracts of both species, 

but were observed in variable concentrations (Figures 4(b) and S3(b)). Highest 

concentrations of shikonins were observed in mature E. vulgare, harvested at the last 

sampling (Figures 4(b) and S3(b)). However, similar metabolic profiles were noted in 

both species (Figures 4(b) and S3(b)), in various populations and at both life stages, 

suggesting that shikonin production is highly conserved among Australian grown Echium 

species and populations. Perennial growth habit and longer periods of vegetative growth 

resulted in accumulation of higher concentrations of shikonins in roots of E. vulgare. 

Tight regulation of this pathway in two closely related species further suggests that the 

shikonin biosynthetic pathway in other Echium spp. may also be similar, and we note that 

compounds identified in E. italicum and Lithospermum spp. also suggest biosynthetic 

conservation of this pathway in the Boraginaceae with limited variation [24,37]. 

In this experiment, 9 was not found at detectable levels in E. plantagineum (Figure S3(b)) 

but previous experiments identified 9 in four out of five populations of this species 

(Figure S3(a)). This suggests that there are no qualitative, species-specific differences in 

biosynthesis of isohexenylnaphthazarins among these two Echium invaders. However, 

we did observe significant quantitative differences between E. plantagineum and E. 

vulgare in the abundance of 1, 2, 3, and 9 (Figures 4(b) and S3(b), Table S2). In the case 

of 1, 2, and 5, species responded differently over time with respect to production of 

shikonins. Significance of this interaction could be caused by variation in phenology 

associated with annual or perennial growth habits at the time of plant sampling or other 

as yet unknown factors. 
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The most abundant shikonins in E. plantagineum were consistent among experiments, 

with similar patterns of abundance 8 > 3 > 7 > 1, suggesting strong conservation of the 

shikonin biosynthetic pathway among mature plants. Production of 1, 4, 5, 6, 9 was 

upregulated in E. vulgare at second harvest (Figures 4(b) and S3(b)), while production of 

3 was upregulated in E. plantagineum. Total abundance of isohexenylnaphthazarins at 

both growth stages was approximately 2.5 fold higher in the perennial E. vulgare when 

grown in a glasshouse experiment. Total isohexenylnaphthazarins in extracts were also 

calculated using spectrophotometric techniques and also showed a 2.5 fold higher 

abundance in E. vulgare, confirming accuracy of identification and relative quantitation 

using UHPLC Q-TOF MS by focusing on the most abundant ion or radical ion. Higher 

levels of isohexenylnaphthazarins in E. vulgare may be explained by upregulation of the 

biosynthetic pathway associated with a longer period of active growth in the vegetative 

stage, as E. vulgare plants did not flower. Due to lack of flowering, 

isohexenylnaphthazarin production may have been artificially elevated leading to higher 

concentrations of shikonins in this species after 26–29 weeks; however, field-collected 

samples of E. vulgare also showed elevated levels of total isohexenylnaphthazarins (~1.4 

fold higher in comparison to field-collected E. plantagineum), as examined 

spectrophotometrically. Echium vulgare seeds used in this study for glasshouse 

experimentation were collected from naturally occurring populations at higher altitudes 

reflecting typical distribution in Australia (Table 2). 

Highly abundant compound 3, dimethylacrylshikonin, was less inhibitory than 1, 2 and 7 

in microbial bioassays [23], but may serve as a non-toxic and preferred storage form of 

isohexenylnaphthazarins in the plant and, upon demand, could potentially be converted 

to other bioactive forms, including polymers. Structurally complex shikonins appear to 

be accumulated as a result of exposure to plant stress. This suggests that the regulation of 
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this biosynthetic pathway is more complex than previously described [55]. Shikonins 

provide a unique model system for study of impacts of climate change, plant genetics and 

plant phenotype upon gene expression, as well as regulation of plant rhizosphere 

interactions with other organisms. 

Limited qualitative differences in shikonins between species suggest that it may be 

difficult to identify species-specific biomarkers in the shikonin biosynthetic pathway; 

however, upregulation of isohexenylnaphthazarins in flowering plants and over time 

suggests that regulation of biosynthesis is likely complex and is associated with both 

phenological and genetic factors. Cohen et al. [56] evaluated the presence and absence of 

isohexenylnaphthazarins and suggested this as a useful morphological feature to aid in 

the identification and phylogeny of Boraginaceae. However, the analysis did not focus on 

the presence or absence of specific shikonins [56]. Broader metabolic profiling combined 

with the use of powerful chemometrics software could be particularly useful for 

identification of differentially expressed and structurally related compounds. Additional 

chemotaxonomic studies in the taxonomically complex Echium genus would also prove 

valuable. 
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4.4. Materials and methods 

4.4.1. Chemicals and standards  

HPLC grade solvents were used in this study including acetonitrile and ethanol 

absolute purchased from VWR Chemicals (Tingalpa, Australia) and water ordered from 

Merck (Darmstadt, Germany). Formic acid, >99% purity (Sigma, Castle Hill, Australia) 

was used to acidify mobile phase. Chemical standards including acetylshikonin (1), 

deoxyshikonin (2) and dimethylacrylshikonin (3) were purchased from Chemfaces 

(Wuhan, China). Shikonin (7) was purchased from Biomol (Hamburg, Germany). 

4.4.2. Source of plant material and sample preparation  

Extracts used in the creation of personal compound database and library and in profiling 

coloured samples were collected in NSW, Australia, from 2013–2015. Echium 

plantagineum L. (Boraginaceae) field-collected samples were used for profiling of 

coloured extracts. Similarly, E. plantagineum and E. vulgare L. (Boraginaceae) roots used 

for compound database development and identification of isohexenylnaphthazarins were 

collected from the field from numerous NSW populations (Table 2). Seeds utilized in 

controlled conditions experiment were collected from nine locations across NSW, 

Australia in 2013 and 2014 (Table 2). Plants of each species were unequivocally 

identified using the DNA barcoding or sequence analysis system of key polymorphic gene 

regions developed by Zhu et al. [33], in comparison to herbarium voucher specimens 

obtained from the Australian National Herbarium in Canberra ACT. Seeds were 

germinated over a week on moist filter paper in an incubator with 12 h:12 h (Light:Dark) 

light regime and a temperature regime of 25 °C:15 °C (Light:Dark). Following 

germination, seedlings were transplanted into 1.5-L pots containing 6:4 potting mix:sand. 

Plants were grown in the glasshouse at Charles Sturt University (Wagga Wagga, NSW, 

Australia) with alternating temperatures ranging from 25 °C ± 4 °C day and 17 °C ± 3 °C 
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night. Plants were watered as needed and fertilized fortnightly with 200 mL of Aquasol 

soluble fertilizer (Yates, Padstow, Australia) prepared following manufacturer’s 

instructions. Populations of Echium spp. were grown in a randomised block design in 

three blocks for each experiment. 

Table 2 Location and harvest date for root samples used in creation of the libraries and 

sources of seed used in the controlled conditions experiments.  
Species Location Collection year GPS coordinates 

Longitude Latitude 

E. vulgare Adaminaby 2013 -35.969875 148.712235 

Cooma 2014 -36.245188 149.028493 

E. plantagineum Adelong 2013 -35.296432 148.058302 

Bendigo 2011 -36.846232 144.181611 

Grenfell 2011 -33.918941  148.160026 

Coombah 2011 -32.980887  141.625002 

Cobar 2011 -31.524130  145.589078 

Silverton 2013 -31.879176  141.213968 

Wagga Wagga 2011 -35.054791 147.350295 

 

Echium plantagineum phenological cycle study  

Five Echium plantagineum populations were germinated to generate a total of 180 

plants, 60 plants per replication. Each replication consisted of 12 plants per population 

(Table S3). Four plants from each population were harvested at each of three different 

time points: 1-week-old seedlings, 7- to 9-week-old rosettes and four 11- to 14-week-old 

flowering plants (flowering = over 80% with open inflorescences). Tissue of four plants 

derived from the same population was pooled for extraction to minimize plant-to-plant 

variation for metabolic profiling. This approach resulted in the generation of three 

replicates for each sampling point and population. 

Comparative profiling of two Echium species  

Experimentation with E. plantagineum and E. vulgare populations was performed 

in order to evaluate the influence of genetics and environment upon secondary product 
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accumulation in different species. Two populations each of E. plantagineum and E. 

vulgare were cultivated in a randomised block design experiment in 3 replications to 

generate a total of 72 plants. Eight plants of each population were grown within each 

replicate and  four plants of the same population were harvested at  each of two time 

points: before and during flowering (Table S4) (Note: E. vulgare did not flower in 

glasshouse conditions due to its perenniating growth habit). Four plants were combined 

for processing and analysis. Replicates were harvested sequentially over 3 weeks after 6–

8 weeks and again after 27–29 weeks.  

Periderm extraction Periderm was peeled using a sharp scalpel blade and ca. 1 g 

of periderm was placed in scintillation vials containing 10 mL of ethanol and placed on 

an orbital shaker in darkness for 14 h at 120 rpm. Composite samples consisted of equal 

quantities of periderm tissue from each plant (±0.02 g). Ethanolic extracts were filtered 

using a 0.22 µm Millipore syringe filter and stored at −20 °C until analysis. 

4.4.3. UHPLC-MS analysis 

Metabolic profiling of root periderm extracts was performed using an Agilent 

1290 Infinity UHPLC system equipped with quaternary pump, diode array detector 

(DAD), degasser, temperature controlled column and cooled autosampler compartments 

which was coupled to an Agilent 6530 quadrupole/time of flight (Q-TOF) mass 

spectrometer with Agilent Dual Jet Stream ionisation source (Agilent Technologies, 

Mulgrave, Australia). Extracts were separated using a C18 Poroshell column (2.1 mm × 

100 mm, 2.7 µm particle size) (Agilent Technologies, Santa Clara, CA, USA) at 25 °C, 

which was connected to an SB-C8 guard column (2.1 mm × 12.5 mm, 5 µm particle size) 

(Agilent Technologies, USA). The flow rate of the mobile phase was 0.5 mL/min. The 

column was equilibrated for 40 min prior to analysis. Separation was obtained using a 

gradient of solvent A (water, 0.1% formic acid) and solvent B (95% acetonitrile, 0.1% 
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formic acid). The gradient began with 50% B for 1 min and reached 100% B over 7 min, 

continued at 100% B until 10.5 min and returned to 50% B in 0.1 min, ending with 50% 

B until 17 min. The DAD monitored absorbance at 254 nm. The Q-TOF was calibrated 

in negative ion mode with nebulizer gas set at 35 psig, capillary voltage at 3500 V and 

fragmentor voltage at 135 V. Nitrogen was used as the drying gas at 250 °C at a flow of 

9 L/min. Data was collected in negative ion mode using extended dynamic range (2 GHz). 

For profiling of root extracts, scan mode was used. Based on information obtained, an 

auto MS-MS method was created to collect MS2 spectra at three different collision 

energies: 10, 20 and 40 eV. Fragmentation patterns were later analysed and compounds 

were identified based on accurate mass and product ions.  

4.4.4. Spectrophotometry  

The colourimetric analysis of total isohexenylnaphthazarins was performed using 

a Nanodrop 2000c spectrophotometer (Thermo Scientific, Scoresby, Australia) at three 

wavelengths: 493 nm, 523 nm and 562 nm [26,57]. 

4.4.5. Data analysis  

Data obtained from UHPLC-ESI-Q-TOF analysis was primarily characterized 

manually in Mass Hunter Workstation Qualitative software version B06.00 (Agilent 

Technologies, USA). Data were obtained using scan mode and MS-MS. Based on 

accurate mass and retention time (available for standards), a database was generated using 

averaged retention time of identified and annotated compounds and their accurate mass. 

Personal Compound Database and Library software (version B 04.00, Agilent 

Technologies, USA) was used. 

Targeted analysis of isohexenylnaphthazarins was performed using scan mode to 

obtain data and later analysed against personal compound database and library. The find 
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by formula algorithm in MassHunter Workstation software (version B06.00 Qualitative 

Analysis, Agilent Technologies, USA) was used to screen for compounds of interest with 

a retention time window of +/− 0.7 min. A set of standards and blanks was analysed with 

the samples, and the find by formula algorithm was optimized based on the results 

generated for standard samples. Following the analysis, chromatograms were analysed 

manually for presence of ions of interest to ensure annotated ions were found in the 

spectra. Results were later exported to compound exchange file (CEF) format.  

Statistical analysis 

Repeated measures analysis of variance was performed in Statistix 9 (Analytical 

Software, Talahassee, FL, USA). for controlled condition experiments. Data on 

compound abundance was log-transformed prior to analyses. Standard error of the means 

was used to show the variability of the abundance. Population and time point were used 

as fixed factors in the model. Data on abundance of each compound was analysed 

separately and treated as dependent variable. Stepwise logistic regression analysis on the 

log transformed dataset of 1, 2, 3, 5 and 7 was performed to evaluate the significance of 

these compounds in peach, orange and red samples. Yellow was excluded from the 

analysis due to limited complexity and lack of compound abundance. Graphs were 

generated and edited in Microsoft Excel. 

4.5. Conclusions 

The application of a rapid UHPLC Q-TOF method for shikonin separation offered 

high chromatographic resolution and mass accuracy resulting in the identification of 

shikonins not previously noted in Echium plantagineum root periderm tissues. At least 

nine monomeric low molecular weight shikonins were detected in periderm extracts of E. 

plantagineum and E. vulgare.  
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Metabolic profiling of root periderm extracts of invasive Australian Echium 

species indicated that the shikonin biosynthetic pathway was highly upregulated in root 

periderm tissues of two Echium invaders and both produced numerous closely related 

shikonins, with increasing abundance of shikonins associated with plant maturity. 

Shikonins were produced already at seedling stage in E. plantagineum and increased in 

abundance and diversity over time. However, total relative concentration of shikonins at 

maturity was higher in E. vulgare in comparison to E. plantagineum. 

Shikonins were produced in a highly conserved manner in both species. This was 

confirmed by the lack of great variation observed in their quantitative and qualitative 

abundance between the species. Bioassay results suggested that shikonins play an 

important role in protection against soil microbiota, macrobiota and neighbouring plants 

in the plant rhizosphere [8,23,36,41]. The ubiquitous presence of 

isohexenylnaphthazarins in the root periderm of two Echium spp. at various phenological 

stages also indicated their potential significance to plant defence through the formation 

of a naturally occurring chemical barrier around the root [36], thereby protecting the root 

against invasion by soil microbiota, and likely other neighbouring plants.  

Pigmentation of the periderm was correlated to the presence of shikonins and 

increased in later phenological stages suggesting that the plant may become more 

competitive over time and should be controlled early in its development. The role of 

phytochemistry, plant defence and toxicity in biological invasions has not often been 

explored in such a great detail from a chemical perspective. However, the study of 

chemical, ecological and evolutionary roles of secondary products with respect to 

changing climates, such as that experienced in southern Australia, will be critical, 

particularly in relation to shifts in the spread of invasive plants over time [52]. 
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Supplementary Materials: Supplementary Materials are available online: 

http://www.mdpi.com/1420-3049/22/2/330#supplementary and in the section 

Supplementary Materials – Chapter 4. 
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Chapter 5 

 

Metabolic profiling of pyrrolizidine alkaloids in foliage of 

two Echium spp. invaders in Australia—A case of novel weapons? 

 

This chapter explores the diversity of pyrrolizidine alkaloids (PAs) in Echium 

plantagineum and its congener E. vulgare. The motivation for these experiments was to 

compare production of toxic PAs in time course studies and across different biotypes of 

E. plantagineum and E. vulgare specified in H2. PAs are toxic to herbivores and 

vertebrates; however, their role in plant invasions is still to be explored (Chapter 7). 

By using the UHPLC QTOF/MS (Chapter 3) and following on from the 

information presented by Colegate et al. (2005) and Weston et al. (2013) (Chapter 1), 17 

PAs were identified in E. plantagineum with addition of isomers of known PAs. The 

extraction of PAs from foliage was performed using a novel method that utilized a high 

pressure speed extractor (Büchi, Switzerland). The extraction of foliage resulted in a 

method requiring 30 min in comparison to traditional shaking methods that normally take 

24-48 h. The main challenge of this study was to optimize the separation of PAs as they 

have similar structures, fragmentation patterns and sometimes identical molecular 

formulae; thus, they are complicated to profile in a complex matrix. The results obtained 

from this study were utilized for further profiling of shoot extracts from plants that were 

collected from geographically distinct populations (Chapter 7 and Appendix 2) and 

evaluation of the impact of the environmental stress on production of PAs (Chapter 6).  
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5.1. Abstract 

Metabolic profiling allows for simultaneous and rapid annotation of 

biochemically similar organismal metabolites. An effective platform for profiling of toxic 

pyrrolizidine alkaloids (PAs) and their N-oxides (PANOs) was developed using ultra high 

pressure liquid chromatography quadrupole time-of-flight (UHPLC-QTOF) mass 

spectrometry. Field-collected populations of invasive Australian weeds, Echium 

plantagineum and E. vulgare were raised under controlled glasshouse conditions and 

surveyed for the presence of related PAs and PANOs in leaf tissues at various growth 

stages. Echium plantagineum possessed numerous related and abundant PANOs (>17) by 

seven days following seed germination, and these were also observed in rosette and 

flowering growth stages. In contrast, the less invasive E. vulgare accumulated 

significantly lower levels of most PANOs under identical glasshouse conditions. Several 

previously unreported PAs were also found at trace levels. Field-grown populations of 

both species were also evaluated for PA production and highly toxic echimidine N-oxide 
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was amongst the most abundant PANOs in foliage of both species. PAs in field and 

glasshouse plants were more abundant in the more widely invasive species, E. 

plantagineum, and may provide competitive advantage by increasing the plant’s capacity 

to deter natural enemies in its invaded range through production of novel weapons. 

Keywords: metabolomics; UHPLC Q-TOF; Paterson’s curse; E. plantagineum; E. 

vulgare; plant defence 

5.2. Introduction 

Metabolites are the end products of gene expression and are a reflection of an 

organism’s state at a particular moment in time [1,2,3]. Metabolites directly reflect the 

interaction between a plant’s environment and its genome, and metabolic profiling allows 

further investigation of the impact of plant phenology and biotic or abiotic stressors on 

plant phenotype [2,3,4]. Metabolic profiling is a technique that generates a unique 

chemical fingerprint for each sample and allows the identification of diverse set of plant 

secondary products (PSPs) in plant extracts [3,5]. PSPs are defined as metabolites of plant 

origin that are not related to housekeeping functions of an organism [3,6]. Metabolic 

profiling most often focuses on compounds of similar origin or chemical properties [7], 

and can be performed using both targeted and untargeted approaches [3]. Bioinformatics 

performed to interpret data generated by metabolic profiling results in an improved 

understanding of the plant’s response to varying environmental conditions at the 

biochemical, cellular and organismal level [4,8,9]. 

PSPs serve in plant defence against herbivores, microbes and competing plants 

[6]. PSPs may also play a crucial role in plant invasion as phytochemical weapons serving 

to inhibit organisms that are not evolutionarily adapted to detoxify or cope with such 

novel compounds [10,11]. In native ecosystems, herbivores, microbes and other plants 

have co-evolved and typically adapted to existing plant defence mechanisms by 
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detoxification of toxic plant constituents [12]. Naive organisms in non-native ecosystems, 

however, did not co-evolve with endemic pathogens and herbivores and therefore the 

PSPs produced by invaders can be highly toxic to native species. In the introduced range, 

PSPs may therefore act as phytochemically unique “novel weapons” [10,11,13,14,15]. 

Alkaloids are a family of complex PSPs that often contribute to plant constitutive 

defence mechanisms. Pyrrolizidine alkaloids (PAs), named for their characteristic double 

pyrrole ring structure (Figure 1), are interesting from an ecological perspective and are 

commonly found in the Asteraceae, Boraginaceae [16,17], Fabaceae [17] and 

Orchidaceae [18]. Although the chemistry of PAs has been well documented and over 

350 structures are currently identified, their biosynthesis is not always well described. 

Our current understanding of their biosynthesis is generally based on several well-

described examples [16,18]. Hartman and co-authors (1999) have presented one of the 

most complete reviews of the biosynthesis of PAs in the Boraginaceae. The backbone of 

PA structure consists of a hydroxylated necine base forming two five-membered pyrrole 

rings with a bridgehead nitrogen atom at position 4 (Figure 1) [19]. The necine base 

originates from primary metabolites, specifically l-amino acids converted to 

homospermidine, the first specific PA precursor [12,16]. Necine bases are esterified with 

necic acids, usually derived from aliphatic amino acids that are transformed to 

C7 aliphatic acids [12]. 

PAs possess 1–2 unsaturated bonds which contribute to their toxicity; however, 

they are often stored in a non-toxic N-oxide (PANO) form in the plant or in an adapted 

insect. After foliar tissues are ingested by mammals and metabolized, oxidation can be 

reversible. PAs undergo a three-step metabolic process in hepatocytes to form tertiary 

alkaloids (free bases, pyrrols) that directly induce toxicity [17,18]. Pyrrole derivatives of 

PAs are highly reactive and can alkylate DNA and/or induce formation of DNA cross-
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linkages which interrupt DNA replication and incur mutations [20]. PAs may be 

hazardous, especially for non-ruminant animals, and the consumption of high quantities 

of foliage can lead to occasional death of cattle, horses and sheep [21]. Toxicity has also 

been observed in pigs [22] and rats when their diet was supplemented with toxic PAs 

[21]. Numerous citations have reported that the presence of PAs in the human diet can 

lead to severe health problems especially if consumed in large quantities [17,23,24,25]. 

PAs are associated with weak antileukemic and virustatic activity, carcinogenicity, 

embryotoxicity, hepatotoxicity, mutagenicity, and pneumotoxicity [19]. In addition to 

detrimental effects in mammalian systems, PAs can act as toxins to insect herbivores [26] 

as insect feeding deterrents [12,27] or stimulants for specialist insect herbivores [27]. 

Echium plantagineum L. and E. vulgare L. (Borgainaceae) produce a diverse suite 

of PSPs including toxic PAs, which accumulate primarily in foliar tissues [20,28,29], and 

root-produced naphthoquinones localized in living roots [28,30,31]. These species 

became exotic invaders in Australia shortly after their introduction in the 1800s. In their 

native range of the Iberian Peninsula, these species are uncommon and generally found 

in diverse mixtures with other plant flora [32,33]. In Australia, E. plantagineum, also 

known as Paterson’s curse or Salvation Jane, is an annual weed now naturalized over 30 

M ha and dominates roadside plant communities, grazing lands and pastures 

[31,34,35]. Echium vulgare, or Viper’s bugloss, is a perennial and is limited to areas of 

higher rainfall and elevation in southern Australia where it typically does not have major 

impacts on Australian agriculture [33]. In direct contrast, the prevalence and toxicity of E. 

plantagineum have significantly impacted Australia’s textile and meat industries, causing 

an estimated annual loss of AUD $250 M and reduced pasture quality [36]. 

This study aimed to develop a useful platform for rapid and simultaneous profiling 

of PAs and PANOs in plant extracts using ultra high pressure liquid chromatography 
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quadrupole time-of-flight (UHPLC-QTOF) mass spectrometry. This sensitive platform 

was used to study Australian populations of two related Echium species, more or less 

invasive, in both field and controlled glasshouse conditions. We compare the invasive 

status of these two species with respect to the production of PAs associated with plant 

defence and herbivore toxicity. 

5.3. Results and discussion 

5.3.1. Profiling of PAs from foliage 

High-speed, automated extraction of foliar tissue yielded high quality, uniform 

extracts that were further purified using solid phase extraction (SPE) to reduce sample 

matrix complexity for profiling alkaloids of interest. Concentrated samples contained 

alkaloids, specifically 20 more abundant compounds along with trace quantities of 

additional constituents. The UHPLC-QTOF MS method coupled to bioinformatics and 

statistical analysis along with the integration of published data on similar pyrrolizidine 

alkaloids allowed for annotation of 17 PAs and PANOs (Table 1; Figure 2) detected in 

extracts of foliar tissues of E. plantagineum. Earlier reports indicated the presence of five 

[37], twelve [20,28] or fourteen PAs in foliar tissues of this species [29]. The automated 

extraction process reduced leaf extraction time from 48 h [29] to 27 min. The use of ultra-

high pressure liquid chromatography, coupled to sensitive and accurate LC/MS QTOF 

detection, allowed for improved separation of pyrrolizidine alkaloids, particularly 

stereoisomers or other closely related compounds (putative stereoisomers were referred 

to as compound A and B; Table 1; Figure 2). Seventeen PAs and PANOs (Table 1) were 

identified, mainly based on retention time (RT) and accurate mass (AM) as reported by 

Colegate and co-authors [29] who identified 14 related structures in 2005 (Table 1) in E. 

plantagineum. These authors also analysed PAs with HPLC/MS using authenticated 

standards in positive ionization mode. 
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Detection of PAs was performed in the past in different matrices, including honey, 

which required the use of advanced clean up procedures in addition to SPE. Several 

techniques were successfully used for analysis and identification of PAs including UV-

Vis, NMR, HPLC [38], TLC, UHPLC-MS, and GC-MS [17,38]. Griffin et al. [39] 

developed a UHPLC ion trap MS method for analysis based on commercial standards 

available that allowed for identification of 11 PAs during a 30-min run. The constituents 

analysed by the present authors in plant extracts were less polar as they were not in the 

oxidized (PANO) form and typically eluted with higher concentrations of organic solvent 

(>20%) later in the gradient. In contrast, the method developed in this study allowed the 

annotation of 17 related PAs and PANOs of relatively high polarity during 18-min runs. 

Metabolic profiling of alkaloids using UHPLC-QTOF MS was also reported by Jaiswal et 

al. [5], who successfully identified 48 compounds including diterpene alkaloids in three 

separate plant species, and Zhu et al. [23], who developed the UHPLC-QTOF MS 

methodology for profiling of retronencine-type PAs in herbaceous plant extracts without 

corresponding standards. 

In addition to 17 known PAs and PANOs, 18 additional PAs were characterized 

in E. vulgare in a previously reported study (Table S1) [20]. In our study, masses 

corresponding to several of the same PAs identified previously in E. vulgare were present 

in trace quantities or were completely absent in analysed extracts. Structural similarity 

and the presence of related compounds with identical masses (Table S1) made 

identification of all PAs relatively difficult. Structural confirmation of related PAs has 

previously required the use of other techniques for identification including NMR or GC-

MS [20]. Although this study focused mainly on separation and profiling of compounds 

previously identified in E. plantagineum, structurally similar alkaloids were indeed 

present in both species, suggesting similarity in biosynthetic pathways among 
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related Echium species. Interestingly, we detected ions of low abundance corresponding 

to the presence of intermedine, lycopsamine, acetyllycopsamine/intermedine, echiumine 

and 3’-acetylechiumine N-oxides in E. vulgare samples. These PANOs were not 

previously reported in E. vulgare (Table S1). The structural similarity of less well-

described PAs observed in extracts of both Echium species further suggests that the 

LC/MS QTOF system we employed was highly sensitive, but this sensitivity does not 

negate the need for use of NMR for final structural confirmation of those alkaloids present 

in trace quantities. 

When honey from Paterson’s curse was analysed, two additional PAs were 

reported using GC-MS analysis following the derivatization of purified honey extracts 

[40,41]. Constituents included 3’-acetyl derivatives of intermedine and lycopsamine 

[40,41]. Recently, the use of LC-MS plus targeted analysis with authenticated standards 

has resulted in identification of numerous compounds at trace levels; however, not all of 

these compounds were present in extracts of foliar tissues of E. plantagineum [28,29]. 

Non-targeted analysis of purified extracts of E. plantagineum resulted in the detection of 

acetylintermedine in leaf extracts. This method successfully allowed for rapid and 

simultaneous profiling of PAs of known origin but also allowed for additional data mining 

through untargeted analysis associated with the metabolism of PAs using a short run time 

of approximately 20 min.  
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Figure 1. Structure of echimidine (image modified from [42]), the most abundant 

pyrrolizidine alkaloid (PA) in its N-oxide form in Echium plantagineum and E. vulgare. 

The unsaturated bond between positions 1 and 2 induces toxicity. Reversible oxidation of 

nitrogen at position four alters chemical properties. Side chains at positions 1 and 7 vary 

between analyzed alkaloids. A thorough review of PAs was published previously and is 

referred to for additional information [20]. 

 

 

Figure 2. Overlaid total ion chromatograms (TIC) of 12 composite extracts (each 

represented by different colour) of (a) Echium plantagineum and (b) E. vulgare, grown 

under identical controlled glasshouse conditions. Numbers 1–17 denote PAs and PANOs 

profiled in the study (Table 1). 
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5.3.2. Accumulation of PAs and PANOs in the field conditions 

The PAs and PANOs of geographically distinct populations of E. 

plantaginuem and E. vulgare surveyed and sampled across NSW indicated relatively 

little variation in production of PAs (Figure 3) among populations of E. 

plantagineum despite their collection from diverse climatic zones; in addition, some 

variation in plant morphology was observed among plant populations (i.e., plant height, 

leaf number, flower colour). A longitudinal survey performed across the states of New 

South Wales, Victoria and Australian Capital Territory in Australia by Weston et al. [28] 

found significant positive correlation between latitude and production of PANOs. 

However, the correlation was not significant for elevation or longitude. In addition to 20 

sampled populations of E. plantagineum in this experiment, we also included samples 

of E. vulgare that were collected from areas of higher elevation (Table S2). A survey of 

field sites in 2013–2014 showed considerable differences, with field samples separated 

into clusters by species (Figure 3). Profiling showed considerable variation in PAs and 

PANOs in E. vulgare, and leptanthine-N-oxide and 7-O-acetyllycopsamine/intermedine 

detected in E. plantagineum were not detected in E. vulgare samples. Only four field sites 

of E. vulgare infestation were identified and collected across New South Wales and 

Australian Capital Territory due to limited and/or sporadic establishment of this species 

in Australia [33]. Foliar extracts of both species were rich in echimidine and echiumine N-

oxides, known for their potent toxicity to grazing herbivores. Least abundant compounds 

in both species included leptanthine-N-oxide and 7-O-acetyllycopsamine/intermedine, 

which were not detected in E. vulgare. Overall, E. vulgare produced up to four-fold lower 

total concentrations of PAs and PANOs than E. plantagineum (Figure 3). 
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A focused evaluation of leaf surface chemistry of these two species also showed 

similar results. Echium plantaginuem leaf dips typically contained more PAs and PANOs 

in greater abundance than did E. vulgare; leaf surface dips differed quantitatively and 

qualitatively, with echimidine being the most abundant PA detected in extracts of both 

species [43]. In our recent survey, field-collected plants of both species had low 

concentrations of lepthantine-N-oxide, which was previously found to be one of the most 

abundant alkaloids detected in field surveys across Australia [28]. Differences could be 

associated with variable weather conditions in the weeks prior to collection. 

 

Figure 3. Variation in abundance of 17 pyrrolizidine alkaloids and their N-oxides (Table 

1) in composite, field-collected samples of Echium plantagineum and E. vulgare. 

Hierarchical clustering algorithm and Euclidean distance metric were used on normalized 

abundance values. Dendrogram was generated using Mass Profiler Professional software 

(Agilent, Santa Clara, CA, USA).  
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5.3.3. Growth stage and genotype-dependent accumulation of PAs and PANOs 

Phenological stage often impacts the expression of complex biosynthetic 

pathways for PSPs. Increased production of phenolic compounds has been reported at the 

reproductive stage in multiple plant genera, and higher PSP abundance was often 

correlated with attraction of pollinators, an important ecological function [44]. The 

production of PAs and PANOs varies seasonally in Senecio [45] and also in Echium, with 

greater levels of naphthoquinones observed with increasing plant maturity [28]. In E. 

plantagineum and E. vulgare, root-produced naphthoquinones were produced within 48 

hours following germination and were also significantly more abundant at plant maturity 

[31]. 

After sampling at three different growth stages, PANOs were observed to be 

present in all investigated populations of E. plantagineum and limited variation between 

population and growth stage extracts was observed (Figure 4). The most abundant 

compounds at rosette and flowering stages were echimidine-N-oxide B (13) and 

echiumine-N-oxide B (16) while 3′-O-acetylechiumine-N-oxide (17) and 7-O-

acetyllycopsamine/intermedine (7) were least abundant. Echiumine-related PAs and 

PANOs were significantly downregulated with increasing maturity in all studied 

populations. Similarly, 7-O-acetyllycopsamine/intermedine B (9), 3′-O-acetylechimidine 

(14) and lepthantine (1) N-oxides were significantly downregulated (p < 0.05) over time. 

However, the opposite trend was observed for retronencine-related PANOs, which were 

likely readily interconverted to other structures such as retronencine, the structural 

backbone of multiple PANOs in Echium plantaginuem [29]. Echimidine-N-oxide B (13) 

[40] was also significantly (p < 0.05) upregulated over time with plant maturation and 

was most abundant at rosette and flowering stage compared to the seedling stage in the 

majority of populations (Figure 4). Nine out of seventeen compounds varied with growth 
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stage, and population × growth stage differences were clearly observed (Figure 5). 

Biosynthesis of PAs and PANOs was associated with phenological stage, with significant 

differences in chemical profiles observed between plants of flowering and seedling stage, 

with rosette stage intermediate. Although plant populations were generally similar in 

abundance of PAs, several individual compounds (1, 2,3, 9 and 13) responded differently 

over time with respect to population differences (Figure 4; Table S3). 

A previous report on PAs in Senecio jacobaea (syn. Jacobaea vulgaris) showed 

elevated levels of PAs in the leaves at the flowering stage in comparison to the rosette 

stage, and floral extracts possessed the highest concentrations [17]. Senecio species 

biosynthesize PAs in their roots [12], and therefore PA foliar content may increase during 

transport to newly opened flowers. The location of biosynthesis of PAs in E. 

plantagineum has not been studied in great detail, but it has been suggested that site of 

production varies among species [46]. We have detected significant PA content in stem 

and leaf extracts, with considerable concentrations noted on leaf surfaces. We also 

detected relatively low concentrations of the three main alkaloids in root extracts as well, 

suggesting production or later translocation to living roots over time. 

Echium plantagineum accumulated moderately high levels of PANOs within a 

week after germination. Accumulation of PAs of low abundance at the seedling stage, 

such as leptanthine-N-oxide (1) and 7-O-angeloylretronencine (6), increased over time 

(Figure 4). The biosynthesis of PAs occurred rapidly post germination, likely as a means 

to protect the plant and deter generalist herbivores [27]. PAs and PANOs potentially 

contribute to active plant defence by suppressing the feeding of insects and other 

herbivores as well as suppressing certain plants; together with antimicrobial 

naphthoquinones produced in the root periderm [31], they form a successful barrier and 

enhance plant resilience to pathogens and predators both above and below the ground. 
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Under a controlled glasshouse environment, variation in accumulation of PAs and 

PANOs was occasionally observed between populations (Figure 5). Six compounds were 

differentially expressed among populations. These included uplandicine-N-oxide (3), 

lycopsamine-N-oxide (5) and 7-O-acetyllycopsamine/intermedine-N-oxide B (9) which 

were significantly downregulated (p < 0.05) in the Coombah population (Figure 4; Table 

S3). Interestingly, the Coombah population also exhibited reduced shikonin biosynthesis 

in its roots in a separate study and these differences were attributed to possible genetic 

differences in PSP biosynthesis [31]. Leptanthine-N-oxide (1) was significantly 

downregulated in seedlings of the Wagga Wagga population. 
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Figure 4. Relative abundance of 1–17 PANOs (Table 1) in extracts of five populations 

of Echium plantagineum harvested at three growth stages in controlled conditions 

experiment. Hierarchical clustering was performed using MPP Software on normalized 

values and Euclidean distance metric. *–denotes significance of population, growth stage 

and their interaction (repeated measures ANOVA; p < 0.05). Key to populations: B–

Bendigo, CM—Coombah, CR—Cobar, GG—Gol Gol, WW—Wagga Wagga (numbers 

indicate block of replication). 
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Figure 5. Principal component analysis (PCA) of controlled condition experiment, 

evaluated over five populations of E. plantagineum. (a) PCA of 17 PAs and PANOs and 

growth stage as independent variable. Component 1, 2 and 3 contribute separation by 

23.39%, 21.04% and 12.45%, respectively. Discriminating metabolites for component 1 

(PCA loadings > 0.3): 6, 11, 13 and for component 2 (PCA loadings > 0.3): 5, 8, 16, 17. 

Key to plant stages: seedling, brown; flowering plants, red and rosette, blue; (b) PCA of 

17 PAs and PANOs with population as an independent variable. Component 1, 2 and 3 

contribute to separation by 23.39%, 21.04% and 12.45%, respectively. Key to 

populations: Bendigo, red; Coombah, brown; Cobar, blue; Gol Gol, grey and Wagga 

Wagga, green. 

5.3.4. Comparative profiling of Echium plantagineum and E. vulgare 

Metabolic profiles of both Echium species in Australia were recently compared 

with respect to production of PSPs, specifically quinone-containing shikonins in the roots. 

These studies revealed that shikonin biosynthesis is highly conserved across species, with 

limited differences in metabolic profiles [31]. Five populations of each species were used 

in this evaluation of PAs and PANOs. Plants were harvested and extracted after 6–8 

weeks at the rosette stage and at 27–29 weeks when E. plantagineum was fully flowering; 

interestingly, we observed in this study that E. vulgare did not flower and remained in the 

vegetative growth stage, likely due to its perennial growth habit and lack of exposure to 

vernalizing conditions in the greenhouse [33]. 
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Metabolic profiling revealed that 15 out of 17 PAs or PANOs were significantly 

downregulated in E. vulgare (p < 0.05) (Figure 6; Table S4); however, 7-

Oacetyllycopsamine/intermedine (7) and uplandicine (3), lycopsamine (5), 7-

angeloylretronencine (6), 9-O-angelylretronencine (10), echimidine A (11) and 3’-O-

acetylechimidine (14) N-oxides were expressed differentially in both species over time. 

Echimidine-N-oxide B (13) was the most abundant PANO in both species, and has been 

described as responsible for acute alkaloid toxicity in rats [40]. Echimidine was 

previously found in high quantities in E. vulgare and E. setosum [47]. Rare or less 

common PAs observed included 7-O-acetyllycopsamine/intermedine (7) > leptanthine-

N-oxide (1) > echiuplatine-N-oxide (12). 7-O-acetyllycopsamine/intermedine (7) was 

absent in E. vulgarewhile lepthantine-N-oxide (1) was found in only one sample of this 

species. Echiuplatine-N-oxide (12) was uncommon and was identified in one sample of 

each species of plants grown in controlled conditions (Figure 6). Variation in in 

phenology associated with growth habit may be important in regulating PA expression. 
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Figure 6. Comparison of abundance of selected pyrrolizidine alkaloids and their N-

oxides in Echium plantagineum and E. vulgare plants grown in uniform conditions in the 

glasshouse. Hierarchical clustering algorithm and Euclidean distance metric were used 

on normalized abundance values. Dendrogram was generated using MPP software. *-

denotes significance of population, harvest date and their interaction (repeated measures 

ANOVA, p < 0.05). Key to populations (at top of diagram): PA, E. plantagineum from 

Adaminaby; PS, E. plantagineum from Silverton; VA, E. vulgare from Adelong; VC, E. 

vulgare from Cooma. Key to plant stages: T1, first harvest; T2, second harvest. 

 

Metabolic profiles of both species were compared using a comprehensive personal 

compound database (Table 1) based on accurate mass (AM) and retention time (RT) of 

compounds earlier reported in E. plantagineum. Several compounds profiled in this study 

were found with high mass accuracy in both species and were not previously reported 

in E. vulgare extracts. However, as previously mentioned, the complexity and structural 

similarity of many PAs and PANOs renders positive identification of metabolites a 

complex task, particularly for those present in trace quantities. The concentration of 

PANOs and PAs in E. vulgare was significantly lower in glasshouse-grown plants when 

both species were produced under uniform conditions (Figure 2 and Figure 6). Echium 
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vulgare produced more PANOs under field conditions, but their abundance was lower 

than in E. plantagineum (Figure 7). 

The three most abundant PANOs in E. vulgare under field and glasshouse 

conditions were: echimidine-N-oxide B (13) > echimiplatine-N-oxide (2) > uplandicine-

N-oxide (3). In contrast, E. plantagineum field-collected plants produced lycopsamine-

N-oxide (5) > echimidine-N-oxide B (13) > echiumine-N-oxide B (16) whereas 

glasshouse-grown plants produced echimidine-N-oxide B (13) > echiumine-N-oxide B 

(16) > 7-O-acetyllycopsamine/intermedine-N-oxide B (9). Molecular ions of PAs and 

PANOs previously reported in E. vulgare [20] were also investigated (Table S1) in field 

and glasshouse plant extracts. Ions of 31 listed PAs and PANOs were identified with high 

accuracy; however, previously reported molecular ions of 7-angeloyl-9-(2-methylbutryl)-

retronecine, 7-tigloyl-9-(2-methylbutryl)-retronecine, 7-O-

acetyllycopsamine/intermedine, asperumine and vulgarine [20] were not observed. 

Additionally, the peak of m/z 416.2276 at 8.7 min (Figure 2) found in E. 

plantagineum samples (generated formulae: C20H33NO8) had a similar accurate mass to 

the N-oxide of canescine/canescenine (m/z 399.2257). In addition to abundant N-oxides, 

untargeted analysis and comparison to Metlin database (Agilent, Santa Clara, CA, USA) 

allowed for putative annotation of several PAs. Annotated compounds included 

acetylintermedine (m/z 342.1901; 5.67 min) found in E. plantagineum samples only and 

reported in literature previously [20], less abundant symlandine (m/z 382.2224; 10.27 

min) in E. vulgare and also petasitenin (m/z 382.186; 8.85 min) in E. plantagineum. 

Results suggested that qualitative and quantitative differences between 

the Echium species in terms of alkaloid production may be of biological importance with 

respect to their invasion success. Consistently elevated levels of PAs and PANOs 

http://www.mdpi.com/1422-0067/16/11/25979/htm#fig_body_display_ijms-16-25979-f007
http://www.mdpi.com/1422-0067/16/11/25979/htm#B20-ijms-16-25979
http://www.mdpi.com/1422-0067/16/11/25979/htm#app1-ijms-16-25979
http://www.mdpi.com/1422-0067/16/11/25979/htm#B20-ijms-16-25979
http://www.mdpi.com/1422-0067/16/11/25979/htm#fig_body_display_ijms-16-25979-f002
http://www.mdpi.com/1422-0067/16/11/25979/htm#B20-ijms-16-25979


 

130 

 

observed in E. plantagineum may potentially deter generalist herbivores more 

successfully and thereby impact invasion success of this species in its non-native range. 

 

Figure 7. Principal component analysis (PCA) of samples of both species from the field 

experiment and controlled conditions experiment. PCA included 17 PANOs and growth 

stage as independent variable. Component 1, 2 and 3 contribute to separation by 41.83%, 

11.58% and 9.75%, respectively. Discriminating metabolites for component 1 (PCA 

loadings ≥ 0.3): 5, 6, 17 and for component 2 (PCA loadings > 0.4): 1. Key to 

symbols: Echium plantagineum, red; E. vulgare, blue; field survey samples, squares; 

glasshouse samples, triangles. Outlying field sample of E. plantagineum was collected in 

Silverton (Table S2). 

5.4. Experimental Section 

5.4.1. Chemicals and standards 

HPLC grade solvents were used in this study and included acetonitrile (Hipersolv, 

Tingalpa, Australia), water (Merck, Darmstadt, Germany) and methanol (Burdick & 

Jackson, Muskegon, MI, USA). Ammonium hydroxide (Merck) and sulfuric acid 

(ThermoScientific, Univar, Australia) were diluted in methanol and water to 

concentrations of 0.72 M and 0.05 M, respectively. Formic acid, >99% purity (Sigma, 

Castle Hill, Australia), was used to acidify the mobile phase. Crotaline, a well-studied 
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pyrrolizidine alkaloid (SigmaAldrich, Castle Hill, Australia), was used as a known 

standard for methods development. 

5.4.2. Instrumentation 

Metabolic profiling of filtered shoot extracts was performed using an Agilent 

1290 Infinity UHPLC system equipped with quaternary pump, diode array detector, 

degasser, temperature controlled column and cooled autosampler compartments, coupled 

to an Agilent 6530 quadrupole time-of-flight (Q-TOF) mass spectrometer with Agilent 

Dual Jet Stream ESI ionization source (Agilent Technologies, Mulgrave, Australia). 

5.4.3. Collection of field-grown plant material 

Plant samples were collected from 20 geographically distinct field sites for E. 

plantagineum across New South Wales (NSW) and the Australian Capital Territory 

(ACT) in Australia between 2013 and 2015 (Table S2). In contrast, due to its limited 

range in Australia, E. vulgare was collected from only four geographically distinct field 

sites in NSW and the ACT during the same period. Prior to extraction, a composite sample 

of five leaves per plant population was pooled from each site to minimize plant-to-plant-

to-plant variation. Seed from each population was collected from 5 to 10 individual plants 

and stored in the laboratory in the dark at ambient temperature prior to seeding in the 

glasshouse. 

5.4.4. Glasshouse grown plant material 

Germination and plant growth conditions 

Field-collected seed lots from populations of both species were germinated over 

a seven days on moist filter paper in an incubator with 12:12 (light:dark) light and 25:15 

°C (light:dark) temperature regimes. One set of seedlings was retained for later extraction 

while the remainder was transplanted into 1.5-L pots containing a mixture of potting mix 
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and sand (6:4, respectively). Plants were generally grown in the glasshouse under natural 

light conditions with the exception of Experiment 1, where day length was extended to a 

minimum of 14 h in winter at Charles Sturt University (Wagga Wagga, NSW, Australia) 

under an alternating temperature regime ranging from 25 ± 4 °C day and 17 ± 3 °C night. 

Plants were watered as needed and fertilized fortnightly with 200 mL of Aquasol soluble 

fertilizer (Yates, Australia) prepared according to the manufacturer’s instructions. 

Populations of Echium spp. were grown in a randomized block design with three blocks 

in each experiment. 

Echium plantagineum phenological study—experiment 1 

Seed collected from five separate geographically distinct E. plantagineum field 

populations was separately germinated and reared to generate 12 plants per five 

populations with 60 total plants per replicate and 180 total plants per experiment (Table 

S5). Four plants per replicate per population were harvested at each of three different 

maturity stages: 1-week-old seedlings, 7- to 9-week-old rosettes and 11- to 14-week-old 

flowering plants (flowering = over 80% with open inflorescences). At harvest time, 

replicates were harvested by block and extracted sequentially starting with Replicate 1 

which required five full days to complete tissue processing, followed by extraction of 

Replicate 2, and finally Replicate 3. Tissue of four plants derived from the same 

population was pooled for extraction to yield one sample per replicate per time point, 

each sample being a composite of the mature leaves of four individuals to minimize 

plant/plant variation. This experiment was performed from 29 July until 17 December 

2013 with minimum of 14 light hours obtained using additional lighting (400 

µmoles/m2/s).  
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Comparative profiling of Echium species—experiment 2 

Two populations of E. plantagineum and E. vulgare were cultivated in an 

additional randomized block design experiment performed in a similar manner to that of 

Experiment 1 (Table S6). Eight plants × two populations × two species were raised per 

replicate, generating 32 plants per replicate with a total of 96 plant per experiment. Plants 

were harvested at two maturity stages: before and after flowering of E. plantagineum (E. 

vulgare never flowered under glasshouse conditions). The tissue of four plants derived 

from the same population was pooled for extraction to yield one sample per replicate per 

time point, each sample being a composite of the mature leaves of four individuals, to 

minimize plant/plant variation. This experiment was performed from 5 March until 2 

October 2014. 

5.4.5. Extraction 

Foliar tissue extraction 

Leaves (4.00 g) were chopped and extracted with methanol (40 mL) under 

pressure (100 bar) at 35 °C using a Büchi Speed Extractor (Model E-916, Büchi 

Corporation, Flawil, Switzerland) in two consecutive cycles. Samples were dried using a 

rotary evaporator (Multivapour P-6, Büchi) at 35 °C and reconstituted to 21 mL in 

methanol and stored at 4 °C. 

Solid phase extraction (SPE) 

Solid phase extraction (SPE) was performed to minimize matrix complexity of 

crude leaf extracts and enhance the abundance of pyrrolizidine alkaloids under evaluation 

as per Colegate et al. (2005). Leaf extracts were purified using Strata SCX, 500 mg, 3 mL 

SPE cartridges (Phenomenex, Torrance, CA, USA) [28,29]. Five mL of extracts were 

dried under N2 gas at 35 °C. Samples were then resuspended in 1 mL of 0.05 M sulphuric 

acid and vortexed, of which 100 µL was loaded on the column. Elution was performed 
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with 6 mL of 0.72 M ammonia/methanol solution. Eluent was evaporated under N2 gas 

in a dry block heater and residue was resuspended in 1 mL of methanol. 

5.4.6. UHPLC-MS analysis 

One µL of extracts was injected and separated using a C18 Poroshell column (2.1 

mm × 100 mm, 2.7 µm particle size) (Agilent Technologies, Santa Clara, CA, USA), 

preceded by an SB-C8 guard column (2.1 mm × 12.5 mm, 5 µm particle size) (Agilent 

Technologies) maintained at 25 °C. The mobile phase consisted of solvent A (water, 0.1% 

formic acid) and solvent B (95% acetonitrile, 0.1% formic acid) and the flow rate was set 

to 0.3 mL/min. The column was equilibrated for 40 min prior to first injection. Separation 

was obtained using a gradient of solvents beginning with high polarity, 10% B for 2 min. 

The gradient increased to 50% B over 10 min. At 12.6 min, the mobile phase returned to 

10% B and continued until 18 min. The column was flushed with 100% B for 20 min ca. 

every 10 samples. The Q-TOF was calibrated in the positive ion mode with nebulizer gas 

set at 35 psig, capillary voltage at 3500 V and fragmentor voltage at 135 V. Nitrogen was 

used as the drying gas at 250 °C at a flow of 9 L/min. Sheath gas was supplied at 10 L/min 

at 400 °C. Data were collected in positive ion, scan mode in extended dynamic range (2 

GHz). 

5.4.7. Data analysis 

UHPLC-MS Data Analysis 

Mass spectrometer data were characterized manually in Mass Hunter Workstation 

Qualitative Software version B06.00 Qualitative Analysis (Agilent Technologies) and 

compared to results obtained by Colegate et al. [29] and Weston et al. [28]. Retention 

time (RT) of known compounds was adjusted and included in a personal compound 

database and library (PCDL) software (version B04.00, Agilent Technologies, Santa 

http://www.mdpi.com/1422-0067/16/11/25979/htm#B29-ijms-16-25979
http://www.mdpi.com/1422-0067/16/11/25979/htm#B28-ijms-16-25979


 

135 

 

Clara, CA, USA). PCDL was used to screen sets of data (following the adjustment of RT 

in PCDL) using Find by Formula (FbF) algorithm in MassHunter Workstation software 

(version B06.00 Qualitative Analysis, Agilent Technologies). Processed data were 

evaluated manually to eliminate misidentifications caused by similarity of RT and AM of 

the compounds. Results were later exported to compound exchange file (CEF) format and 

analyzed and visualized in Mass Profiler Professional (MPP) software (Agilent 

Technologies) using principal component analysis and hierarchical clustering algorithm. 

Profinder software (Agilent, Santa Clara, CA, USA) in batch recursive workflow was 

used to find molecular features. MPP was used to select entities represented by at least 

two ions, present in more than one sample and peak height > 5000 counts. One-hundred 

and seventy-four final entities were compared to the Metlin Metabolites database (Agilent 

Technologies). 

Statistical analysis 

Repeated measures analysis of variance was performed in Statistix 9 (Analytical 

Software, Talahassee, FL, USA) for replicated experiments that included time variable. 

Compound abundance data was log transformed prior to statistical analyses. Standard 

error of the means was used to show the variability of the abundance. Additional analysis 

was performed in Microsoft Excel. 

5.5. Conclusions 

PSPs may contribute to plant invasion success by enhancing mechanisms of plant 

defence or competitiveness [13]. Plants introduced to novel environments may have the 

advantage of escape from their natural biocontrol agents [48] or competitors and in some 

cases may easily adapt to novel environments as is the case of E. plantagineum in contrast 

to E. vulgare [49]. Metabolic profiling of plant defence metabolites revealed significant 

upregulation of many toxic metabolites, specifically PAs and PANOs, in the highly 

http://www.mdpi.com/1422-0067/16/11/25979/htm#B13-ijms-16-25979
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invasive species, E. plantagineum. This species has spread across 30 M ha of acreage in 

Australia, while E. vulgare remains confined to small regions of higher elevation across 

NSW and the ACT. Interestingly, E. plantagineum accumulated significantly higher 

levels of PAs and PANOs in both field and glasshouse conditions in contrast to the much 

less invasive E. vulgare. A UHPLC-QTOF MS platform was successfully employed to 

compare metabolic profiles of PAs in these congeneric species, with a high level of 

sensitivity and a relatively short run time of 18 min. Although more PA ions were detected 

in E. vulgare in contrast to E. plantagineum samples, structural elucidation of all 

compounds detected (>35 alkaloids) was not attempted. Biosynthesis of PAs and PANOS 

in both Echium species is likely similar; however, the diversity of related metabolites was 

higher in E. vulgare extracts, while relative abundance of toxic constituents was 

significantly lower. This may be due to enhanced catabolism or metabolic turnover of 

certain molecules in perennial versus annual species. Interestingly, echimidine N-oxides 

were the most abundant in extracts of both species, which suggests that the biosynthetic 

pathway for PA production is likely to be conserved among species. Echimidine-type 

alkaloids are also responsible for the majority of toxicity outbreaks in grazing herbivores. 

Phenological stage also impacted production as PAs were generally more abundant over 

time with increased plant maturity. While alkaloids often function in plant defence, we 

propose that most insects in Australia do not have the ability to detoxify PAs and PANOs, 

and PAs may play important roles as novel weapons particularly in non-native ranges of 

expansion. Studies performed in our laboratory indicated the increase of production of 

PAs in E. plantagineum when aboveground plant parts were grazed by a generalist 

herbivore. However, no significant response was noted to feeding by the specialist 

herbivore Mogulones larvatus [50]. These studies suggest that E. plantagineum may 

become increasingly toxic when ingested by non-adapted organisms. With the spread of 

http://www.mdpi.com/1422-0067/16/11/25979/htm#B50-ijms-16-25979
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this species over time, and successful adaptation to increasingly challenging climatic 

conditions, including drought and high temperatures, the possibility of increasing toxicity 

related to enhanced production of PAs due to upregulation of biosynthesis is an important 

consideration, especially as it relates to enhanced toxicity to grazing herbivores. Past 

studies have shown strong correlation of production of PAs with warm and dry climates. 

Therefore, PAs may play an important role as novel weapons in the range expansion of 

this noxious species across Australia, particularly in a changing climate. 

Supplementary Materials 

Supplementary materials can be found at http://www.mdpi.com/1422-

0067/16/11/25979/s1. 

Acknowledgments 

We acknowledge support of the Australian Research Council in the project 

entitled: “Invasive plant success and multi-trophic level chemical ecology using 

Paterson’s curse as a model” (ARC DP130104346) granted to Leslie A. Weston, Geoff 

M. Gurr and Ragan M. Callaway. Ragan M. Callaway thanks the National Science 

Foundation Experimental Program to Stimulate Competitive Research Track-1 EPS-

1101342 (INSTEP 3) for support. 

Author Contributions 

This research was a part of the Australian Research Council project developed by 

and granted to Leslie A. Weston, Geoff M. Gurr and Ragan M. Callaway. Dominik 

Skoneczny performed the research and the data analysis; Dominik Skoneczny and Leslie 

A. Weston wrote the first draft of the manuscript; Paul A. Weston assisted with statistical 

analysis and chromatography; Xiaocheng Zhu helped with sample collection and growing 

plants; Geoff M. Gurr, Paul A. Weston, Ragan M. Callaway and Xiaocheng Zhu revised 

the manuscript critically; Leslie A. Weston, Geoff M. Gurr and Paul A. Weston 

http://www.mdpi.com/1422-0067/16/11/25979/s1
http://www.mdpi.com/1422-0067/16/11/25979/s1


 

138 

 

supervised the research project. All authors contributed to the development of the 

manuscript. All authors read and approved final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

5.6. References 

1. Rochfort, S. Metabolomics reviewed: A new “omics” platform technology for 

systems biology and implications for natural products research. J. Nat. 

Prod. 2005, 68, 1813–1820. [Google Scholar] [CrossRef] [PubMed] 

2. Arbona, V.; Manzi, M.; Ollas, C.D.; Gómez-Cadenas, A. Metabolomics as a tool to 

investigate abiotic stress tolerance in plants. Int. J. Mol. Sci. 2013, 14, 4885–4911. 

[Google Scholar] [PubMed] 

3. Weston, L.A.; Skoneczny, D.; Weston, P.A.; Weidenhamer, J.D. Metabolic profiling: 

An overview—New approaches for the detection and functional analysis of 

biologically active secondary plant products. J. Allelochem. Interact. 2015, 1, 15–27. 

[Google Scholar] 

4. Roessner, U.; Bacic, A. Metabolomics in plant research. Aust. Biochem. 2009, 40, 9–

20. [Google Scholar] 

5. Jaiswal, Y.; Liang, Z.; Ho, A.; Wong, L.; Yong, P.; Chen, H.; Zhao, Z. Distribution 

of toxic alkaloids in tissues from three herbal medicine aconitum species using laser 

micro-dissection, UHPLC–QTOF MS and LC–MS/MS 

techniques.Phytochemistry 2014, 107, 155–174. [Google Scholar] [CrossRef] 

[PubMed] 

6. Quinn, J.C.; Kessell, A.; Weston, L.A. Secondary plant products causing 

photosensitization in grazing herbivores: Their structure, activity and regulation. Int. 

J. Mol. Sci. 2014, 15, 1441–1465. [Google Scholar] [CrossRef] [PubMed] 

7. Fiehn, O. Combining genomics, metabolome analysis, and biochemical modelling to 

understand metabolic networks.Comp. Funct. Genom. 2001, 2, 155–168. [Google 

Scholar] [CrossRef] [PubMed] 

8. Roessner, U.; Luedemann, A.; Brust, D.; Fiehn, O.; Linke, T.; Willmitzer, L.; Fernie, 

A.R. Metabolic profiling allows comprehensive phenotyping of genetically or 

environmentally modified plant systems. Plant Cell Online 2001, 13, 11–29. [Google 

Scholar] [CrossRef] 

9. Schauer, N.; Fernie, A.R. Plant metabolomics: Towards biological function and 

mechanism. Trends Plant Sci. 2006, 11, 508–516. [Google Scholar] [CrossRef] 

[PubMed] 

10. Callaway, R.M.; Ridenour, W.M. Novel weapons: Invasive success and the evolution 

of increased competitive ability.Front. Ecol. Environ. 2004, 2, 436–443. [Google 

Scholar] [CrossRef] 

http://scholar.google.com/scholar_lookup?title=Metabolomics%20reviewed:%20A%20new%20%E2%80%9Comics%E2%80%9D%20platform%20technology%20for%20systems%20biology%20and%20implications%20for%20natural%20products%20research&author=Rochfort,+S.&publication_year=2005&journal=J.+Nat.+Prod.&volume=68&pages=1813%E2%80%931820&doi=10.1021/np050255w&pmid=16378385
http://dx.doi.org/10.1021/np050255w
http://www.ncbi.nlm.nih.gov/pubmed/16378385
http://scholar.google.com/scholar_lookup?title=Metabolomics%20as%20a%20tool%20to%20investigate%20abiotic%20stress%20tolerance%20in%20plants&author=Arbona,+V.&author=Manzi,+M.&author=Ollas,+C.D.&author=G%C3%B3mez-Cadenas,+A.&publication_year=2013&journal=Int.+J.+Mol.+Sci.&volume=14&pages=4885%E2%80%934911&pmid=23455464
http://www.ncbi.nlm.nih.gov/pubmed/23455464
http://scholar.google.com/scholar_lookup?title=Metabolic%20profiling:%20An%20overview%E2%80%94New%20approaches%20for%20the%20detection%20and%20functional%20analysis%20of%20biologically%20active%20secondary%20plant%20products&author=Weston,+L.A.&author=Skoneczny,+D.&author=Weston,+P.A.&author=Weidenhamer,+J.D.&publication_year=2015&journal=J.+Allelochem.+Interact.&volume=1&pages=15%E2%80%9327
http://scholar.google.com/scholar_lookup?title=Metabolomics%20in%20plant%20research&author=Roessner,+U.&author=Bacic,+A.&publication_year=2009&journal=Aust.+Biochem.&volume=40&pages=9%E2%80%9320
http://scholar.google.com/scholar_lookup?title=Distribution%20of%20toxic%20alkaloids%20in%20tissues%20from%20three%20herbal%20medicine%20aconitum%20species%20using%20laser%20micro-dissection,%20UHPLC%E2%80%93QTOF%20MS%20and%20LC%E2%80%93MS/MS%20techniques&author=Jaiswal,+Y.&author=Liang,+Z.&author=Ho,+A.&author=Wong,+L.&author=Yong,+P.&author=Chen,+H.&author=Zhao,+Z.&publication_year=2014&journal=Phytochemistry&volume=107&pages=155%E2%80%93174&doi=10.1016/j.phytochem.2014.07.026&pmid=25172517
http://dx.doi.org/10.1016/j.phytochem.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25172517
http://scholar.google.com/scholar_lookup?title=Secondary%20plant%20products%20causing%20photosensitization%20in%20grazing%20herbivores:%20Their%20structure,%20activity%20and%20regulation&author=Quinn,+J.C.&author=Kessell,+A.&author=Weston,+L.A.&publication_year=2014&journal=Int.+J.+Mol.+Sci.&volume=15&pages=1441%E2%80%931465&doi=10.3390/ijms15011441&pmid=24451131
http://dx.doi.org/10.3390/ijms15011441
http://www.ncbi.nlm.nih.gov/pubmed/24451131
http://scholar.google.com/scholar_lookup?title=Combining%20genomics,%20metabolome%20analysis,%20and%20biochemical%20modelling%20to%20understand%20metabolic%20networks&author=Fiehn,+O.&publication_year=2001&journal=Comp.+Funct.+Genom.&volume=2&pages=155%E2%80%93168&doi=10.1002/cfg.82&pmid=18628911
http://scholar.google.com/scholar_lookup?title=Combining%20genomics,%20metabolome%20analysis,%20and%20biochemical%20modelling%20to%20understand%20metabolic%20networks&author=Fiehn,+O.&publication_year=2001&journal=Comp.+Funct.+Genom.&volume=2&pages=155%E2%80%93168&doi=10.1002/cfg.82&pmid=18628911
http://dx.doi.org/10.1002/cfg.82
http://www.ncbi.nlm.nih.gov/pubmed/18628911
http://scholar.google.com/scholar_lookup?title=Metabolic%20profiling%20allows%20comprehensive%20phenotyping%20of%20genetically%20or%20environmentally%20modified%20plant%20systems&author=Roessner,+U.&author=Luedemann,+A.&author=Brust,+D.&author=Fiehn,+O.&author=Linke,+T.&author=Willmitzer,+L.&author=Fernie,+A.R.&publication_year=2001&journal=Plant+Cell+Online&volume=13&pages=11%E2%80%9329&doi=10.1105/tpc.13.1.11
http://scholar.google.com/scholar_lookup?title=Metabolic%20profiling%20allows%20comprehensive%20phenotyping%20of%20genetically%20or%20environmentally%20modified%20plant%20systems&author=Roessner,+U.&author=Luedemann,+A.&author=Brust,+D.&author=Fiehn,+O.&author=Linke,+T.&author=Willmitzer,+L.&author=Fernie,+A.R.&publication_year=2001&journal=Plant+Cell+Online&volume=13&pages=11%E2%80%9329&doi=10.1105/tpc.13.1.11
http://dx.doi.org/10.1105/tpc.13.1.11
http://scholar.google.com/scholar_lookup?title=Plant%20metabolomics:%20Towards%20biological%20function%20and%20mechanism&author=Schauer,+N.&author=Fernie,+A.R.&publication_year=2006&journal=Trends+Plant+Sci.&volume=11&pages=508%E2%80%93516&doi=10.1016/j.tplants.2006.08.007&pmid=16949327
http://dx.doi.org/10.1016/j.tplants.2006.08.007
http://www.ncbi.nlm.nih.gov/pubmed/16949327
http://scholar.google.com/scholar_lookup?title=Novel%20weapons:%20Invasive%20success%20and%20the%20evolution%20of%20increased%20competitive%20ability&author=Callaway,+R.M.&author=Ridenour,+W.M.&publication_year=2004&journal=Front.+Ecol.+Environ.&volume=2&pages=436%E2%80%93443&doi=10.1890/1540-9295(2004)002%5b0436:NWISAT%5d2.0.CO;2
http://scholar.google.com/scholar_lookup?title=Novel%20weapons:%20Invasive%20success%20and%20the%20evolution%20of%20increased%20competitive%20ability&author=Callaway,+R.M.&author=Ridenour,+W.M.&publication_year=2004&journal=Front.+Ecol.+Environ.&volume=2&pages=436%E2%80%93443&doi=10.1890/1540-9295(2004)002%5b0436:NWISAT%5d2.0.CO;2
http://dx.doi.org/10.1890/1540-9295(2004)002%5b0436:NWISAT%5d2.0.CO;2


 

139 

 

11. Thorpe, A.S.; Thelen, G.C.; Diaconu, A.; Callaway, R.M. Root exudate is allelopathic 

in invaded community but not in native community: Field evidence for the novel 

weapons hypothesis. J. Ecol. 2009, 97, 641–645. [Google Scholar] [CrossRef] 

12. Hartmann, T. Chemical ecology of pyrrolizidine alkaloids. Planta 1999, 207, 483–

495. [Google Scholar] [CrossRef] 

13. Callaway, R.M.; Aschehoug, E.T. Invasive plants versus their new and old neighbors: 

A mechanism for exotic invasion.Science 2000, 290, 521–523. [Google Scholar] 

[CrossRef] [PubMed] 

14. Inderjit; Wardle, D.A.; Karban, R.; Callaway, R.M. The ecosystem and evolutionary 

contexts of allelopathy. Trends Eecol. Evol. 2011, 26, 655–662. [Google Scholar] 

[CrossRef] [PubMed] 

15. Vivanco, J.M.; Bais, H.P.; Stermitz, F.R.; Thelen, G.C.; Callaway, R.M. 

Biogeographical variation in community response to root allelochemistry: Novel 

weapons and exotic invasion. Ecol. Lett. 2004, 7, 285–292. [Google Scholar] 

[CrossRef] 

16. Croteau, R.; Kutchan, T.M.; Lewis, N.G. Biochemistry and Molecular Biology of 

Plants; Buchanan, B.B., Gruissem, W., Jones, R.L., Eds.; Am. Soc. Plant Physiol.: 

Rockville, MD, USA, 2000; Volume 40, pp. 1250–1319. [Google Scholar] 

17. Wiedenfeld, H. Plants containing pyrrolizidine alkaloids: Toxicity and 

problems. Food Addit. Contam. Part A 2011, 28, 282–292. [Google Scholar] 

[CrossRef] [PubMed] 

18. Ober, D.; Hartmann, T. Phylogenetic origin of a secondary pathway: The case of 

pyrrolizidine alkaloids. Plant Mol. Biol. 2000, 44, 445–450. [Google Scholar] 

[CrossRef] [PubMed] 

19. Alali, F.Q.; Tahboub, Y.R.; Ibrahim, E.S.; Qandil, A.M.; Tawaha, K.; Burgess, J.P.; 

Sy, A.; Nakanishi, Y.; Kroll, D.J.; Oberlies, N.H. Pyrrolizidine alkaloids from Echium 

glomeratum (Boraginaceae). Phytochemistry 2008, 69, 2341–2346. [Google Scholar] 

[CrossRef] [PubMed] 

20. El-Shazly, A.; Wink, M. Diversity of pyrrolizidine alkaloids in the boraginaceae 

structures, distribution, and biological properties. Diversity 2014, 6, 188–282. 

[Google Scholar] [CrossRef] 

21. Peterson, J.; Jago, M. Toxicity of Echium plantagineum (Paterson’s curse). 2. 

Pyrrolizidine alkaloid poisoning in rats.Aust. J. Agric. Res. 1984, 35, 305–315. 

[Google Scholar] [CrossRef] 

22. Culvenor, C.; Jago, M.; Peterson, J.; Smith, L.; Payne, A.; Campbell, D.; Edgar, J.; 

Frahn, J. Toxicity of Echium plantagineum (Paterson’s curse). 1. Marginal toxic 

effects in merino wethers from long-term feeding. Aust. J. Agric. Res.1984, 35, 293–

304. [Google Scholar] [CrossRef] 

23. Zhu, L.; Ruan, J.-Q.; Li, N.; Fu, P.P.; Ye, Y.; Lin, G. A novel ultra-performance liquid 

chromatography hyphenated with quadrupole time of flight mass spectrometry 

method for rapid estimation of total toxic retronecine-type of pyrrolizidine alkaloids 

in herbs without requiring corresponding standards. Food Chem. 2016, 194, 1320–

1328, in press. [Google Scholar] [CrossRef] [PubMed] 

http://scholar.google.com/scholar_lookup?title=Root%20exudate%20is%20allelopathic%20in%20invaded%20community%20but%20not%20in%20native%20community:%20Field%20evidence%20for%20the%20novel%20weapons%20hypothesis&author=Thorpe,+A.S.&author=Thelen,+G.C.&author=Diaconu,+A.&author=Callaway,+R.M.&publication_year=2009&journal=J.+Ecol.&volume=97&pages=641%E2%80%93645&doi=10.1111/j.1365-2745.2009.01520.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01520.x
http://scholar.google.com/scholar_lookup?title=Chemical%20ecology%20of%20pyrrolizidine%20alkaloids&author=Hartmann,+T.&publication_year=1999&journal=Planta&volume=207&pages=483%E2%80%93495&doi=10.1007/s004250050508
http://dx.doi.org/10.1007/s004250050508
http://scholar.google.com/scholar_lookup?title=Invasive%20plants%20versus%20their%20new%20and%20old%20neighbors:%20A%20mechanism%20for%20exotic%20invasion&author=Callaway,+R.M.&author=Aschehoug,+E.T.&publication_year=2000&journal=Science&volume=290&pages=521%E2%80%93523&doi=10.1126/science.290.5491.521&pmid=11039934
http://dx.doi.org/10.1126/science.290.5491.521
http://www.ncbi.nlm.nih.gov/pubmed/11039934
http://scholar.google.com/scholar_lookup?title=The%20ecosystem%20and%20evolutionary%20contexts%20of%20allelopathy&author=Inderjit&author=Wardle,+D.A.&author=Karban,+R.&author=Callaway,+R.M.&publication_year=2011&journal=Trends+Eecol.+Evol.&volume=26&pages=655%E2%80%93662&doi=10.1016/j.tree.2011.08.003&pmid=21920626
http://dx.doi.org/10.1016/j.tree.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21920626
http://scholar.google.com/scholar_lookup?title=Biogeographical%20variation%20in%20community%20response%20to%20root%20allelochemistry:%20Novel%20weapons%20and%20exotic%20invasion&author=Vivanco,+J.M.&author=Bais,+H.P.&author=Stermitz,+F.R.&author=Thelen,+G.C.&author=Callaway,+R.M.&publication_year=2004&journal=Ecol.+Lett.&volume=7&pages=285%E2%80%93292&doi=10.1111/j.1461-0248.2004.00576.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00576.x
http://scholar.google.com/scholar_lookup?title=Biochemistry+and+Molecular+Biology+of+Plants&author=Croteau,+R.&author=Kutchan,+T.M.&author=Lewis,+N.G.&publication_year=2000
http://scholar.google.com/scholar_lookup?title=Plants%20containing%20pyrrolizidine%20alkaloids:%20Toxicity%20and%20problems&author=Wiedenfeld,+H.&publication_year=2011&journal=Food+Addit.+Contam.+Part+A&volume=28&pages=282%E2%80%93292&doi=10.1080/19440049.2010.541288&pmid=21360374
http://dx.doi.org/10.1080/19440049.2010.541288
http://www.ncbi.nlm.nih.gov/pubmed/21360374
http://scholar.google.com/scholar_lookup?title=Phylogenetic%20origin%20of%20a%20secondary%20pathway:%20The%20case%20of%20pyrrolizidine%20alkaloids&author=Ober,+D.&author=Hartmann,+T.&publication_year=2000&journal=Plant+Mol.+Biol.&volume=44&pages=445%E2%80%93450&doi=10.1023/A:1026597621646&pmid=11197320
http://dx.doi.org/10.1023/A:1026597621646
http://www.ncbi.nlm.nih.gov/pubmed/11197320
http://scholar.google.com/scholar_lookup?title=Pyrrolizidine%20alkaloids%20from%20Echium%20glomeratum%20(Boraginaceae)&author=Alali,+F.Q.&author=Tahboub,+Y.R.&author=Ibrahim,+E.S.&author=Qandil,+A.M.&author=Tawaha,+K.&author=Burgess,+J.P.&author=Sy,+A.&author=Nakanishi,+Y.&author=Kroll,+D.J.&author=Oberlies,+N.H.&publication_year=2008&journal=Phytochemistry&volume=69&pages=2341%E2%80%932346&doi=10.1016/j.phytochem.2008.06.017&pmid=18691727
http://dx.doi.org/10.1016/j.phytochem.2008.06.017
http://www.ncbi.nlm.nih.gov/pubmed/18691727
http://scholar.google.com/scholar_lookup?title=Diversity%20of%20pyrrolizidine%20alkaloids%20in%20the%20boraginaceae%20structures,%20distribution,%20and%20biological%20properties&author=El-Shazly,+A.&author=Wink,+M.&publication_year=2014&journal=Diversity&volume=6&pages=188%E2%80%93282&doi=10.3390/d6020188
http://dx.doi.org/10.3390/d6020188
http://scholar.google.com/scholar_lookup?title=Toxicity%20of%20Echium%20plantagineum%20(Paterson%E2%80%99s%20curse).%202.%20Pyrrolizidine%20alkaloid%20poisoning%20in%20rats&author=Peterson,+J.&author=Jago,+M.&publication_year=1984&journal=Aust.+J.+Agric.+Res.&volume=35&pages=305%E2%80%93315&doi=10.1071/AR9840305
http://dx.doi.org/10.1071/AR9840305
http://scholar.google.com/scholar_lookup?title=Toxicity%20of%20Echium%20plantagineum%20(Paterson%E2%80%99s%20curse).%201.%20Marginal%20toxic%20effects%20in%20merino%20wethers%20from%20long-term%20feeding&author=Culvenor,+C.&author=Jago,+M.&author=Peterson,+J.&author=Smith,+L.&author=Payne,+A.&author=Campbell,+D.&author=Edgar,+J.&author=Frahn,+J.&publication_year=1984&journal=Aust.+J.+Agric.+Res.&volume=35&pages=293%E2%80%93304&doi=10.1071/AR9840293
http://dx.doi.org/10.1071/AR9840293
http://scholar.google.com/scholar_lookup?title=A%20novel%20ultra-performance%20liquid%20chromatography%20hyphenated%20with%20quadrupole%20time%20of%20flight%20mass%20spectrometry%20method%20for%20rapid%20estimation%20of%20total%20toxic%20retronecine-type%20of%20pyrrolizidine%20alkaloids%20in%20herbs%20without%20requiring%20corresponding%20standards&author=Zhu,+L.&author=Ruan,+J.-Q.&author=Li,+N.&author=Fu,+P.P.&author=Ye,+Y.&author=Lin,+G.&publication_year=2016&journal=Food+Chem.&volume=194&pages=1320%E2%80%931328&doi=10.1016/j.foodchem.2014.11.093&pmid=26471688
http://dx.doi.org/10.1016/j.foodchem.2014.11.093
http://www.ncbi.nlm.nih.gov/pubmed/26471688


 

140 

 

24. Griffin, C.; O’Mahony, J.; Danaher, M.; Furey, A. Liquid chromatography tandem 

mass spectrometry detection of targeted pyrrolizidine alkaloids in honeys purchased 

within ireland. Food Anal. Methods 2015, 8, 18–31. [Google Scholar] [CrossRef] 

25. Cao, Y.; Colegate, S.M.; Edgar, J.A. Persistence of echimidine, a hepatotoxic 

pyrrolizidine alkaloid, from honey into mead. J. Food Compos. Anal. 2013, 29, 106–

109. [Google Scholar] [CrossRef] 

26. Fürstenberg-Hägg, J.; Zagrobelny, M.; Bak, S. Plant defense against insect 

herbivores. Int. J. Mol. Sci. 2013, 14, 10242–10297. [Google Scholar] [CrossRef] 

[PubMed] 

27. Macel, M. Attract and deter: A dual role for pyrrolizidine alkaloids in plant-insect 

interactions. Phytochem. Rev. 2011,10, 75–82. [Google Scholar] [CrossRef] 

[PubMed] 

28. Weston, P.; Weston, L.; Hildebrand, S. Metabolic profiling in Echium plantagineum: 

Presence of bioactive pyrrolizidine alkaloids and napthoquinones from accessions 

across southeastern australia. Phytochem. Rev. 2013, 12, 831–837. [Google Scholar] 

[CrossRef] 

29. Colegate, S.M.; Edgar, J.A.; Knill, A.M.; Lee, S.T. Solid-phase extraction and HPLC-

MS profiling of pyrrolizidine alkaloids and their N-oxides: A case study of Echium 

plantagineum. Phytochem. Anal. 2005, 16, 108–119. [Google Scholar] [CrossRef] 

[PubMed] 

30. Papageorgiou, V.P.; Assimopoulou, A.N.; Couladouros, E.A.; Hepworth, D.; 

Nicolaou, K.C. The chemistry and biology of alkannin, shikonin, and related 

naphthazarin natural products. Angew. Chem. Int. Ed. 1999, 38, 270–301. [Google 

Scholar] [CrossRef] 

31. Skoneczny, D.; Weston, P.A.; Zhu, X.; Gurr, G.M.; Callway, R.M.; Weston, L.A. 

Metabolic profiling and identification of shikonins in root periderm of two 

invasive Echium spp. Weeds in australia. Molecules. 2015. Submitted for review. 

[Google Scholar] 

32. Parsons, W.T.; Cuthbertson, E.G. Paterson’s curse, salvation jane. In Noxious Plants 

of Australia, 2nd ed.; CSIRO Publishing: Melbourne, Australia, 2001; pp. 325–330. 

[Google Scholar] 

33. Klemow, K.M.; Clements, D.R.; Threadgill, P.F.; Cavers, P.B. The biology of 

canadian weeds. 116. Echium vulgare L.Can. J. Plant Sci. 2002, 82, 235–248. 

[Google Scholar] [CrossRef] 

34. Grigulis, K.; Sheppard, A.W.; Ash, J.E.; Groves, R.H. The comparative demography 

of the pasture weed echium plantagineum between its native and invaded ranges. J. 

Appl. Ecol. 2001, 38, 281–290. [Google Scholar] [CrossRef] 

35. Piggin, C.M. The biology of australian weeds. 8. Echium plantagineum L. J. Aust. 

Inst. Agric. 1982, 48, 3–16. [Google Scholar] 

36. NRM South and the Southern Tasmanian Councils Authority. Availiable 

online: http://www.nrmsouth.org.au/wp-

content/uploads/2014/10/patersons_curse.pdf (accessed on 29 October 2015). 

http://scholar.google.com/scholar_lookup?title=Liquid%20chromatography%20tandem%20mass%20spectrometry%20detection%20of%20targeted%20pyrrolizidine%20alkaloids%20in%20honeys%20purchased%20within%20ireland&author=Griffin,+C.&author=O%E2%80%99Mahony,+J.&author=Danaher,+M.&author=Furey,+A.&publication_year=2015&journal=Food+Anal.+Methods&volume=8&pages=18%E2%80%9331&doi=10.1007/s12161-014-9855-1
http://dx.doi.org/10.1007/s12161-014-9855-1
http://scholar.google.com/scholar_lookup?title=Persistence%20of%20echimidine,%20a%20hepatotoxic%20pyrrolizidine%20alkaloid,%20from%20honey%20into%20mead&author=Cao,+Y.&author=Colegate,+S.M.&author=Edgar,+J.A.&publication_year=2013&journal=J.+Food+Compos.+Anal.&volume=29&pages=106%E2%80%93109&doi=10.1016/j.jfca.2012.11.005
http://dx.doi.org/10.1016/j.jfca.2012.11.005
http://scholar.google.com/scholar_lookup?title=Plant%20defense%20against%20insect%20herbivores&author=F%C3%BCrstenberg-H%C3%A4gg,+J.&author=Zagrobelny,+M.&author=Bak,+S.&publication_year=2013&journal=Int.+J.+Mol.+Sci.&volume=14&pages=10242%E2%80%9310297&doi=10.3390/ijms140510242&pmid=23681010
http://dx.doi.org/10.3390/ijms140510242
http://www.ncbi.nlm.nih.gov/pubmed/23681010
http://scholar.google.com/scholar_lookup?title=Attract%20and%20deter:%20A%20dual%20role%20for%20pyrrolizidine%20alkaloids%20in%20plant-insect%20interactions&author=Macel,+M.&publication_year=2011&journal=Phytochem.+Rev.&volume=10&pages=75%E2%80%9382&doi=10.1007/s11101-010-9181-1&pmid=21475391
http://dx.doi.org/10.1007/s11101-010-9181-1
http://www.ncbi.nlm.nih.gov/pubmed/21475391
http://scholar.google.com/scholar_lookup?title=Metabolic%20profiling%20in%20Echium%20plantagineum:%20Presence%20of%20bioactive%20pyrrolizidine%20alkaloids%20and%20napthoquinones%20from%20accessions%20across%20southeastern%20australia&author=Weston,+P.&author=Weston,+L.&author=Hildebrand,+S.&publication_year=2013&journal=Phytochem.+Rev.&volume=12&pages=831%E2%80%93837&doi=10.1007/s11101-013-9306-4
http://dx.doi.org/10.1007/s11101-013-9306-4
http://scholar.google.com/scholar_lookup?title=Solid-phase%20extraction%20and%20HPLC-MS%20profiling%20of%20pyrrolizidine%20alkaloids%20and%20their%20N-oxides:%20A%20case%20study%20of%20Echium%20plantagineum&author=Colegate,+S.M.&author=Edgar,+J.A.&author=Knill,+A.M.&author=Lee,+S.T.&publication_year=2005&journal=Phytochem.+Anal.&volume=16&pages=108%E2%80%93119&doi=10.1002/pca.828&pmid=15881119
http://dx.doi.org/10.1002/pca.828
http://www.ncbi.nlm.nih.gov/pubmed/15881119
http://scholar.google.com/scholar_lookup?title=The%20chemistry%20and%20biology%20of%20alkannin,%20shikonin,%20and%20related%20naphthazarin%20natural%20products&author=Papageorgiou,+V.P.&author=Assimopoulou,+A.N.&author=Couladouros,+E.A.&author=Hepworth,+D.&author=Nicolaou,+K.C.&publication_year=1999&journal=Angew.+Chem.+Int.+Ed.&volume=38&pages=270%E2%80%93301&doi=10.1002/(SICI)1521-3773(19990201)38:3%3C270::AID-ANIE270%3E3.0.CO;2-0
http://scholar.google.com/scholar_lookup?title=The%20chemistry%20and%20biology%20of%20alkannin,%20shikonin,%20and%20related%20naphthazarin%20natural%20products&author=Papageorgiou,+V.P.&author=Assimopoulou,+A.N.&author=Couladouros,+E.A.&author=Hepworth,+D.&author=Nicolaou,+K.C.&publication_year=1999&journal=Angew.+Chem.+Int.+Ed.&volume=38&pages=270%E2%80%93301&doi=10.1002/(SICI)1521-3773(19990201)38:3%3C270::AID-ANIE270%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C270::AID-ANIE270%3E3.0.CO;2-0
http://scholar.google.com/scholar_lookup?title=Metabolic%20profiling%20and%20identification%20of%20shikonins%20in%20root%20periderm%20of%20two%20invasive%20Echium%20spp.%20Weeds%20in%20australia&author=Skoneczny,+D.&author=Weston,+P.A.&author=Zhu,+X.&author=Gurr,+G.M.&author=Callway,+R.M.&author=Weston,+L.A.&publication_year=2015&journal=J.+Phytochem.
http://scholar.google.com/scholar_lookup?title=Paterson%E2%80%99s%20curse,%20salvation%20jane&author=Parsons,+W.T.&author=Cuthbertson,+E.G.&publication_year=2001&pages=325%E2%80%93330
http://scholar.google.com/scholar_lookup?title=The%20biology%20of%20canadian%20weeds.%20116.%20Echium%20vulgare%20L.&author=Klemow,+K.M.&author=Clements,+D.R.&author=Threadgill,+P.F.&author=Cavers,+P.B.&publication_year=2002&journal=Can.+J.+Plant+Sci.&volume=82&pages=235%E2%80%93248&doi=10.4141/P01-058
http://dx.doi.org/10.4141/P01-058
http://scholar.google.com/scholar_lookup?title=The%20comparative%20demography%20of%20the%20pasture%20weed%20echium%20plantagineum%20between%20its%20native%20and%20invaded%20ranges&author=Grigulis,+K.&author=Sheppard,+A.W.&author=Ash,+J.E.&author=Groves,+R.H.&publication_year=2001&journal=J.+Appl.+Ecol.&volume=38&pages=281%E2%80%93290&doi=10.1046/j.1365-2664.2001.00587.x
http://dx.doi.org/10.1046/j.1365-2664.2001.00587.x
http://scholar.google.com/scholar_lookup?title=The%20biology%20of%20australian%20weeds.%208.%20Echium%20plantagineum%20L.&author=Piggin,+C.M.&publication_year=1982&journal=J.+Aust.+Inst.+Agric.&volume=48&pages=3%E2%80%9316
http://www.nrmsouth.org.au/wp-content/uploads/2014/10/patersons_curse.pdf
http://www.nrmsouth.org.au/wp-content/uploads/2014/10/patersons_curse.pdf


 

141 

 

37. Mehrabani, M.; Ghannadi, A.; Sajjadi, E.; Ghassemi, N.; Shams-Ardakani, M. Toxic 

pyrrolizidine alkaloids of Echium amoenum fisch. And mey. DARU J. Pharm. 

Sci. 2006, 14, 122–127. [Google Scholar] 

38. Crews, C.; Berthiller, F.; Krska, R. Update on analytical methods for toxic 

pyrrolizidine alkaloids. Anal. Bioanal. Chem.2010, 396, 327–338. [Google Scholar] 

[CrossRef] [PubMed] 

39. Griffin, C.T.; Danaher, M.; Elliott, C.T.; Glenn Kennedy, D.; Furey, A. Detection of 

pyrrolizidine alkaloids in commercial honey using liquid chromatography-ion trap 

mass spectrometry. Food Chem. 2013, 136, 1577–1583. [Google Scholar] [CrossRef] 

[PubMed] 

40. Culvenor, C.C.J.; Edgar, J.A.; Smith, L.W. Pyrrolizidine alkaloids in honey from 

Echium plantagineum L. J. Agric. Food Chem. 1981, 29, 958–960. [Google Scholar] 

[CrossRef] [PubMed] 

41. Culvenor, C. The alkaloids of Echium plantagineum L. Aust. J. Chem. 1956, 9, 512–

520. [Google Scholar] [CrossRef] 

42. Werther, J. Echimidine. Available 

online: http://commons.wikimedia.org/wiki/File:Echimidine.png (accessed on 24 

August 2015). 

43. Ryan, B. The role of leaf surface chemistry and morphology in plant defense of two 

related invasive weeds. In Echium Plantagineum and Echium Vulgare; Research, 

Charles Sturt University: Wagga Wagga, Australia, 2014. [Google Scholar] 

44. Ben Farhat, M.; Jordán, M.J.; Chaouch-Hamada, R.; Landoulsi, A.; Sotomayor, J.A. 

Changes in phenolic profiling and antioxidant capacity of Salvia aegyptiaca L. By-

products during three phenological stages. LWT—Food Sci. Technol.2015, 63, 791–

797. [Google Scholar] [CrossRef] 

45. Molyneux, R.J.; Johnson, A.E. Extraordinary levels of production of pyrrolizidine 

alkaloids in senecio riddellii. J. Nat. Prod. 1984, 47, 1030–1032. [Google Scholar] 

[CrossRef] [PubMed] 

46. Frölich, C.; Ober, D.; Hartmann, T. Tissue distribution, core biosynthesis and 

diversification of pyrrolizidine alkaloids of the lycopsamine type in three 

Boraginaceae species. Phytochemistry 2007, 68, 1026–1037. [Google Scholar] 

[CrossRef] [PubMed] 

47. El-Shazly, A.; Sarg, T.; Ateya, A.; Abdel Aziz, A.; El-Dahmy, S.; Witte, L.; Wink, 

M. Pyrrolizidine alkaloids fromEchium setosum and Echium vulgare. J. Nat. 

Prod. 1996, 59, 310–313. [Google Scholar] [CrossRef] 

48. Keane, R.M.; Crawley, M.J. Exotic plant invasions and the enemy release 

hypothesis. Trends Ecol. Evol. 2002, 17, 164–170. [Google Scholar] [CrossRef] 

49. Prentis, P.J.; Wilson, J.R.U.; Dormontt, E.E.; Richardson, D.M.; Lowe, A.J. Adaptive 

evolution in invasive species.Trends Plant Sci. 2008, 13, 288–294. [Google Scholar] 

[CrossRef] [PubMed] 

50. Jamil, S.Z.; Weston, P.A.; Skoneczny, D.; Weston, L.A.; Gurr, G.M. Induction of 

chemical defences in the invasive weed Paterson’s curse (Echium plantaginuem) by 

a generalist herbivore insect and a specialist biological control agent. In Proceedings 

http://scholar.google.com/scholar_lookup?title=Toxic%20pyrrolizidine%20alkaloids%20of%20Echium%20amoenum%20fisch.%20And%20mey&author=Mehrabani,+M.&author=Ghannadi,+A.&author=Sajjadi,+E.&author=Ghassemi,+N.&author=Shams-Ardakani,+M.&publication_year=2006&journal=DARU+J.+Pharm.+Sci.&volume=14&pages=122%E2%80%93127
http://scholar.google.com/scholar_lookup?title=Update%20on%20analytical%20methods%20for%20toxic%20pyrrolizidine%20alkaloids&author=Crews,+C.&author=Berthiller,+F.&author=Krska,+R.&publication_year=2010&journal=Anal.+Bioanal.+Chem.&volume=396&pages=327%E2%80%93338&doi=10.1007/s00216-009-3092-2&pmid=19763547
http://dx.doi.org/10.1007/s00216-009-3092-2
http://www.ncbi.nlm.nih.gov/pubmed/19763547
http://scholar.google.com/scholar_lookup?title=Detection%20of%20pyrrolizidine%20alkaloids%20in%20commercial%20honey%20using%20liquid%20chromatography-ion%20trap%20mass%20spectrometry&author=Griffin,+C.T.&author=Danaher,+M.&author=Elliott,+C.T.&author=Glenn+Kennedy,+D.&author=Furey,+A.&publication_year=2013&journal=Food+Chem.&volume=136&pages=1577%E2%80%931583&doi=10.1016/j.foodchem.2012.02.112&pmid=23194565
http://dx.doi.org/10.1016/j.foodchem.2012.02.112
http://www.ncbi.nlm.nih.gov/pubmed/23194565
http://scholar.google.com/scholar_lookup?title=Pyrrolizidine%20alkaloids%20in%20honey%20from%20Echium%20plantagineum%20L.&author=Culvenor,+C.C.J.&author=Edgar,+J.A.&author=Smith,+L.W.&publication_year=1981&journal=J.+Agric.+Food+Chem.&volume=29&pages=958%E2%80%93960&doi=10.1021/jf00107a018&pmid=7310004
http://dx.doi.org/10.1021/jf00107a018
http://www.ncbi.nlm.nih.gov/pubmed/7310004
http://scholar.google.com/scholar_lookup?title=The%20alkaloids%20of%20Echium%20plantagineum%20L.&author=Culvenor,+C.&publication_year=1956&journal=Aust.+J.+Chem.&volume=9&pages=512%E2%80%93520&doi=10.1071/CH9560512
http://dx.doi.org/10.1071/CH9560512
http://commons.wikimedia.org/wiki/File:Echimidine.png
http://scholar.google.com/scholar_lookup?title=The%20role%20of%20leaf%20surface%20chemistry%20and%20morphology%20in%20plant%20defense%20of%20two%20related%20invasive%20weeds&author=Ryan,+B.&publication_year=2014
http://scholar.google.com/scholar_lookup?title=Changes%20in%20phenolic%20profiling%20and%20antioxidant%20capacity%20of%20Salvia%20aegyptiaca%20L.%20By-products%20during%20three%20phenological%20stages&author=Ben+Farhat,+M.&author=Jord%C3%A1n,+M.J.&author=Chaouch-Hamada,+R.&author=Landoulsi,+A.&author=Sotomayor,+J.A.&publication_year=2015&journal=LWT%E2%80%94Food+Sci.+Technol.&volume=63&pages=791%E2%80%93797&doi=10.1016/j.lwt.2015.03.015
http://dx.doi.org/10.1016/j.lwt.2015.03.015
http://scholar.google.com/scholar_lookup?title=Extraordinary%20levels%20of%20production%20of%20pyrrolizidine%20alkaloids%20in%20senecio%20riddellii&author=Molyneux,+R.J.&author=Johnson,+A.E.&publication_year=1984&journal=J.+Nat.+Prod.&volume=47&pages=1030%E2%80%931032&doi=10.1021/np50036a024&pmid=6533262
http://dx.doi.org/10.1021/np50036a024
http://www.ncbi.nlm.nih.gov/pubmed/6533262
http://scholar.google.com/scholar_lookup?title=Tissue%20distribution,%20core%20biosynthesis%20and%20diversification%20of%20pyrrolizidine%20alkaloids%20of%20the%20lycopsamine%20type%20in%20three%20Boraginaceae%20species&author=Fr%C3%B6lich,+C.&author=Ober,+D.&author=Hartmann,+T.&publication_year=2007&journal=Phytochemistry&volume=68&pages=1026%E2%80%931037&doi=10.1016/j.phytochem.2007.01.002&pmid=17320124
http://dx.doi.org/10.1016/j.phytochem.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17320124
http://scholar.google.com/scholar_lookup?title=Pyrrolizidine%20alkaloids%20from%20Echium%20setosum%20and%20Echium%20vulgare&author=El-Shazly,+A.&author=Sarg,+T.&author=Ateya,+A.&author=Abdel+Aziz,+A.&author=El-Dahmy,+S.&author=Witte,+L.&author=Wink,+M.&publication_year=1996&journal=J.+Nat.+Prod.&volume=59&pages=310%E2%80%93313&doi=10.1021/np9600661
http://dx.doi.org/10.1021/np9600661
http://scholar.google.com/scholar_lookup?title=Exotic%20plant%20invasions%20and%20the%20enemy%20release%20hypothesis&author=Keane,+R.M.&author=Crawley,+M.J.&publication_year=2002&journal=Trends+Ecol.+Evol.&volume=17&pages=164%E2%80%93170&doi=10.1016/S0169-5347(02)02499-0
http://dx.doi.org/10.1016/S0169-5347(02)02499-0
http://scholar.google.com/scholar_lookup?title=Adaptive%20evolution%20in%20invasive%20species&author=Prentis,+P.J.&author=Wilson,+J.R.U.&author=Dormontt,+E.E.&author=Richardson,+D.M.&author=Lowe,+A.J.&publication_year=2008&journal=Trends+Plant+Sci.&volume=13&pages=288%E2%80%93294&doi=10.1016/j.tplants.2008.03.004&pmid=18467157
http://dx.doi.org/10.1016/j.tplants.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18467157


 

142 

 

of the 7th Word Congress on Allelopathy, Vigo, Spain, 28 July–1 August 2014; 

Reigosa Roger, M., Sánchez-Moreiras, A., Eds.; Publisher: Vigo, Spain, 2014. 

[Google Scholar] 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons by Attribution 

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://scholar.google.com/scholar_lookup?title=Induction%20of%20chemical%20defences%20in%20the%20invasive%20weed%20Paterson%E2%80%99s%20curse%20(Echium%20plantaginuem)%20by%20a%20generalist%20herbivore%20insect%20and%20a%20specialist%20biological%20control%20agent&conference=Proceedings+of+the+7th+Word+Congress+on+Allelopathy&author=Jamil,+S.Z.&author=Weston,+P.A.&author=Skoneczny,+D.&author=Weston,+L.A.&author=Gurr,+G.M.&publication_year=2014
http://creativecommons.org/licenses/by/4.0/


 

143 

 

Chapter 6 

 

Impact of environmental stress factors on production of above- and 

belowground defense metabolites in an invasive weed, Echium 

plantagineum L. 

 

Plants biosynthesize a diverse suite of bioactive secondary metabolites as a 

defense against herbivores and to overcome a wide range of environmental pressures. The 

biosynthesis of these metabolites is frequently regulated by environmental factors. 

Secondary metabolites play a role in stress response and plant defense; however, under 

moderate stress or in novel conditions plants can also direct resources towards 

competitive traits and metabolism that enables them to colonize broader niches. The 

objective of this chapter was to investigate the regulation of NQs and PAs under stress 

conditions and to assess their possible roles in combating environmental pressures by E. 

plantagineum in Australia as earlier specified in H2 (Chapter 2). 

Analytical methods used in this study were presented and developed in Chapters 

3, 4 and 5. This chapter is one of a very few published studies that investigates the plant-

stress response both above- and belowground in an invasive broadleaf species in detail, 

with a focus on plant invasion. Further evaluation of secondary metabolite production in 

different climatic ranges including the native and the invaded range is presented in 

Chapter 7. 
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6.1. Abstract 

Echium plantagineum is a highly successful invasive weed in Australia that often 

establishes in dense monocultures in pastures and rangelands. It produces a complex 

mixture of defense metabolites including toxic pyrrolizidine alkaloids and their N-oxides 

(PAs) as well as naphthoquinones (NQs) but the extent to which these are induced by 

stressors rather than being constitutive is not well understood. The impact of drought, 

simulated herbivory, high temperature and intraspecific plant competition on the 

production of NQs and PAs was examined. Controlled environment-grown plants were 

sequentially harvested, extracted and subjected to metabolic profiling using ultra-high 

pressure liquid chromatography coupled to quadrupole time of flight mass spectrometry. 
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Deoxyshikonin and shikonin, key precursors in the NQ biosynthetic pathway, increased 

in abundance by two to three-fold within 72 hours following water withholding. Extended 

water withholding over a 12 day period resulted in significant reductions in PA and NQ 

production in shoots and roots, respectively. Elevated temperature resulted in significant 

upregulation of the shikonin biosynthetic pathway in roots, with up to a three-fold 

increase in abundance of deoxyshikonin, shikonin and β-hydroxyisovalerylshikonin. 

Simulated herbivory resulted in particularly rapid elicitation of NQ and PA production, 

in contrast to other plant stressors, with significantly increased levels of deoxyshikonin 

in roots and 3-O-acetylechimidine-N-oxide in shoots observed within six hours post-

treatment. NQ upregulation was induced by intraspecific competition. Differential 

response in elicitation of defense metabolites in response to specific plant stressors 

suggests that biosynthesis of both NQs and PAs is readily up or down regulated depending 

on the stressor and length of exposure to stress. Experimental results show that NQ 

production in roots was generally elicited rapidly in response to drought, herbivory and 

high temperature, whereas overall PA metabolism was less variable except under drought. 

Trade-offs between above- and belowground metabolism in the plant may facilitate the 

rapid production of bioactive metabolites in response to plant stress; production may be 

further facilitated by catabolic recycling following exposure to stress. 

Keywords: climate change, invasion, plant defense, pyrrolizidine alkaloids, 

naphthoquinones, mass spectrometry, Q-TOF. 

6.2. Introduction 

Plants biosynthesize a diverse suite of toxic and/or bioactive metabolites as a 

defense against herbivores and pathogens (Wittstock et al., 2004), and also in response to 

a wide range of environmental pressures (Akula and Ravishankar, 2011). The constitutive 

biosynthesis of defensive metabolites requires significant investment in terms of 

resources and is costly to overall plant metabolism (Gershenzon, 1994; Wittstock and 
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Gershenzon, 2002). Consequently, plants have developed inducible mechanisms to 

reduce the high resource demand of constitutive chemical defense. Inducible defenses are 

typically activated after the recognition of initial stress, including tissue damage or attack. 

These inducible defense strategies are, however, risky because the herbivore or pathogen 

attack may be too rapid to deploy the chemical defense system effectively (Wittstock and 

Gershenzon, 2002). However, plants have developed physical adaptations that contribute 

to both constitutive and inducible defense systems, thereby further protecting them from 

environmental and biotic threats encountered in the surrounding environment (Gutschick, 

1999; Fürstenberg-Hägg et al., 2013). Plants that are frequently exposed to biological 

threats including herbivory employ constitutive defense strategies to deter and/or kill their 

predators (Osbourn et al., 2003), whereas plants that are rarely attacked rely 

predominantly on induced defenses (Wittstock and Gershenzon, 2002). 

The developing plant is typically challenged by various environmental stresses 

(Kleine and Müller, 2014). To complete their life cycle, plants generally combat drought, 

salinity, UV stress, high and low temperatures, herbivore attack or pathogen infections 

(Bartwal et al., 2013; Selmar and Kleinwachter, 2013; Kleine and Müller, 2014). Plants 

overcome these stresses by deploying defense mechanisms, resulting in alternations in 

plant secondary metabolites including signaling molecules, toxins and chemically 

reduced compounds (Akula and Ravishankar, 2011). Stimuli-triggered defense 

metabolism has now been studied for decades (Dixon and Paiva, 1995; Dixon, 2001; 

Akula and Ravishankar, 2011; Ye et al., 2013). Stress rapidly triggers the biosynthesis of 

signalling molecules followed by the production of specialized defense metabolites (Dinh 

et al., 2013; Ye et al., 2013). For example, after the recognition of herbivore attack, 

regulatory mechanisms involving mitogen-activated protein kinase (MAPK) cascades are 

activated, followed by the activation of jasmonate or ethylene signaling pathways within 



 

148 

 

minutes of the attack (Petrussa et al., 2013; Song et al., 2013; Ye et al., 2013). This 

cascade of events eventually activates the defense metabolism of bioactive secondary 

plant products (SPPs). SPPs accumulate in stressed or attacked tissues and frequently 

decrease plant digestibility to herbivores, cause toxicity or attract the natural enemies of 

herbivores (Ye et al., 2013). 

Additionally, reactive oxygen species (ROS) generated under stress conditions 

can be detoxified or scavenged by reduced compounds such as sesquiterpenes, 

flavonoids, coumarins, and phenolics and thus stressed plants can continue and even 

increase their production of such species over time (Akula and Ravishankar, 2011; 

Bartwal et al., 2013; Selmar and Kleinwachter, 2013). One of the most common plant 

stressors resulting in accumulation of ROS is drought (Akula and Ravishankar, 2011). 

Water limitation was found to cause an increase in accumulation of terpenes, terpenoids, 

phenols and alkaloids in multiple herbaceous and woody species (Selmar and 

Kleinwachter, 2013; Kleine and Müller, 2014). Most of these SPPs have extensive 

ecological roles. For instance, terpenoids play a vital role in plant defense as phytoalexins 

and as attractants for insect pollinators (Cheng et al., 2007). The accumulation of 

terpenoids was recently investigated in the herbaceous weed Tanacetum vulgare which 

was challenged by leaf herbivory and drought stress. The levels of terpenoids in the shoots 

decreased after 12 days of moderate drought exposure in contrast to their increasing 

accumulation in plant roots. Belowground plant organs can play a key role in enhancing 

the defense of T. vulgare through reallocation of resources critical for regeneration after 

stress exposure (Kleine and Müller, 2014). 

Echium plantagineum (Boraginaceae L.) is an invasive weed in Australia that has 

adapted very successfully to diverse environmental stresses, to the point of being invasive 

in Australian pastures and rangelands (Piggin, 1982; Weston et al., 2011). It currently 
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infests over 30 M ha, commonly establishing monocultures in the often hot and dry 

climate of southeastern Australia (Parsons and Cuthbertson, 2001; Weston et al., 2013b). 

Losses due to its toxicity  cause > AUD 250 M annual losses in Australia (NRM, 2015). 

This noxious weed was introduced from the Mediterranean in multiple events in the 1800s 

(Zhu et al., 2016b). Similarly to other members of the Boraginaceae, E. plantagineum 

produces plant defense metabolites including toxic pyrrolizidine alkaloids and their N-

oxides (PAs) that accumulate in its foliage (Colegate et al., 2005; Weston et al., 2013b; 

Skoneczny et al., 2015) and bioactive naphthoquinones (NQs) that are localized in the 

root periderm (Weston et al., 2013b; Weston et al., 2015; Skoneczny et al., 2016; Zhu et 

al., 2016a). PAs are usually stored in plants as non-toxic N-oxides and act as feeding 

deterrents to non-adapted insects and grazing livestock (Hartmann, 1999). NQs are 

produced belowground and are expressed in the root periderm, often giving it a red 

pigmentation (Skoneczny et al., 2016). Selected NQs are associated with potent 

bioactivity (Garcia Duran et al., 2014) and are known for their antimicrobial, antifungal 

and anticarcinogenic properties (Brigham et al., 1999; Papageorgiou et al., 1999). NQs 

were also identified in the rhizosphere of E. plantagineum (Zhu et al., 2016a) where they 

logically function as mediators of plant interactions and may also influence invasion 

success (Brigham et al., 1999; Weston et al., 2011).  

Approximately fifty populations of E. plantagineum in southeastern Australia 

were previously evaluated for the production of SPPs. Weston et al. (2013) found that the 

abundance of total NQs and major PAs was negatively correlated to available rainfall and 

temperature (Weston et al., 2013b). While PAs are usually produced constitutively (Ober 

and Hartmann, 2000), NQs are biosynthesized through the phenylpropanoid and 

isoprenoid biosynthetic pathways, both of which are reported to be induced by biotic and 

abiotic stressors (Dixon and Paiva, 1995; Brigham et al., 1999; Ververidis et al., 2007). 
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Brigham et al. (1999) observed the impact of stress on the production of NQs and the 

ratio between different shikonin derivatives in the periderm of Lithospermum 

erythrorhizon in in vitro experimentation. Under stress, roots were more pigmented 

(darker red coloration) and associated root hairs exuded droplets that contained high (> 

27 %) concentrations of shikonins (Brigham et al., 1999; Zhu et al., 2016a). 

The physiological response to stress and ability to overcome environmental 

limitations are critical for successful plant expansion and the capacity to successfully 

establish in non-hostile environments (Parker et al., 2003). Adjustments in post-stress 

plant metabolism should therefore be evaluated from the perspective of key biosynthetic 

pathways, as no single compound can explain patterns of plant response to environmental 

pressures (Vivanco et al., 2004; Thorpe et al., 2009; Zhao-Hui et al., 2010; Weston et al., 

2015). Comprehensive study of plant metabolism would also aid in understanding energy 

flux and the impact of plant stress upon metabolite production, both essential factors when 

evaluating mechanisms of invasion and ability to cope with plant stress (Callaway and 

Maron, 2006; Shulaev et al., 2008; Nakabayashi and Saito, 2015).  

Metabolomics and metabolic profiling are well-established approaches to the 

study of organic, low-molecular weight metabolites including defense compounds 

(Bundy et al., 2009). These techniques provide an insight into organismal state by 

delivering a snapshot of the metabolic profile at a particular point in time under given 

conditions (Rochfort, 2005; Weston et al., 2015). In conjunction with appropriate 

extraction methods, metabolic profiling allows for the investigation of metabolites in 

different tissues and matrices and more precise evaluation of biosynthetic pathways. 

Furthermore, these techniques lead to improved characterization of interactions between 

an organism and its environment (Weston et al., 2015). Although the application of 

metabolomics approaches to monitor plant responses to stress is still a developing field 
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(Aliferis et al., 2014), metabolic profiling is becoming an important tool in the study of 

plant stress physiology (Shulaev et al., 2008; Bundy et al., 2009; Nakabayashi and Saito, 

2015). Several recent studies have used metabolic profiling to study biological and 

biochemical mechanisms of plant interference and interactions (Schauer and Fernie, 

2006; Kusano et al., 2011; Weston et al., 2015; Fernandez et al., 2016). 

We used metabolic profiling to explore above- and belowground secondary 

defense metabolism in E. plantagineum, in response to environmental factors in light of 

aligned studies investigating plant invasion mechanisms and response to a changing 

climate. Plants derived from four geographically distinct populations were exposed to: 

(1) simulated drought, (2) simulated herbivory (3) elevated temperature and (4) 

intraspecific competition conditions. Levels of 17 previously identified PAs and 9 NQs 

were analyzed in time course experiments in order to obtain information on E. 

plantagineum’s immediate and longer-term response to environmental stressors. These 

experiments clearly revealed that the dynamics of plant biochemical defense is dependent 

on metabolic pathway and type of metabolite and is influenced by specific stressor and 

length of exposure to this stressor. Our findings also reveal that there is a strong 

connection between above- and belowground defense metabolism that is likely related to 

the carbon trade-offs encountered under stress-limited conditions.  

6.3. Materials and methods 

6.3.1. Chemicals and reagents 

Solvents of HPLC grade including acetonitrile, ethanol (VWR Chemicals, 

Tingalpa, Australia), methanol (Burdick and Jackson, Gillman, Australia) and water 

(Merck, Darmstadt, Germany) were used in all experimental analyses. Analytical 

standards of acetylshikonin, deoxyshikonin, and dimethylactylshikonin were purchased 

from Chemfaces (Wuhan, China), shikonin from Biomol (Hamburg, Germany), and 
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crotaline and formic acid (of > 99% purity) were obtained from Sigma-Aldrich (Castle 

Hill, Australia). The mass spectrometry tuning and reference ion mixtures were purchased 

from Agilent Technologies (Santa Clara, CA, USA).  

6.3.2. Biological material preparation and experimental design 

Seeds of E. plantagineum were collected from four geographically distinct 

populations in New South Wales, Australia (Table 1). Collection sites differed in average 

rainfall and mean average temperature (Table S1). Seeds were pre-germinated on moist 

filter paper over seven days and plants were then grown in walk-in growth rooms 

(PGW40, Conviron, Melbourne, Australia) in uniform conditions, at 25/17°C day/night 

on a 14:10 light/dark regime as described by Skoneczny et al. (2015). Seedlings were 

transplanted into 1.5- L pots containing a mixture of potting mix and sand (6:4, 

respectively). Plants were watered as needed (unless otherwise stated) and fertilized 

fortnightly with 200 mL of Aquasol soluble fertilizer (Yates, Australia). Exposure to light 

was uniform across treatments. CO2 concentration was ambient. For the first and last hour 

of the light cycle, light intensity equaled 200 µmoles/m2/s and for the rest of the day 400 

moles/m2/s (± 10). Relative humidity was maintained at 55%. Morphological parameters 

including rosette diameter, longest leaf length, fresh weight of foliage and leaf number 

were recorded for each plant during sequential data collections and/or harvests.  

Water withholding  

Impact of water withholding was conducted to simulate drought in a similar 

experiment performed under controlled conditions as above using 9- week- old potted 

plants (Skoneczny et al., 2015). Water was supplied to control plants as needed every 3 

days, 2 hours prior to sampling (field capacity ca. 250 mL of water). Control and treated 

plants were harvested at time 0, 3 and 12 days following exposure. Treated plants were 

watered to field capacity after 9 days of water withholding post-sampling (after sampling 
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at 9 days) to prevent mortality. At each sampling time, two plants from each population 

were harvested from both treated and control plants. A total of 48 plants were evaluated 

and extracted (4 populations × 2 treatments × 2 plants × 3 harvests). For extraction 

purposes, a composite of two plants of the same population from the same treatment were 

combined to reduce sample to sample variation. 

Mechanical damage 

A mechanical damage experiment was conducted to simulate actual grazing or 

herbivory. Treatment (hole punching of leaves) was performed on 9-week-old plants 

using a total of N = 48 plants (4 populations × 2 treatments × 2 plants × 3 harvests). Two 

directly opposing leaves from each plant were punched in four locations (two holes each 

were located on each side of the main leaf vein) using a clean stainless steel manually-

operated hole-puncher. Plants were harvested at 6, 24 and 72 hours following exposure 

to stress, along with unpunched control plants. Plants were watered as needed for the 

duration of the experiment (Skoneczny et al., 2015). Two plants from the same population 

and from the same treatment group were combined for extraction at each sampling period. 

Temperature experiment  

Temperature treatment regimens were imposed using three identical growth 

chambers (Adaptis 1000, Conviron, Australia) set to T1 20/15°C, T2 25/20°C, or T3 

30/25°C (± 0.5) temperature regimes over a 14 hour photoperiod (light) and 10 hour 

period of darkness. Temperature treatment was replicated 3 times using a Latin square 

design. Plants were harvested at 4 time points; 5 weeks after emergence (time 0), and 14, 

21 and 28 days from experimental initiation. The total number of plants equaled N = 288 

(4 populations × 3 treatments × 2 plants × 4 harvests × 3 replications). Two plants of the 

same population and from the same treatment group and replication were combined for 

extraction and subsequent metabolic profiling. 
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Intraspecific competition  

An experiment was performed to evaluate the impact of competition vs. 

monoculture on the production of naphthoquinones in E. plantagineum. Plants derived 

from a single population (Cobar New South Wales) (Table 1) were grown in standard 1.5 

L pots from seedling stage (7 days after emergence), in glasshouse conditions under 

natural light for approximately 3 months between March and June 2014. To impose the 

competition treatment, four E. plantagineum plants were co-located in one pot while 

control plants were grown as sole individuals in each pot. The experiment was arranged 

as a randomized complete block design with 6 replications. Two plants from each 

treatment were later combined for extraction and further metabolic profiling and 

constituted one replication.  

Plant secondary metabolite extraction 

Foliar and periderm tissues were harvested and extracted separately as described 

by Skoneczny et al. (2015 and 2016). Leaf extracts were further purified for PA analyses 

using Strata SCX, 500 mg, 3 mL SPE cartridges (Phenomenex, Torrance, CA, USA) as 

described previously (Skoneczny et al., 2015). 

6.3.3. Chemical analysis  

All samples were analyzed using UHPLC/Q-ToF MS (ultra-high pressure liquid 

chromatography coupled to quadrupole time of flight mass spectrometry) (Agilent 

Technologies, Santa Clara, CA, USA). Extracts were separated on a C18 Poroshell column 

(2.1 mm × 100 mm, 2.7 µm particle size) (Agilent Technologies, Santa Clara, CA, USA) 

with attached SB-C8 guard column (2.1 mm × 12.5 mm, 5 µm particle size) (Agilent 

Technologies, Santa Clara, CA, USA) using a gradient of acetonitrile with 0.1% formic 

acid (v/v %) as described previously. PAs and NQs were profiled using positive and 

negative ion mode respectively (Skoneczny et al., 2015; Skoneczny et al., 2016).  
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The UHPLC/Q-ToF MS was calibrated and tuned as specified by Agilent Technologies 

and equilibrated prior to first injection. Quality control (QC) samples were prepared by 

pooling small aliquots from multiple extracts to represent the full matrix composition. 

One QC sample was injected every 15 samples, followed by a blank injection. Samples 

were run randomly as a randomized block design. The instrument was cleaned and 

calibrated between sample blocks. 

6.3.4. Data processing 

Peak area was corrected by referencing to the mean peak area of the quality 

control sample, individually for each analyzed metabolite, to remove between-batch 

offsets and variation (Van Der Kloet et al., 2009). Abundance of PAs was normalized to 

the foliar fresh weigh of control plants, at 9 and 12 days post-treatment to adjust for water 

content among treatments. Compounds were identified by comparison to the in-house 

database and library (Table 2) created using Personal Compound Database and Library 

Software (version B04.00, Agilent Technologies, Santa Clara, CA, USA). The Find by 

Formula (FbF) algorithm in MassHunter Workstation software (version B07.00 

Qualitative Analysis, Agilent Technologies, Santa Clara, CA, USA) was used in 

conjunction with Personal Compounds Database and Library (PCDL) software (version 

B04.00, Agilent Technologies, Santa Clara, CA, USA) for metabolite identification. The 

agile integrator was used for peak area extraction. Chromatograms were then evaluated 

manually to eliminate misidentifications and to correct integration. Results were later 

analyzed using Mass Profiler Professional (MPP) software (version B.12.61, Agilent 

Technologies, Santa Clara, CA, USA). 
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6.3.5. Microscopy  

Morphology of leaf and root surfaces was evaluated using mature E. plantagineum 

plants collected from a field site at Wagga Wagga NSW (N: -35.06, E: 147.35). In 

addition, seeds were germinated under laboratory conditions to examine the root hairs on 

developing radicals. Plant tissues were examined using a Nikon SMZ25 stereomicroscope 

as described previously (Zhu et al., 2016a).  

6.3.6. Statistical analysis 

Statistical analysis including general linear models and polynomial regression was 

performed using Statistix (version 9, Analytical Software, Talahassee, FL, USA) and 

SPSS (version 20.0., IBM SPSS Corp. Armonk, NY, USA). The average abundance of 

NQs and PAs was analyzed using polynomial regression. Data on abundance of 

metabolites in mechanical damage and water withholding experiments was Log 

transformed, prior to analysis using factorial analysis of variance. Log transformed data 

from the competition experiment was analyzed using a completely randomized design. 

The temperature experiment was analyzed using a Latin square using a 3 x 3 replication 

x growth chamber design, with population nested within the growth-chamber factor. 

Tukey’s HSD Post Hoc test was performed on the temperature variable which was a fixed 

main effect in the design.  

6.4. Results 

6.4.1. Accumulation of plant defense metabolites  

The average abundance of NQs and PAs was analyzed across treatments using 

polynomial regression. The accumulation of secondary products changed significantly 

over time with water withholding and temperature treatment, but not in response to 

simulated herbivory (Figure 1; Table S2). Levels of NQs and PAs in untreated plants were 



 

157 

 

stable over the course of the experiment (Figure 1). Treated plants responded to water 

withholding by an increase in accumulation of NQs three days following the initial 

watering and subsequent water withholding treatment, in comparison to the watered 

control. A significant decrease (P = 0.048) of NQ abundance was observed at three days 

but not thereafter (Figure 1 a). Mechanical damage did not significantly influence total 

abundance of PAs and NQs monitored (Figure 1 c, d). Elevated temperature impacted the 

accumulation of NQs and PAs. NQ abundance increased significantly over time in T1 (P 

= 0.001) and T3 (P = 0.005) (Figure 1 e). The accumulation of PAs also increased over 

time in all treatments (Figure 1 f); however, increase over time was significant only for 

T1 (P = 0.009).   
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        Naphthoquinones          Pyrrolizidine alkaloids 

 

 

 

Figure 1 The impact of water withholding (a, b), mechanical damage (c, d) and 

temperature (e, f) over time on the average abundance of naphthoquinones (NQs) in roots 

and pyrrolizidine alkaloids (PAs) in shoots. Error bars represent mean values (±SE). 

Statistically significant regression (P < 0.05) is indicated by *; d - days; h - hours; wk - 

weeks. 

 

6.4.2. Effects of water withholding  

Fresh weight of treated plant foliage significantly decreased after 9 days (P < 

0.0001) (Figure 2) from an average of 24.76 g in control plants to 6.17 g in treated plants; 

in diameter from 29.31 cm to 24.50 cm (P = 0.0118) and longest leaf length from 15.31 

cm to 13.13 cm (P = 0.028) (Table S3), indicating that water withholding significantly 

reduced plant growth over a 4 week period. Water withholding did not significantly 
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impact total leaf number in individual plants but a significant interaction between 

treatment and time was observed. Plant biomass rapidly increased after re-wetting at day 

9 of the water-withholding treatment to 10.61 g by 12 days, a ca. 60 % increase in fresh 

weight following watering and reabsorption after a 3 day waiting period. 

 

Figure 2 Impact of water withholding on fresh weight and morphological changes on 

aboveground plant parts. Significant difference in plant fresh weight was observed over 

time (P < 0.05). Plants from the 9-day treatment were watered after sampling. Error bars 

represent ± SD values. 

 

The production of certain bioactive metabolites was significantly up or down 

regulated  in response to water withholding (Figure 3). Deoxyshikonin (P = 0.001) and 

shikonin (P = 0.0089) were significantly more abundant in extracts of roots under water 

stress (Table S2). In contrast, the levels of three toxic alkaloids; echiumine-N-oxide B (P 

= 0.0127), lepthantine-N-oxide (P = 0.0244) and 3-O-acetylechimidine-N-oxide (P = 

0.0330), declined significantly in treated plants. The abundance of 3-O-acetylechimidine-

N-oxide (P = 0.0129) differed significantly over time, with a markedly lower abundance 
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at day 9 of treatment in comparison to day 3. A similar pattern was also observed for the 

PA echiumine-N-oxide A (P = 0.0206).  

 

 

 

Figure 3 The impact of water withholding on the accumulation of NQs: deoxyshikonin 

(a) shikonin (b) and PAs 3-O-acetylechiumine (c), echiumine-N-oxide B (d), echimidine-

N-oxide A (e) and lepthantine-N-oxide (f), 3, 9 and 12 d-days from treatment. Water 

withholding treatment had a significant effect (P < 0.05) on all of presented metabolites. 

Error bars represent mean values (± SE). 

6.4.3. Effects of mechanical damage 

Mechanical damage (simulated herbivory) did not impact leaf number, diameter 

or leaf length in plants later grown up over a 4 week period following treatment; however, 
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foliar fresh weight of control plants was on average 3.3 g lower than those affected by 

mechanical damage (P = 0.0277). Significant differences were observed with respect to 

two key bioactive metabolites with damage, with deoxyshikonin (P = 0.0078) and 3-O-

acetylechimidine-N-oxide (P = 0.0315) (Figure 4) significantly upregulated in damaged 

plants (Table S4); levels were highest in comparison to control at 6 hours after treatment 

and were 100% and 37% higher than the untreated plants for deoxyshikonin and 3-O-

acetylechimidine-N-oxide respectively.  

 

Figure 4 The impact of mechanical damage (simulated herbivory) on production of 

deoxyshikonin (a) and 3-O-acetylechimidine-N-oxide (b). Both metabolites were 

significantly upregulated in treated plants (P < 0.05). Error bars represent mean values (± 

SE). 

 

6.4.4. Impact of temperature  

Significant variation in leaf morphology and growth were noted in E. 

plantagineum seedlings at each harvest among various temperature regimes, and 

differences were most significant at 3 to 4 weeks after treatment initiation. Diameter, 

longest leaf length and fresh weight were significantly lower in the highest temperature 

regime in comparison to lower temperature treatments (Table S5).  

Production of NQs increased significantly in roots exposed to the highest 

temperature regime over time (Figure 5) with greatest differences observed after 4 weeks 
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of exposure. Both deoxyshikonin (P = 0.016) and β-hydroxyisovalerylshikonin (P = 

0.032) were upregulated after exposure to the highest temperature regime, T3 after 4 

weeks of growth.  Moreover, a significant upregulation of shikonin was also noted at 3 

weeks following the initiation of the T3 treatment (P = 0.002) (Figure 6). 

PA content in seedling shoots were generally less impacted by temperature 

treatment. However, 7-angeloylretronencine-N-oxide, was significantly downregulated in 

shoot extracts of T3 treatments (Figure 5).  
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Figure 5 The impact of elevated temperature on production of naphthoquinones and 

pyrrolizidine alkaloids 4 weeks from treatment initiation. Heat map was generated using 

Mass Profiler Professional Software (Agilent, Santa Clara, CA, USA) on log2 

transformed data. The abundance of NQs and PAs was normalized to the compound of 

highest abundance in each group. Statistically significant (P < 0.05) effects of temperature 

are indicated by * and of population by #. 
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Figure 6 Significant impact of temperature on abundance of shikonin 3 weeks post 

treatment (P = 0.002). Error bars represent mean values (± SE). 

 

Populations of E. plantagineum responded similarly to temperature treatment with 

few metabolic differences observed among populations. However, a few notable 

exceptions were observed; 7-O-acetyllycopsamine-N-oxide A differed (P = 0.015) 

between analyzed populations 4 weeks post treatment. Additionally, there was a 

significant population effect observed in NQ production [shikonin (P = 0.027) and 

deoxyshikonin (P = 0.01)], and PA abundance [(echiumine-N-oxide B (P = 0.013) and 

echiuplatine-N-oxide (P = 0.007)] under different temperature regimes (Figure S1, S2; 

Table S6). In this case plants collected from Talbingo, New South Wales, accumulated 

70 to 80% higher concentrations of shikonin (Figure S1) and 7-O-acetyllycopsamine-N-

oxide A (Figure S2) in elevated temperatures in comparison to other populations 

examined. Echiumine-N-oxide B increased by 50% after high temperature exposure in in 

plants from the White Cliffs population (Figure S1), but generally overall population 

effects were limited. 

6.4.5. Competition experiment 

NQ levels were generally and sometimes significantly increased in plants grown 

in co-habitation as reflected in the competition treatment (Figure 7) with three-fold 

increases in acetylshikonin (P = 0.0205) and up to twenty-fold increases in 
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isovalerylshikonin (P = 0.0320) which were significantly upregulated (Figure 7). Only 

one NQ, α-methylbutyrylshikonin (P = 0.0042), was downregulated as a result of co-

habitation (Table S7). 

 

Figure 7 Impact of competition on accumulation of naphthoquinones. Compounds with 

significantly different abundance (P < 0.05) between treatments were designated with 

different letters. Error bars represent mean values (± SE).  
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6.5. Discussion  

Plants exhibit diverse and dynamic interactions with their surrounding 

environment both above- and belowground (Bais et al., 2006). Most higher plants are able 

to successfully adapt to moderate environmental stresses and herbivore and pathogen 

infestation using a variety of mechanisms (Akula and Ravishankar, 2011; Fürstenberg-

Hägg et al., 2013; Ryalls et al., 2016). As plants are sessile and have typically coexisted 

with herbivores for millions of years, the evolution of highly specialized defense 

mechanisms has resulted in enhanced survival (Schuman and Baldwin, 2015). Defense 

mechanisms of exotics can be more functional in new ranges (Vivanco et al., 2004; 

Callaway and Maron, 2006) but in some cases these mechanisms may not fully protect 

exotics from environmental pressures not previously encountered (Alpert et al., 2000). 

Stress can also direct plant resources towards competitive traits that benefit exotics in the 

recipient communities (Alpert et al., 2000). In general, the ability to better withstand 

environmental stress is thought to result in broader colonization of invasiveness and more 

successful reproduction and spread (Bennett and Wallsgrove, 1994; Akula and 

Ravishankar, 2011; Bartwal et al., 2013). 

Echium plantagineum is a well-defended weedy species that has successfully 

established in Australia and grows prolifically in winter and early spring, developing a 

large rosette with potential to produce up to 10,000 seeds per plant following flowering 

(Parsons and Cuthbertson, 2001). The taproot of E. plantagineum successfully penetrates 

the soil to scavenge for water and facilitates the ability to withstand drought for extended 

periods (Gibbs, 1971; Parsons and Cuthbertson, 2001; Weston et al., 2011). Unique leaf 

morphology includes the presence of abundant pubescence on ab- and adaxial leaf 

surfaces plus tiny glandular trichomes producing numerous PAs (Ryan, 2014). These 

structures contribute to an aboveground system of both inducible and constitutive 

defenses in this species and may also result in significant protection against herbivory. 
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Today one can find this species across a range of extreme Australian climatic conditions 

and diverse habitats, from the outback to alpine climes, and subjected to extreme stress 

caused by drought, temperature and herbivory (Figure 8). Root-produced NQs have been 

shown to play an important role in belowground root defense, exhibiting both potent 

antimicrobial and allelopathic effects associated with the production of a body of 

bioactive NQs known specifically as shikonins. The firm and often woody carrot-like 

taproot further enables the plant to withstand long periods of drought and attack by 

belowground herbivores. 
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Specifically, leaf and shoot pubescence provided by glandular and simple trichomes 

covering the ab- and adaxial leaf surface of E. plantaginuem results in moisture 

conservation and chemical protection against herbivores due to the presence of PAs, both 

in the leaf and on the leaf surface, including those potentially excreted by small glandular 

trichomes (Figure 8 a) (Ryan, 2014). Belowground NQs were accumulated in the root 

periderm (Figure 8 b) and were reported to be actively released into the rhizosphere by 

decomposition over time as well as root hair exudation (Figure 8 c) (Zhu et al., 2016a), 

further protecting roots from pathogens (Brigham et al., 1999; Papageorgiou et al., 1999; 

Weston et al., 2012). NQs also contribute to allelopathic interference with germinating 

plants (Weston et al., 2012; Garcia Duran et al., 2014) especially when E. plantagineum 

established in dense monocultures. The upregulation of the NQ biosynthetic pathway has 

been clearly shown to be associated with increased resistance to plant stressors which 

include fungal pathogens, root-associated herbivores and other plants (Brigham et al., 

1999; Papageorgiou et al., 1999; Zhang et al., 2010).  

In plants that have successfully colonized despite of a challenging environment, 

the physiological integration of above- and belowground metabolism plays an essential 

role in range expansion, defense against predators, ability to withstand stress and 

preservation of metabolic energy. In the case of E. plantagineum, stressors such as 

drought and elevated temperature were shown to result in moderately enhanced 

production of the shikonins associated with allelopathic and antimicrobial activity. In 

contrast, decreased accumulation of PAs in shoot tissues was observed after exposure to 

drought and temperature stress. Although, the trends in the accumulation of NQs and PAs 

were clear there likely is an intermediate biochemical mechanism regulating the 

production of these metabolites as their up- or downregulation was explained at low levels 

(Table S2).  Similar reverse resource allocation was also observed by Jamil et al. (2014) 
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in experiments with E. plantagineum studying PA and NQ production in response to 

actual and prolonged insect herbivory. Exposure to aboveground herbivory by a generalist 

herbivore resulted in enhanced PA production in leaves and smaller reductions in NQ 

content in roots. Kaplan et al. (2008) also found that the integration of root and foliar 

metabolism occurred as a response to plant herbivory. In the case of Nicotiana tabacum 

exposed to belowground nematode infestation, the accumulation of root-produced 

nicotine, a toxic alkaloid, was reduced in the foliage but leaf herbivory resulted in re-

allocation of metabolites and nutrient resources to roots, thereby preserving valuable 

nutrients located in root storage organs. Gargallo-Garriga et al. (2015) also reported that 

simultaneous exposure to high temperature and drought resulted in accumulation of 

primary metabolites in the roots and stimulation of secondary metabolites in the foliage 

of Holcus lanatus and Alopecurus pratensis (Gargallo-Garriga et al., 2015). It is 

increasingly evident that some plants, including E. plantagineum, carefully regulate 

metabolite ratios and nutrient allocation in response to environmental stresses (Gargallo-

Garriga et al., 2014). 

An integrated system of both constitutive and inducible defense mechanisms 

would logically enhance both plant defense and protection against environmental 

stressors in successful invasive plant species. However, these mechanisms must be well-

coordinated for effective deployment (Franceschi et al., 2005). Echium plantagineum 

plants produced in controlled environments in replicated experiments clearly showed an 

inducible upregulation of metabolite production following exposure to thermal stress, 

water deficit and mechanical damage with respect to the production of NQs (Figure 3 and 

6). In contrast, plants raised under optimal growth conditions (Zhu et al., 2016b), showed 

no variation in the accumulation of defense metabolites and generally a lower abundance 

of NQs (Figure 1). 
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Recently, researchers have correlated the enhanced production of secondary plant 

metabolites in response to the production and accumulation of reactive oxygen species 

(ROS) (Bartwal et al., 2013; Selmar and Kleinwachter, 2013). Chemically reduced forms 

of phenolic metabolites possessed significant antioxidant activity as scavengers of free 

radicals, thus protecting sensitive plant cells from excessive accumulation of ROS 

(Bartwal et al., 2013). The accumulation of flavonoids and other phenolic compounds as 

a result of UV exposure in Arabidopsis thaliana was observed within 24 h following 

treatment (Hectors et al., 2014). Similarly, the biosynthesis of anthocyanins was enhanced 

under drought conditions and production was associated with protection against drought 

stress (Akula and Ravishankar, 2011). In the present study, the abundance of precursors 

in the NQ biosynthetic pathway, deoxyshikonin and shikonin, increased by > four-fold 

within three days of exposure to moderate water deficit (Figure 3). However, severe water 

withholding resulted in significantly reduced overall NQ levels as well as plant growth 

(Figure 2). Moderate drought stress, however, significantly reduced the accumulation of 

PAs, possibly due to the additional energy conferred towards root metabolism of NQs 

and their related precursors (Ryalls et al., 2016) under water withholding conditions. The 

general decreased abundance and downregulation of PAs under moderate drought 

confirms the hypothesis that plants subjected to non-herbivory stresses are less well 

defended from herbivore attacks due to lower accumulation of toxic PAs   (Schuman and 

Baldwin, 2015).  

Interestingly, mechanical damage or simulated herbivory stimulated the 

production of two key metabolites deoxyshikonin and 3-O-acetylechimidine-N-oxide 

which were rapidly upregulated, in some cases within hours of exposure, and these 

remained elevated for at least three days following treatment (Figure 4). Differences in 

the plant’s chemical defense responses between simulated herbivory (mechanical 
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damage) and actual herbivore attack as observed by Jamil et al. (2014) are potentially 

related to notable differences induced by the plant’s stressor-specific signalling pathways. 

Echium plantagineum previously responded rapidly and significantly to both mechanical 

and insect-mediated herbivory, as shown by Jamil et al. (2014), but the magnitude of the 

response was less significant in mechanically damaged plants, suggesting that other 

chemical cues associated with actual herbivory are likely important in elicitation of a 

broad defense response.   

The activation of wound-related plant defense genes or signaling pathways is 

often observed in minutes up to hours after exposure to predators (León et al., 2001). The 

concentration of ROS typically increases after exposure to the stress stimuli and is later 

translated to the gene expression in subsequent secondary signaling pathways and 

production of bioactive molecules (Sewelam et al., 2016), depending on the type of 

stressor (Schuman and Baldwin, 2015). It has been shown that plants produce herbivore-

associated elicitors, followed by an early hormonal signaling response, most frequently 

involving jasmonic acid (Schuman and Baldwin, 2015), a well-characterized molecule 

that mediates a plant’s defense response and secondary metabolism (León et al., 2001; 

Ye et al., 2013; Xu et al., 2016). Upregulation of jasmonic acid was also observed as a 

result of heat shock and was followed by the increase in accumulation of sesquiterpenes, 

defense metabolites found in Aquilaria sinensis (Xu et al., 2016). Jasomonates stimulated 

the production of sorgoleone, a lipid allelopathic benzoquinone exuded by sorghum root 

hairs (Uddin et al., 2013; Weston et al., 2013a). Elicitors such as methyl jasmonate and 

jasmonic acid were noted to cause an upregulation of six genes involved in sorgoleone 

biosynthesis and supported the concept that sorgoleone functions in plant defense and/or 

protection of the root in the response to stress (Uddin et al., 2013).  
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In this study, mechanical damage resulted in the upregulation of deoxyshikonin 

and 3-O-acetylechimidine-N-oxide (Figure 4) within less than six hours. Other studies 

have also confirmed that plants induce abiotic and biotic stress responses after perceiving 

mechanical damage. Genes related to herbivore signalling and abiotic stress were 

activated in minutes following mechanical treatment (Walley et al., 2007). In contrast, 

more gradual changes in the concentrations of NQs were observed after exposure to high 

temperature treatment, whereas differences in PA expression were limited. Although 7-

O-acetyllycopsamine-N-oxide was significantly decreased in abundance following heat 

stress, it was converted to its more toxic form under these same conditions (7-O-

acetyllycopsamine) (Figure 5). Kato-Noguchi (2009) found that elicitors and signalling 

molecules involved in plant stress response increased the concentrations of momilactone 

B released to rice rhizosphere. This phytotoxic and allelopathic metabolite exhibits 

antimicrobial activity and also inhibits plant growth with no apparent impacts on rice 

growth. The production of momilactone B also appears to be an inducible defense 

mechanism regulated by environmental factors and providing competitive advantages to 

rice plants (Kato-Noguchi, 2009).  

When stress associated with limited resources and herbivory, plants typically 

experience trade-offs in the production of their respective defense metabolites (Schuman 

and Baldwin, 2015), but can rapidly respond by the reallocation of resources and 

elicitation of induced responses. In our studies, the significantly elevated levels of NQs 

in root extracts of stressed plants were also typically associated with reduced levels of 

PAs in shoot extracts. Constitutive expression of PAs (Hartmann, 1999) was possibly 

affected by the decrease in availability of resources as shifts in carbon resources to the 

roots occurred in association with NQ production (Figure 8) (Ryalls et al., 2016). 

Additionally, the shifts in NQ following stress treatment concentration suggest very fast 
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upregulation of genes associated with NQ biosynthesis in the roots and a local abundance 

of associated precursors (Zhu et al., 2016a) that can act as a carbon-bank. These molecules 

can likely be readily catabolized or converted to other forms (Skoneczny et al., 2016) 

resulting in rapid metabolic turnover belowground. Consequently, the slower response in 

PA upregulation in response to foliar stress might be a consequence of the inability of 

PAs to be readily catabolized to other related forms or tight regulation of  a complex 

biosynthetic pathway (Ober and Hartmann, 2000).  

Extreme or altered climatic conditions often expose plant populations to 

directional selection pressures following extended periods of thermal and/or water stress 

(Hoffmann and Sgro, 2011). The best examples of rapid evolutionary adaptation caused 

by environmental factors involve invasive plants of short life cycle (Müller-Schärer et al., 

2004), such as E. plantagineum. These species have been suggested to adapt more readily 

to climate change by rapid evolution post-introduction (Hoffmann and Sgro, 2011). 

Adaptation in plants can occur due to selective pressures including temperature, 

photoperiod, climate, competitors, predators or neighbouring species (Lee, 2002). 

Consequently, stress-induced changes in the plants’ genome and transcriptome have been 

shown to evolve in less than twenty generations of selection pressure (Prentis et al., 2008). 

In the case of E. plantagineum very limited chemical variation was noted among 

genotypes suggesting that the biosynthesis of both NQs and PAs was highly conserved 

among populations examined.  

6.6. Conclusions 

Metabolic adjustments are critical for acquired stress tolerance in plants 

(Krasensky and Jonak, 2012) and also for the regulation of plant defense responses 

(Bennett and Wallsgrove, 1994). Altered metabolism can impact both plant development 

and related physiology (Akula and Ravishankar, 2011; Krasensky and Jonak, 2012), 
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however, research on the chemistry of plant defense and stress physiology in plants is an 

emerging discipline (Krasensky and Jonak, 2012). Our results demonstrate that the 

invasive species, E. plantagineum, possesses morphological adaptations and biochemical 

mechanisms that have contributed to its ability to respond to biotic and abiotic stressors, 

thereby facilitating survival under diverse climatic conditions. Production of these 

secondary metabolites in response to plant stress is induced as well as constitutive but 

both mechanisms have been proven effective in enabling successful competition of this 

invasive species in its non-native range. Future studies evaluating the direct impact of 

plant stress on gene expression and resulting biosynthesis of related secondary 

metabolites in E. plantagineum roots and shoots are now underway. 
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Chapter 7 

 

Home and away: A comparison of above- and belowground chemical 

defense in Echium plantagineum L. an invasive weed in Australia 

 

The objective of this study was to test the ‘novel weapons’ hypothesis by 

comparing the ecological impacts of E. plantagineum establishment and production of 

secondary metabolites in its native range in the Iberian Peninsula and also its invaded 

range in Australia (see H3, Chapter 2). The results obtained in Chapter 6 indicated that 

the production of selected secondary metabolites in E. plantagineum is impacted by 

environmental factors and by exposure to specific stressors, including intraspecific plant 

competition. Climatic conditions in the Riverina in Wagga Wagga, New South Wales, 

Australia and Andalusia in southern Spain are somewhat similar, suggesting that 

mechanisms other than local environment may be important in influencing E. 

plantagineum invasion. Therefore, a comparative biogeographical approach was 

undertaken to provide vital clues related to the biology and invasion success of the alien 

species E. plantagineum in Australia. The expansive invasion of E. plantagineum was 

thus assessed at the molecular, chemical and ecological level. In past studies performed 

with other species these aspects were investigated individually but not in combination 

(Ledger et al., 2015; Pal et al., 2015; Thorpe et al., 2009). Thus, information on species 

richness, genetic structure and accumulation of secondary products in E. plantagineum 

indicated that more than one factor contributes to successful plant invasion. 
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The detailed nature of this study and its focus on metabolic profiling to study 

above- and belowground secondary plant products has provided a platform for clearer 

understanding of the importance of novel weapons, genetic diversity and plant 

competitive traits in plant invasion and ecological succession. The results of this study 

suggest that there is no single hypothesis that accounts for the successful invasion of E. 

plantagineum, but several factors likely play an important role in impacting its spread 

across Australia. 

This manuscript is submitted for review to New Phytologist and is written in 

American English. 
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M., Montesinos, D., Laney Smith, A., Weston, P. A., Gurr, G. M., Callaway, R. M., & 

Weston, L. A. (2016). Home and away: A comparison of above- and belowground 

chemical defenses in Echium plantagineum L. an invasive weed in Australia. New 

Phytologist. Submitted for review. 
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7.1.Summary 

• Bioactive plant metabolites have been associated with successful plant invasion 

but few studies have compared the chemistry of introduced species in both native 

and introduced ranges. This study evaluated accumulation of bioactive secondary 

metabolites in Echium plantagineum, a European native invasive in Australia.  

• Field surveying was performed in the Iberian Peninsula and Australia to assess 

pyrrolizidine alkaloid (PAs) and naphthoquinone (NQs) abundance, genetic 

structure and species richness in E. plantagineum infested sites. Metabolites were 

profiled using liquid chromatography coupled to quadrupole time of flight mass 

spectrometry; genetic structure was determined using DNA sequence analysis.  

• Our results demonstrate biogeographical differences in metabolism, ecology and 

genetics of E. plantagineum. Australian populations exhibited different 

biochemical signatures, genetic structure and grew in denser, less biodiverse 

stands than European populations. Australian populations exhibited greater 

genetic diversity and produced three-fold lower concentrations of PAs in shoots 

and six-fold higher concentrations of NQs in roots than Spanish plants.  

• Our findings suggest that a combination of escape from natural enemies, exposure 

to climate-driven natural selection, adaptive evolution and production of chemical 

weapons contribute to the remarkable success of E. plantagineum in Australia. In 

contrast, plants in the native range retain the ability to defend against intensive 

herbivory. 

7.2.Introduction  

In recent years, plant invasion has become of great economic (Pimentel et al., 2005; 

Hoffmann & Sgro, 2011) and ecological interest (Callaway et al., 2011; Vilà et al., 2011) 

as exotic invaders have adversely impacted established ecosystems and local biodiversity 

(Callaway et al., 2011; Vilà et al., 2011). Ecologists have proposed that exotic species 

excel in the invaded range as a result of escape from natural enemies (Keane & Crawley, 

2002). However, others have noted that successful invaders exhibit considerable genetic 

diversity (Lee, 2002), undergo rapid natural selection (García et al., 2013) or evolve 

useful competitive traits (Blossey & Notzold, 1995; Maron et al., 2004; Prentis et al., 
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2008), all of which are believed to contribute to enhanced invasion. Significant 

modification of plant competitive traits has also been associated with successful invasion 

by rapid evolutionary adaptation (Prentis et al., 2008), which is facilitated by exposure to 

altered climatic conditions and genetic drift (Hoffmann & Sgro, 2011; García et al., 

2013). 

When successful invaders interact with native plants, they typically compete for 

resources and also defend themselves against pathogens and herbivores (Tenenboim & 

Brotman, 2016) using both physical and chemical mechanisms (Skoneczny et al., 2015; 

Weston et al., 2015; Tenenboim & Brotman, 2016). Although structural features are 

constitutive, chemical defenses can be induced after invasion through the production of 

bioactive metabolites produced constitutively or by induction after exposure to biotic and 

abiotic stressors (Wittstock & Gershenzon, 2002; Akula & Ravishankar, 2011).  

Although the exact function and regulatory mechanisms of most secondary 

metabolites in plants are not well understood, over 50,000 plant secondary metabolites 

have been identified (Weston et al., 2015). This vast chemical diversity is likely the 

consequence of the lengthy process of adaptive evolution in plants encountering diverse 

ecosystems and environments over millions of years (Osbourn et al., 2003). In sufficient 

concentrations, certain secondary metabolites adversely affect the growth and 

development of other plants. These secondary products, also known as allelochemicals, 

can be directly released into the rhizosphere by root exudation or secretion, or into the 

surrounding environment by volatilization or leaching following decomposition (Bertin 

et al., 2003).  

Plant secondary metabolites can also have profound influences on trophic 

interactions, herbivory, nitrogen cycling, nutrient chelation and regulation of the soil 

microbiome (Inderjit et al., 2011). They may also play an important role in the process of 
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plant invasion. Some successful invaders have been shown to produce allelochemicals or 

defensive metabolites in the presence of native or naïve species. These allelochemicals 

are commonly referred to as “novel weapons” and are proposed to be released by invasive 

plants once introduced into the new range, with profound impacts on native vegetation, 

soil microbes and other organisms (Callaway & Aschehoug, 2000; Callaway & Ridenour, 

2004; Kim & Lee, 2011). 

Recently, metabolomics has been used to study complex biosynthetic pathways and 

metabolites in higher plants (Weston et al., 2015). Bioactive plant metabolites can be 

precisely studied at various phenological stages or within a specific ecosystem at a 

particular point in time using metabolomics approaches that allow for simultaneous 

screening of hundreds of metabolites in the plant and its surrounding environment. The 

complexity of the plant metabolome has generally required intensive development of 

appropriate methods for profiling (Fiehn, 2001; Rochfort, 2005; Weston et al., 2015; 

Tenenboim & Brotman, 2016). Researchers have recently applied metabolomics 

platforms to study the production of bioactive plant products and their roles in the plant, 

the rhizosphere and the surrounding environment (Schauer & Fernie, 2006; Kusano et al., 

2015; Nakabayashi & Saito, 2015; Skoneczny et al., 2015; Fernandez et al., 2016; 

Skoneczny et al., 2016a; Zhu, Xiaocheng et al., 2016). Metabolic profiling has indicated 

that plants can successfully adapt their defensive strategies based on the composition of 

the surrounding plant community (Tenenboim & Brotman, 2016).  

Numerous studies have also shown that environmental factors including biotic and 

abiotic stressors have significant impacts on production of plant defensive metabolites 

(Gargallo-Garriga et al., 2015; Skoneczny et al., unpublished). Metabolic profiling has 

also been used to successfully identify key metabolites involved in crop defense 

mechanisms against pathogens (Tenenboim & Brotman, 2016) as well as allelochemicals 
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produced by invasive weeds interfering with the growth of neighbors (Thorpe et al., 2009; 

Weston et al., 2013; Skoneczny et al., 2015). 

 The plant metabolome reflects the activity of specific genes regulating metabolite 

biosynthesis (Field et al., 2006), and is utilized to explore the impact of genetic × 

environmental interactions that influence the production of secondary metabolites. 

Successful plant competitors often exhibit considerable genotypic and phenotypic 

plasticity, and together with the production of defense metabolites may facilitate 

adaptation to challenging environmental conditions.  

Echium plantagineum (Paterson’s curse) is an example of an invasive weed that 

exhibits considerable genetic diversity in both its native range, the Iberian Peninsula, and 

also its introduced range, which includes Australia (Burdon & Brown, 1986; Grigulis et 

al., 2001). Although it may have initially been introduced as an ornamental in the 1800’s 

(Piggin, 1982), recent findings suggest it was brought to Australia on multiple occasions 

with the importation of Merino sheep from Europe (Zhu et al., 2016a). It has now spread 

over 33 M ha in southeastern Australia and is reported to cause over $250M AUD in 

losses to the Australian livestock and cropping industries (Natural Resource 

Management, 2015). In the Iberian Peninsula, it occurs mainly in biodiverse mixtures, 

whereas in Australia it often establishes monocultures (Grigulis et al., 2001; Parsons & 

Cuthbertson, 2001; Sheppard & Smyth, 2012).  

Similar to other species in the Boraginaceae, E. plantagineum produces significant 

concentrations of pyrrolizidine alkaloids (PAs) in its leaves (Weston et al., 2013; 

Skoneczny et al., 2015). PAs are responsible for livestock poisoning and hepatotoxicity. 

They are also associated with anti-herbivory and in unadapted herbivores can be 

carcinogenic and mutagenic. Pyrrolizidine alkaloids are stored in plants as non-toxic N-
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oxides and after consumption by grazing livestock or tissue injury are rendered toxic 

(Hartmann, 1999; Alali et al., 2008).  

Paterson’s curse has recently been noted to produce a complex mixture of 

naphthoquinones (NQs), specifically shikonins, in the periderm of its living roots (Table 

1) (Papageorgiou et al., 1999; Skoneczny et al., 2017). Shikonins are red colored 

lipophilic metabolites used in eastern medicine due to their potent antimicrobial, anti-

inflammatory, antithrombotic, and wound-healing properties (Brigham et al., 1999; 

Papageorgiou et al., 1999; Albreht et al., 2009).  Bioactive NQs including shikonin, 

acetylshikonin and deoxyshikonin are also phytotoxic and can purportedly inhibit 

respiration and electron transport processes in addition to directly inhibiting the activity 

of various enzymes (Brigham et al., 1999; Papageorgiou et al., 1999; Weston et al., 2011). 

The production of PAs and NQs in E. plantagineum is affected by biotic and abiotic 

plant stress (Skoneczny et al., unpublished), including drought, herbivory and 

competition with other plants. We also observed substantial plasticity with respect to the 

production or regulation of these metabolites. To date, metabolite production in this 

species has not yet been investigated in its native vs. its introduced range. Further insight 

into the chemical defenses of this species in its native and invaded ranges may lend insight 

into mechanisms associated with its invasion success, particularly in stressful 

environments. 

We performed a series of studies using E. plantagineum as a model to further explore 

the mechanisms associated with invasion success by comparing (1) the genetic structure 

of geographically diverse populations collected from diverse geographic locations in 

Australia and the Iberian Peninsula, (2) the impact of E. plantagineum establishment on 

species richness in the Iberian Peninsula (home) and Australia (away), and (3) key plant 
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defense metabolites in above and below-ground tissues of field-grown plants  across the 

Iberian Peninsula (native range) and southeastern Australia (invaded range).  

7.3.Materials and methods 

7.3.1. Biological material 

Plant populations in Spain and Australia were sampled between 2013 and 2015 

within specified bioregions exhibiting typically high infestation of E. plantagineum 

(Figure S1, Table S1). These bioregions included an area within a 200 km radius of Cadiz, 

in southern Spain and a similar radius around Wagga Wagga, in southeastern Australia. 

Both regions sustain large herds of grazing livestock including cattle and sheep, and also 

produce wheat and cereal crops. These regions had similar climatic conditions (Table S2) 

and both experienced spring infestations of E. plantagineum from 2013-2015. Distant 

biogeographic zones in each region (Table S1) were also included as an additional 

comparison to provide more comprehensive genetic and metabolomic population 

analyses, particularly for those in the Iberian Peninsula. 

Echium plantagineum was sampled in late spring at each location at the time of 

first flowering (late May and June in the Iberian Peninsula and October to early November 

in Australia). At least 13 geographically distinct populations (Table S1) were located for 

study in both regions. Echium plantagineum stands were surveyed for species richness 

and also noted to occur rarely and in sparse stands in the Iberian Peninsula and in contrast, 

in relatively dense stands in southeastern Australia. A minimum of nine plants was 

collected from each of 13 sampled locations in each region and to minimize individual 

plant variation, tissues were pooled to form composite samples of three plants per sample 

for all analyses of secondary metabolites unless otherwise stated (Table S1). Plant 

material was harvested from each site for periderm, shoot and leaf DNA extraction which 

were performed after brief storage for less than 24 h at 4°C following field collection.  
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7.3.2. Sequence analysis 

Studies were performed using DNA sequence analysis to compare the genetic 

diversity and structure of populations of E. plantagineum from Australia and the Iberian 

Peninsula. A total of 117 E. plantagineum individuals were sampled for genetic analysis, 

based on our ability to collect or source plant specimens, and final analyses were 

performed on 60, 10, 11, 14 and 22 samples collected from Australia, northern Spain, 

Portugal, central Spain and southern Spain, respectively (Table S1).  

All samples were sequenced across three chloroplast regions (trnH-psbA spacer, 

trnL intron and trnL-trnF spacer) previously selected for DNA polymorphism. Genomic 

DNA isolation, PCR, sequencing and downstream analysis were performed as described 

by Zhu et al. (2017). The Bayesian Markov chain Monte Carlo (MCMC) tree of E. 

plantagineum collected from Australia and its native range was inferred using Mr Bayes 

software (v. 3.2. with 1,000,000 generations) (Ronquist & Huelsenbeck, 2003) using the 

concatenated information from each chloroplast regions. An HKY model was used in the 

Bayesian MCMC analysis as suggested by J-Model Test 2.1.4 (Darriba et al., 2012). 

Indels were coded using simple indel coding method (Simmons & Ochoterena, 2000) by 

GapCoder (Young & Healy, 2003). 

7.3.3. Evaluation of species richness 

In 2014 and 2015, eighty-six 1 m2 quadrats were assessed in each of seven 

geographically distinct locations in southeastern Australia and six locations in Spain (Fig. 

S1; Table S1). Further sampling in Spain was limited by the number of populations 

sourced as the established infestations were rarely encountered. Up to twenty quadrats 

were randomly positioned within each of the Echium populations under study and 

represented a gradient of Echium density. For each plot, the number of E. plantagineum 

individuals and other plant species were recorded (see Pal et al. 2015). In both ranges, 
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species richness and Echium density were assessed using a General Linear Mixed Effects 

Model. Variation of selected morphological traits was also noted in randomly selected 

quadrats in the Iberian Peninsula and southeastern Australia. Longest leaf length, 

flowering stem height and leaf number was recorded for five largest plants in 15 plots in 

Australia and 5 plots in southern Spain.  

7.3.4. Chemical solvents  

HPLC grade solvents including acetonitrile, ethanol (VWR Chemicals, Tingalpa, 

Australia), methanol (Burdick and Jackson, Gillman, Australia) and water (Merck, 

Darmstadt, Germany) were used for metabolic profiling and extraction. Analytical 

standards of acetylshikonin, deoxyshikonin, and dimethylactylshikonin were purchased 

from Chemfaces (Wuhan, China), shikonin from Biomol (Hamburg, Germany), and 

crotaline and formic acid of > 99% purity were obtained from Sigma-Aldrich (Castle Hill, 

Australia). The mass spectrometry tuning mix and reference ion mix were purchased from 

Agilent Technologies (Santa Clara, CA, USA). 

7.3.5. Plant extraction 

Echium plantagineum shoot and periderm tissues were harvested as described 

above, maintained chilled in a cooler and stored at 4 °C until extraction was performed 

separately by tissue type within 24 h of collection (Skoneczny et al., 2015; Skoneczny et 

al., 2016b). Samples were obtained from infestated sites across the Iberian Peninsula and 

in Australia (Table S1). Each sample was comprised of a composite of three plants from 

the same site combined in equal proportions before extraction.  Methanolic leaf extracts 

were processed by a Buchi high pressure automated solvent extractor (Buchi, 

Switzerland) and were further purified for PA analysis using solid phase extraction (SPE) 
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strong cation exchange cartridges (Strata SCX, 500 mg, 3 mL; Phenomenex, Torrance, 

CA, USA) following the protocol of  Colegate et al. (2005). 

7.3.6. Metabolite analysis  

 Root and shoot extracts were analyzed for metabolites of interest, specifically PAs  

in shoots and NQs (shikonins) in roots using UHPLC/ MS QTOF (ultra-high pressure 

liquid chromatography coupled to quadrupole time-of-flight mass spectrometry). Root 

and shoot extracts were separated on a C18 Poroshell column (2.1 mm × 100 mm, 2.7 µm 

particle size) (Agilent Technologies, Santa Clara, CA, USA) with attached SB-C8 guard 

column (2.1 mm × 12.5 mm, 5 µm particle size) (Agilent Technologies, Santa Clara, CA, 

USA) and profiled separately for 26 metabolites (Table 1) with a model 6530 QTOF mass 

detector (Agilent Technologies, Santa Clara, CA, USA). Shoot extracts were separated 

and profiled as described previously using a gradient of acetonitrile with 0.1% formic 

acid (v/v %) in positive ion mode (Skoneczny et al., 2015). Root periderm extracts were 

profiled for NQs and related molecules using the methods of Skoneczny et al. (2016a). 

Mobile phase flow rate was 0.4 mL/min. Separation was obtained using a gradient of 

solvent A (water, 0.1% formic acid) and solvent B (95% acetonitrile, 0.1% formic acid). 

The gradient was initiated with 10% B for 2 min and then increased to 60% B within 3 

min and remained at 60% B for 1 min. After 12 min the gradient reached 100% B and 

continued at 100% B for 4 min, and returned to 10% B after 16 min. The column was 

equilibrated for 7 min before each run with 10% B. MS detection parameters for profiling 

of periderm extracts in negative ion mode were as described by Skoneczny et al., (2016a). 

The UHPLC/MS QTOF was calibrated and tuned as specified by Agilent 

Technologies and equilibrated prior to the first injection. Quality control (QC) samples 

were prepared by pooling small aliquots from multiple extracts to represent the full matrix 

composition. One QC sample was injected every 15 samples, followed by a blank. 
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Samples were run in a completely randomized design. The instrument was cleaned and 

calibrated between randomized sample batches. 

Table 1 Plant secondary metabolites profiled in root periderm and shoot extracts of 

Echium plantagineum.  

 
No Name Formula Accurate 

mass 

Ionization Compound 

groupa 

1 Leptanthine-N-oxide C15H25NO7 331.1631 POS PANO 

2 Echimiplatine-N-oxide C15H25NO7 331.1631 POS PANO 

3 Uplandicine-N-oxide C17H27NO8 373.1737 POS PANO 

4 Intermedine-N-oxide C15H25NO6 315.1682 POS PANO 

5 Lycopsamine-N-oxide C15H25NO6 315.1682 POS PANO 

6 7-Angeloylretronencine-N-oxide C13H19NO4 253.1314 POS PANO 
7 7-O-Acetyllycopsamine C17H27NO6 341.1838 POS PA 

8 7-O-Acetyllycopsamine-N-oxide A C17H27NO7 357.1788 POS PANO 

9 7-O-Acetyllycopsamine-N-oxide B C17H27NO7 357.1788 POS PANO 

10 9-O-Angelylretronencine-N-oxide C13H19NO4 253.1314 POS PANO 

11 Echimidine-N-oxide A C20H31NO8 413.2050 POS PANO 

12 Echiuplatine-N-oxide C20H31NO7 397.2101 POS PANO 

13 Echimidine-N-oxide B C20H31NO8 413.2050 POS PANO 

14 3’-O-Acetylechimidine-N-oxide C22H33NO9 455.2155 POS PANO 

15 Echiumine-N-oxide A C20H31NO7 397.2101 POS PANO 

16 Echiumine-N-oxide B C20H31NO7 397.2101 POS PANO 

17 3’-O-Acetylechiumine-N-oxide C22H33NO8 439.2206 POS PANO 
18 Shikonin C16H1605 288.0997 NEG NQ 

19 α-methylbutyrylshikonin C21H24O6 372.1572 NEG NQ 

20 β-hydroxyisovalerylshikonin C21H24O7 388.1522 NEG NQ 

21 Acetylshikonin C18H18O6 330.1103 NEG NQ 

22 Propionylshikonin C19H20O6 344.1259 NEG NQ 

23 Deoxyshikonin C16H16O4 272.1048 NEG NQ 

24 Isobutyrylshikonin C20H22O6 358.1416 NEG NQ 

25 Dimethylacrylshikonin C21H22O6 370.1416 NEG NQ 

26 Isovalerylshikonin C21H24O6 372.1572 NEG NQ 
a NQ = naphthoquinone, PA = pyrrolizidine alkaloid, PANO = pyrrolizidine alkaloid N-

oxide 

7.3.7. MS data processing 

Compounds of interest including PAs and NQs were identified by comparison to 

the Metlin library and a previously created in-house database and library (Table 1) using 

personal compound database and library (PCDL) software (version B04.00, Agilent 

Technologies, Santa Clara, CA, USA). The find by formula (FbF) algorithm in 

MassHunter Workstation software (version B07.00 Qualitative Analysis, Agilent 

Technologies, Santa Clara, CA, USA) was used in conjunction with PCDL software 
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(version B04.00, Agilent Technologies, Santa Clara, CA, USA). The Agile integrator was 

used for peak area extraction. Chromatograms were manually evaluated to eliminate 

misidentifications and to correct integration. Results were exported to a Compound 

Exchange File (CEF) for visualization and analysis using Mass Profiler Professional 

(MPP) software (version B.12.61, Agilent Technologies, Santa Clara, CA, USA). 

7.3.8. Non-targeted analysis 

MS QTOF data from root extracts were initially analysed using the batch recursive 

feature extraction for small molecules via Profinder software (version B 06.00, Agilent 

Technologies, Santa Clara, CA, USA). The retention time was restricted to 4.0 - 14.0 min, 

with the vast majority of metabolites eluting in this timeframe. Entities of m/z 50.0-900.0 

were investigated in the analysis to include NQ-related compounds, NQ dimers and 

trimers. Peaks of absolute height > 5000 counts were integrated using the Agile2 

integrator. Among four analysed groups (southern Spain; Portugal; northern Spain and 

Australia), 554 entities were present in at least one sample. The resulting files were 

converted to CEF format prior to importation to Mass Profiler Professional (MPP) 

software (version B 07.00, Agilent Technologies, Santa Clara, CA, USA). Data were 

aligned, filtered and log(2) transformed. Entities that were present in at least three samples 

and in at least 50% of samples within analysed groups were further evaluated using 

analysis of variance (ANOVA). Entities (246) that differed significantly (P < 0.05) among 

the analysed groups were used in principal component analysis.  

7.3.9. Statistical analysis 

Statistical analysis including polynomial regression and general linear models was 

performed using Statistix (version 9, Analytical Software, Talahassee, FL, USA) and 

SPSS (version 20.0., IBM SPSS Corp. Armonk, NY, USA). The data were tested for 
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homogeneity of variance using Levene’s test and square root or log transformed 

accordingly. Tukey’s HSD Post Hoc test was performed to assess main effects. Inter-

regional differences for E. plantagineum density and species richness were assessed by 

means of Generalized Linear Models with Poisson distribution of errors by using the glm 

procedure on package stats in R 3.3.2, in which either E. plantagineum density or species 

richness were the study variables, and range was the fixed factor. 

7.4.Results 

7.4.1. Genetic analysis  

Eleven diverse haplotypes of E. plantagineum were detected globally using DNA 

sequence analysis. Six haplotypes were observed in populations surveyed across NSW 

and VIC in Australia, and fewer were found in samples collected from northern Spain (5), 

Portugal (5), central Spain (3) and southern Spain (4) (Table 2). Haplotype 2 was 

dominant in Australia and accounted for 70% of all haplotypes detected. However, the 

southern Iberian Peninsula (represented by samples collected from Portugal, central and 

southern Spain) was dominated by haplotype 10 (Fig. 1). Northern Spain and northern 

Portugal were sites of moderate diversity as four haplotypes were observed at similar 

frequencies in these regions. No significant genetic structure was observed among E. 

plantagineum populations from Portugal, central Spain and southern Spain, but 

populations from northern Spain and Australia exhibited significantly different genetic 

structure than those from southern and eastern Iberian locations (Table 3). 

  



 

198 

 

Table 2 Echium plantagineum haplotypes found in Australia and in the Iberian Peninsula.  

Region n 
n 

hap 
H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 

Australia 60 6 * * * * * *      

Northern Spain 10 4  *  *   * * *   

Portugal 11 5  * *   *    * * 

Central Spain 14 3   *   *    *  

Southern Spain 22 4  *     *  * *  

n: number of samples successfully sequenced at the three chloroplastic regions. n hap: 

number of haplotypes detected. * indicates the presence of particular haplotype. 

 

 

Table 3 Pairwise comparison (shown as FST value) of genetic structure between Echium 

plantagineum populations. Statistical significance indicated as *** P ≤ 0.001 and ** P ≤ 

0.01. 

  Australia Northern Spain Portugal Central Spain Southern Spain 

Australia (NSW&VIC)      

Northern Spain 0.25946***     

Portugal 0.30053*** 0.14535**    

Central Spain 0.47302*** 0.29795*** -0.01006   

Southern Spain 0.32169*** 0.23515** 0.00291 0.087   

 

The network analysis performed to evaluate the genetic structure of E. 

plantagineum populations revealed considerable diversity of E. plantagineum haplotypes 

observed in within Australia and the Iberian Peninsula (Fig. S2). Genetic structure was 

noted among various populations, with haplotype 8 specific to northern Spanish 

populations, haplotype 11 specific to Portuguese populations and haplotypes 5 and 1 

present only in the Australian range. However, further sampling is required to provide 

complete survey of the diversity in the native range. Unfortunately, significant stands of 

E. plantagineum proved difficult to find in all regions surveyed across the Iberian 

Peninsula and plants were sampled from every major infestation surveyed. MCMC 

clustering indicated that a variety of haplotypes were present across all populations (Fig. 

S3).  

Echium plantagineum populations from northern Spain showed highest genetic 

diversity (h = 0.8667, π = 0.002883) (Nei, 1987). Central Spanish populations showed a 
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similar level of haplotype genetic diversity (h = 0.5604) to Australian and southern 

Spanish populations, but much lower nucleotide diversity (Nei, 1987) (π = 0.000553; 

Table 4).  

Table 4. Haplotype (h) and nucleotide (π) diversity of Echium plantagineum populations 

collected from Australia, Galicia (Northern Spain), Portugal, central Spain and Andalusia 

(Southern Spain). 

 h π 

Australia 0.4960 ± 0.0745 0.001581 ± 0.001027 

Northern Spain 0.8667 ± 0.0714 0.002883 ± 0.001832 

Portugal 0.7818 ± 0.1073 0.001285 ± 0.000951 

Central Spain 0.5604 ± 0.1245 0.000553 ± 0.000517 

Southern Spain 0.5714 ± 0.0815 0.001403 ± 0.000967 

 

 

Fig. 1 Distribution of haplotypes (Table 2) of Echium plantagineum in southeastern 

Australia (NSW and VIC) and the Iberian Peninsula (samples collected in Portugal, 

southern Spain, central Spain and northern Spain). The size of the spherical pie chart 

indicates the relative sample size in each region. 
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7.4.2. Population growth and species richness 

Echium plantagineum growth and infestation were compared in the field in the 

Iberian Peninsula and in southeastern Australia when plants reached physiological 

maturity in the spring. Flowering E. plantagineum plants were significantly taller in the 

non-native Australian range than in the Iberian Peninsula. The number of leaves per plant 

was similar between ranges, but plants in Australian populations had longer leaves (P = 

0.024) and were taller (P = 0.044) (Fig. 2 and Table S3).  

 

 

Fig. 2 Variation of selected morphological traits between the five largest plants in 

randomly selected plots from locations in NSW Australia (n = 75) and Andalusia in the 

Iberian Peninsula (n = 25).  Significantly different (P < 0.05) traits were designated with 

different letters. 

 

The mean density of E. plantagineum in surveys was more than three-fold higher 

in Australian than in the Iberian Peninsula (Z = 35.01, P < 0.001), whereas quadrats in 

the native range were nearly three-fold more species rich than in the non-native range (Z= 

-14.81; P  < 0.001) (Fig. 3).  
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Fig. 3 Species richness regressed against Echium plantagineum density in Iberian 

Peninsula (n = 86 m2 plots) and in southeast Australia (n = 86 m2 plots). 

 

7.4.3. Chemical analysis 

Plants collected from geographically distinct populations across southern Spain (a 

200 km radius from Cadiz) accumulated significantly lower mean total concentrations of 

NQs in contrast to plants collected in Australia (P < 0.0001) (a 200 km radius around 

Wagga Wagga, NSW). Mean total NQ content was up to six-fold higher in root periderm 

tissues of Australian populations surveyed in comparison to south Spanish populations. 

In contrast, PAs were significantly more abundant in the foliage of Spanish plants (P < 

0.01), exhibiting a three-fold higher concentration of PAs when compared to Australian 

populations (Fig. 4 and Table S4).  
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Fig. 4 Mean total abundance of (a) NQs and (b) PAs in Australian and Spanish 

populations of E. plantagineum. Significantly different (P < 0.05) relative abundance 

(RA) was designated by different letters. Error bars represent standard errors. 

 

Of the nearly 20 NQs and related compounds observed in root periderm extracts, 

nine were positively identified using metabolic profiling by UHPLC/MS QTOF (Table 

1) and four were significantly more abundant in plants from Australian populations when 

compared to Spanish populations. However, deoxyshikonin, isobutyrylshikonin, and α-

methylbutyrlshikonin levels were not significantly different among regions (Fig. 5 and 

Table S5). Deoxyshikonin, the precursor of all NQs evaluated, was found to be present at 

trace levels in periderm tissues obtained from both the native and introduced ranges 

sampled. 
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Fig. 5 Heat map visualization of the log(2)-transformed abundance of profiled NQs 

(Table 1). Statistical significance is indicated as; * P < 0.05 ****, P < 0.001 and **** P 

≤ 0.0001. # denotes heteroscedasticity of the data.  

 

Foliar extract analysis revealed that 13 PAs were significantly more abundant in 

the leaves of Spanish plants in comparison to plants collected in Australia, while three 

PAs were not significantly different between ranges and were present in low abundance 

(Fig. 6 and Table S6).  
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Fig. 6 Heat map of the log(2)-transformed abundance of profiled PAs (Table 1). Statistical 

significance is indicated as; * P < 0.05; ** P ≤ 0.01; *** and P ≤ 0.001. # denotes 

heteroscedasticity of the data. 

 

Root periderm extracts contained > 300 unidentified molecular features (potential 

metabolites) when evaluated using non-targeted analysis. Nearly 250 entities differed 

significantly among Australian and Iberian populations under evaluation. Principal 

component analysis revealed that all samples collected across southern Spain clustered 

together as did all Australian samples. Root periderm profiles from samples collected 

from southern Spain clustered differently than those obtained from northern Spanish and 
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Portuguese populations. Australian samples were clearly unique to those collected from 

the Iberian Peninsula. 

 

Fig. 7 Principal component analysis on 246 significantly (P < 0.05) upregulated or 

downregulated entities found using an untargeted approach for periderm profiling. 

Twenty-two geographically distinct populations were analyzed; 14 from Australia, 4 from 

southern Spain, 2 from northern Spain and 2 from Portugal (Table S1).  These samples 

represented all that were collected over a two-year period in the Iberian Peninsula. 

Component 1, 2 and 3 contributed to separation by 25.94%, 10.54% and 8.48%, 

respectively. 

 

Mean total NQ concentration in the periderm of E. plantagineum was highest in 

Portuguese and Australian populations and lowest in southern Spanish populations (Fig. 

8). Both Portuguese and southern Spanish regions were significantly different in NQ 

concentrations in comparison to all examined populations (P < 0.0001) (Table S7). The 

abundance of NQs was highest overall in Portuguese populations, followed by Australian, 

northern Spanish and southern Spanish populations, on a per gram fresh weight of root 

periderm tissue basis. 
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Fig. 8 Mean total abundance of NQs in Australian and Iberian Peninsular populations of 

Echium plantagineum. Significantly different regions were designated with different 

letters (P < 0.0001). Error bars represent the standard errors. RA – relative abundance. 

 

In direct contrast, PAs present in E. plantagineum foliar extracts were the most 

abundant in Andalusian plants from southern Spain compared to other European and 

Australian plants. However, the abundance of PAs was not significantly different from 

that in Portuguese populations. South Spanish samples, however, possessed up to three-

fold higher abundance of PAs in comparison to Australian and northern Spanish samples 

(Fig. 9 and Table S7).  
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Fig. 9 Mean total abundance of PAs in Australian and Iberian Peninsular populations of 

Echium plantagineum. Significantly different regions were designated with different 

letters (P = 0.0028). Error bars represent standard errors. RA – relative abundance. 

7.5.Discussion 

Our results demonstrated that the invasion of Echium plantagineum is associated 

with chemical shifts in secondary metabolism. Differences in carbon allocation between 

defense and offense metabolism resulted in the formation of unique biochemical 

signatures characteristic to the bioregions. Plants in the native range exhibited enhanced 

production of defense metabolites (PAs) to potentially protect themselves from predators 

while less attacked plants in Australia invested more energy towards the production of 

offense metabolites (NQs) and became clearly more competitive in the novel 

environment. These biochemical signatures are likely a result of a combination of 

adaptive and evolutionary changes and impact of environment. 

Australian populations of E. plantagineum were noted to possess a different 

genetic structure and haplotypes in comparison to those in the native range (Table 2; 

Table 3). The presence of unique haplotypes 5 and 1 (Fig. 1) in Australia could be 

potentially associated with undetected diversity in the native range, post-introduction 
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evolutionary adaptation or limited sampling size (Prentis et al. 2009). Therefore, it is 

difficult to determine from this study if sample size and the limited establishment of E. 

plantagineum in the native range across Spain and Portugal in 2013-2015 impacted 

diversity results, and if the haplotypes of E. plantagineum that were not found in Australia 

were actually not physically introduced or did not survive post-introduction due to natural 

selection pressure or genetic bottlenecks. 

Genetic structure of E. plantagineum collected from northern Spain was 

significantly different from other native populations (Table 2). In contrast, no significant 

genetic structure was found among E. plantagineum from Portugal and central and 

southern Spain. Genetic variance noted within the Iberian Peninsula could be related to 

evolutionary processes occurring over long periods of time in the native range and also 

to post-glacial movement and spread (Sax et al., 2007; Prentis et al., 2008). A high level 

of genetic diversity was found in E. plantagineum populations collected from both the 

native Iberian range and the non-native Australian range (Table 4; Fig. S1, S2 and S3). 

Accordingly, high genetic diversity of exotics usually implies high plasticity and rapid 

natural selection and adaptation (Lee, 2002; Jose et al., 2013; Zhu et al., 2014; Shaik et 

al., 2016). Genetic drift or evolutionary adaptation can promote invasiveness in higher 

plants and further enhance the development of competitive traits (Lee, 2002; Prentis et 

al., 2008). 

Environmental factors are also critical in shaping tolerance and plasticity in 

invasive plants (Lee, 2002). The environment can be a driving force for adaptation, 

natural selection and range expansion in exotics (Clements & Ditommaso, 2011; 

Hoffmann & Sgro, 2011). Performance traits which are targeted for climate-driven 

selection include a short life cycle, prolific reproduction, high growth rate, tolerance to 

environmental extremes and effective defensive and competitive abilities (Whitney & 
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Gabler, 2008; Clements & Ditommaso, 2011). The invasive nature of Echium 

plantagineum in Australia could have potentially been enhanced over time through 

natural selection and exposure to extreme climatic conditions encountered across 

southern Australia. Echium plantagineum typically produces up to 10,000 seeds per plant 

(Grigulis et al., 2001; Parsons & Cuthbertson, 2001) that germinate or are incorporated 

into the seedbank in southeastern Australia at significantly higher rates than those in its 

native range (Grigulis et al., 2001). In Grigulis’ 1999 study, selected Australian and 

Portuguese populations were assessed for seed production, seed bank dynamics and 

seedling survival. This comparative approach indicated that E. plantagineum seedlings 

established at five times greater rates and deposited significantly more seeds to the soil 

seedbank in Australia over several growing seasons. Interestingly, seedling survival was 

lower in Australian populations than in native Portuguese populations (Grigulis et al., 

2001). Although the authors compared selected demographic parameters in only two 

populations in each region, they suggested that such a detailed comparative approach on 

plant growth and resulting fecundity could enhance our understanding of the mechanisms 

controlling Echium invasion.  

Although there are some climatic similarities between southern Australia and the 

climate in Andalusia Spain, southern Spain generally receives lower summer rainfall 

(Table S2), whereas Australian populations are more likely to be exposed to extreme heat 

(Murphy & Timbal, 2008) and high UV-B radiation (Hughes, 2003). Climatic extremes 

have been reported to drive adaptive modifications and genetic changes in higher plants 

(Maron et al., 2004; Sax et al., 2007). Although E. plantagineum is now widespread 

across its invaded range in Australia and is subject to climatic extremes, its congener E. 

vulgare has remained a niche colonizer in Australia, invading biogeographic regions with 

cooler temperatures and higher elevations (Zhu et al., 2017). The abundance of both 
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species, however, is similar in their native range (Gibbs, 1971). Thus, higher genetic 

diversity and lower genome size in E. plantagineum along with potential for adaptive 

modifications may have contributed to its invasiveness and also assisted in overcoming 

the genetic bottlenecks that may have limited range expansion of its congener (Zhu et al., 

2017).  

In a recent commentary, Lau and Schultheis (2015) emphasized that there is no 

universal explanation associated with successful plant invasion, thus researchers should 

consider the synergy of underlying mechanisms when considering factors influencing this 

process. These mechanisms may have additive effects or trigger a different plant response 

if acting in concert. For example, the enemy escape hypothesis (Keane & Crawley, 2002) 

may operate in association with high resource availability and the unique characteristics 

of a particular ecosystem. Moreover, it is entirely possible that plant invaders can evolve 

increased competitive abilities (Blossey & Notzold, 1995), escape from natural enemies 

and produce defense metabolites at the same time (Callaway & Ridenour, 2004; Lau & 

Schultheis, 2015).  

The inherent ability of E. plantagineum to optimally regulate its defense-offense 

metabolism both above- and belowground may also influence its ability to successfully 

invade (Skoneczny et al., unpublished). Echium plantagineum has shown to be a strong 

defender with flexible defense metabolism and precise resource allocation (Skoneczny et 

al., unpublished). We show here, that in the non-native range constitutive defense 

metabolites, PAs, were produced in lower concentrations (Fig. 4 & 6). Consequently, 

more energy was available to the plant in the non-native range towards the production of 

offense metabolites - NQs (Fig. 4 & 5). We note that defensive and offensive metabolites 

were produced in below- and aboveground plant parts in an inverse relationship in plants 

in the native and the invaded range, with high levels of NQs and lower levels of PAs in 
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plants in Australia, and vice versa in the native range. Thus, it may be that the enhanced 

production of NQs is a result of higher resource availability due to escape from enemies 

and lower energy input to the aboveground defense, as well as evolutionary and adaptive 

changes. 

The distribution of resources in E. plantagineum appears to be regulated by 

exposure to different environments including biotic and abiotic stressors. In this study, 

nearly three-fold more PAs were produced in the native range, where they serve to defend 

against herbivores and other aboveground enemies; in contrast, six-fold higher levels of 

NQs were produced in the non-native range in conditions where the plant was likely 

exposed to a reduced number of herbivores or co-evolved aboveground enemies. The 

accumulation of PAs in the Iberian Peninsula could be stimulated by exposure to natural 

enemies through induction; or also by genetic differences in pathway regulation which 

have evolved over time, as PA production is thought to be constitutive (Hartmann, 1999). 

In recent studies however, we observed enhanced production of defense metabolites in E. 

plantagineum upon exposure to simulated leaf herbivory indicating an inducible defense 

system for both PAs and NQs (Jamil et al., 2014; Skoneczny et al., unpublished). 

Differences in the composition of E. plantagineum periderm extracts between 

plants collected from the two broad geographic regions may be associated with 

environmental or genetic differences (Fig. 7). Biosynthesis of NQs in the periderm of 

invasive E. plantagineum could be differentially regulated in contrast to periderm of 

native plants. Australian and southern Spanish samples showed broad differences in 

metabolic profiles reflected in the principal component analysis. Consequently, in the 

light of the novel weapons hypothesis (Callaway & Aschehoug, 2000) which suggests 

that an invasive species differs in the production of bioactive metabolites in native and 

non-native ranges (Kim & Lee, 2011; Macel et al., 2014), Paterson’s curse also appears 
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to regulate the production of defense metabolites differently between its native and 

invasive ranges and varying environments. The success of exotics such as E. 

plantagineum can sometimes be attributed to production of metabolites that are unique in 

their recipient communities in the invasive range (Cappuccino & Arnason, 2006).  

The actual impact of bioactive metabolite production on plant invasion processes 

is currently unclear. Several studies have suggested that plants producing secondary 

metabolites are less frequently attacked by predators. Additionally, secondary metabolites 

can suppress pathogenic microorganisms (Zhang et al., 2009) or impact the germination 

of competing plant species (Rashid & Reshi, 2012). These effects are often more 

pronounced in exotics (Yuan et al., 2012). For instance, root extracts of Solidago gigantea 

were disproportionally phytotoxic to species from the non-native range of S. canadensis 

than plants in the species’ native range (Pal et al., 2015). We found that the far higher 

production of major NQs in the periderm of Australian E. plantagineum likely resulted in 

the release of significant quantities of bioactive metabolites by secretion and exudation 

into the rhizosphere (Zhu et al., 2016b). Also, the production of NQs in Australian plant 

populations was stimulated by intraspecific plant competition (Skoneczny et al., 

unpublished) indicating that NQs may play a role in suppressing other species as they 

were shown to be phytotoxic (Weston et al., 2011).  

Some invasive plants exhibit strong competitive abilities associated with efficient 

and enhanced resource acquisition which may translate into increased production and 

release of foliar metabolites or root exudates, particularly when exposed to stress or 

interference by other plants (Feng et al., 2007; Qin et al., 2013). Enhanced allelopathic 

potential has also been suggested to influence population structure and reduce species 

richness and biodiversity in non-native regions as opposed to the endemic ranges 

(Callaway & Ridenour, 2004; Ledger et al., 2015; Pal et al., 2015). Numerous studies 
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have shown increased production of secondary metabolites in several invasive plants 

collected from their non-native ranges in contrast to plants in the native range. Similar to 

the results of this study, increased production of secondary products was also associated 

with decreased biodiversity and species richness in recipient communities (Cipollini et 

al., 2005; Thorpe et al., 2009; Callaway et al., 2011; Ledger et al., 2015; Pal et al., 2015). 

In the case of S. canadensis, the production of three major groups of secondary 

metabolites (total flavones, phenolics and saponins) was higher in the non-native range 

than in the native range. Plant and microbial interactions mediated by these compounds, 

such as suppression of neighbors and defense against herbivores, were altered in the 

introduced range. Solidago canadensis in its introduced range was observed to be more 

competitive than those plants collected from the native range (Yuan et al., 2012). 

Clear evolutionary divergences between populations of E. plantagineum in their 

native and non-native ranges of the Iberian Peninsula and Australia have not been 

previously observed. However variation in chemistry and genetics between the native and 

non-native populations, as well as within populations across the Iberian Peninsula itself, 

could be associated with changes caused by either rapid or longer term adaptive evolution 

(Colautti & Barrett, 2013). In Macaronesia, endemic Echium spp. most likely evolved 

from a single colonization event into a number of remarkably different species in response 

to habitat differences and isolation on different islands (Romeiras et al., 2011). These 

findings indicate the strong potential for genetic adaptation in Echium spp. and also 

suggest that Macaronesian Echium species have developed metabolic difference that 

might lead to successful colonization and species radiation.  
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Table 5 Summary of the results and possible explanations for the invasion success of E. 

plantagineum.  

Trait Data 
Native 

range 

Non-native 

range 
Possible explanation 

NQs Fig. 4 & 5 Lower Higher 

EEH; EICA; NWH (Blossey & 

Notzold, 1995; Callaway & 
Aschehoug, 2000; Keane & 

Crawley, 2002) 

PAs Fig. 4 & 6 Higher Lower EEH (Keane & Crawley, 2002) 

Leaf 

Morphology 
Fig. 2 Smaller Larger EEH (Keane & Crawley, 2002) 

Genetic 

structure 

Fig. 1; S2; S3 

& Table 3 
Variable 

Variable among 

native and non-

native range 

Evolution; Natural selection 

(Lee, 2002; Prentis et al., 2008) 

Species 

richness 
Fig. 3 

Non-

suppressive 
Suppressive 

NWH (Callaway & Aschehoug, 

2000) 

EEH – enemy escape hypothesis; EICA – evolution of increased competitive ability; 

NWH – novel weapons hypothesis. 

 

In conclusion, our studies suggest that E. plantagineum invasion is related to 

several factors that influence plant performance (Lau & Schultheis, 2015). We suggest 

that E. plantagienum plants can optimize the regulation of defense metabolites and 

undergo rapid evolutionary adaptation in the invaded range to enhance its performance in 

new environment (see Van Kleunen et al., 2010; Gurevitch et al., 2011). Adaptation and 

speciation of Echium in the Iberian Peninsula and its adaptation in Australia would have 

occurred under selective environmental pressures characteristic of each region, resulting 

in the clear regional differences observed in genetics, chemistry and ecology of both 

native and non-native populations. The development of unique genotypes and 

biochemical traits in both ranges may also be associated with exposure to diverse and 

extreme climatic conditions. Lower energy input into the development of plant defense 

metabolites aboveground in the non-native range could potentially be explained by the 
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enemy escape hypothesis, or in this case the lack of selection pressure in Australia for 

aboveground defense systems due to a lack of co-evolved enemies.  

Our results indicate that post-introduction adaptation could be one of the main 

reasons for success of E. plantagineum and that adaptive changes were related to the 

metabolism of E. plantagineum. Invasive populations of E. plantagineum may benefit 

from increased competitive ability due to the enhanced production of a suite of 

antimicrobial and allelopathic root-produced NQs. Similarly, it appears that 

environmental conditions are responsible for regulation of NQs. The finding that E. 

plantagineum may adapt its regional defensive strategies by producing population-

specific metabolites in its roots and shoots both at home and away was unexpected. In 

addition, other factors including enhanced genetic diversity, reproductive fitness, and the 

stronger expression of competitive growth traits may also have facilitated invasion 

success in Australia.  
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Chapter 8 

 

Identification of genes involved in shikonin biosynthesis in Echium 

plantagineum – setting a basis for future research 

 

This PhD project explored the impact of environment on the production of plant 

defence products in Echium plantagineum. It further investigated the ecological roles of 

naphthoquinones (NQs) (Chapter 4 and Appendix 1) and pyrrolizidine alkaloids (PAs) 

(Chapter 5) in plant invasion (Chapter 7 and Appendix 2) and improved our 

understanding of the integrated above- and belowground plant response to stress (Chapter 

6). Although the production of PAs and NQs is fairly well conserved among E. 

plantagineum populations within biogeographic regions in Australia, several differences 

in accumulation of NQs were noted (Chapter 4, 5 and Appendix 2). In contrast to PA 

metabolism, NQ production was most responsive to plant exposure to environmental 

stressors. NQ production likely indirectly impacted metabolism through resource 

allocation. However, the regulation of biosynthesis and genes controlling the biosynthesis 

of NQs in Echium spp. remain unclear at this time. This project paved the way for future 

investigation of the shikonin biosynthetic pathway in Echium spp. (Chapter 4) and set up 

the basis for studies further evaluating the underlying regulatory mechanism of 

biosynthesis.  

The objective of this chapter was to further describe the experimental approach 

system that is now under development, allowing for detailed examination of NQ 

expression in different chemo-types and tissues of E. plantagineum. Studies presented in 



 

222 

 

this chapter will be further utilized in our research approach focused on identification and 

expression of genes involved in the NQ biosynthetic pathway. 
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8.1. Introduction 

Shikonins are secondary plant products that are also referred to as 

naphthoquinones (NQs) and isohexenylnaphthazarins (IHNs). They are produced by 

young roots of borage species and are accumulated in periderm (Papageorgiou et al., 

1999; Weston et al., 2011). Shikonins are red pigments whose biosynthesis is triggered 

by stress; however, their production was also observed in unstressed plants (Brigham et 

al., 1999). Similar to other NQs, shikonins possess a multitude of ecological functions. 

Shikonins possess antimicrobial, antifungal, anticarcinogenic, and phytotoxic activities 

and likely play a role as potent allelochemicals or novel weapons (Brigham et al., 1999; 

Papageorgiou et al., 1999; Zhang et al., 2010). They are also currently used in 

pharmacology and in the chemical industry as dyes (Gara et al., 2015; Malik et al., 2016; 

Papageorgiou et al., 1999). In spite of their significance, the production and regulation of 

their biosynthesis still remains underexplored (Malik et al., 2016).  

Shikonins are derived from phenylpropanoid and isoprenoid precursors whose 

biosynthesis is activated under stress conditions (Singh et al., 2010). Extensive studies 

have revealed most of the steps in shikonin biosynthesis, to date, indicating key precursors 

and enzymes regulating their biosynthetic pathways. The first key enzyme in shikonin 

biosynthesis is PHB geranyl transferase which couples 4-hydroxybenzoic acid (PHB) and 

geranyl pyrophosphate (GPP) to form m-geranylPHB. However, the steps in the 

biosynthesis of shikonin from m-geranylPHB as well as conversion to shikonin-

derivatives are speculative (Brigham et al., 1999; Papageorgiou et al., 1999).  

m-GeranylPHB is a product of the reaction catalysed by PHB geranyl transferase 

and is the first shikonin-pathway specific product. Since it is likely the most important 

point of regulation in shikonin biosynthesis, Bohem et al. (2000) tested the regulatory 

mechanism of this reaction. Authors introduced the prokaryotic ubiA gene responsible for 

PHB geranyl transferase production to Lithospermum erythrorhizon (Boraginaceae). 
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Although ubiA expression was high enough to produce 50 times more m-geranylPHB, 

actual shikonin was increased by only 22%. These results suggested that the regulation 

of m-geranylPHB synthesis may be more complex than originally suggested (Boehm et 

al., 2000). Additional research was performed by Singh et al. (2010) who investigated 

production of shikonin in Arnebia euchroma (Boraginaceae). Authors suggested that 

PHB is synthesised using the phenylpropanoid biosynthetic pathway, but GPP may be 

produced utilizing either the mevalonate biosynthetic pathway (MVA) or plastidal 2-C-

methyl-D-erythritol 4-phosphate pathway (MEP). A recent transcriptomic approach 

indicated that GPP is mainly produced by the MVA pathway (Singh et al., 2010). The 

study investigated 12 genes coding for enzymes in shikonin biosynthesis; three from PP 

pathway, nine from MVA pathway and one gene regulating the coupling of PHB and 

GPP. Results showed that all genes evaluated from the PP pathway were involved in the 

biosynthesis of shikonin. Gene expression was positively correlated with shikonin 

production in the following genes: AePAL coding phenylalanine ammonia lyase, AeC4H 

coding cinnamic acid 4-hydroxylase, Ae4-CL coding 4-coumaroyl-CoA ligase; AePGT 

coding p-hydroxybenzoate-m-geranyl transferase and also in the only gene in the MVA 

pathway, AeHMGR coding 3-hydroxy-3methylglutaryl-CoA reductase (Singh et al., 

2010). Multiple researchers have determined that a unified genomic and transcriptomic 

approach provides information on gene regulation and signalling pathways (Boehm et al., 

2000; Buchanan‐Wollaston et al., 2005; Hentrich et al., 2013; Uddin et al., 2013). Further 

integration of metabolomics and transcriptomics in gene and metabolite studies clearly 

aids in the elucidation of key steps in the biosynthesis of NQs and other metabolites and 

also in an understanding of their roles (Hirai et al., 2005; Saito and Matsuda, 2010; Saito 

et al., 2013; Sakurai et al., 2013). Ultimately it can assist in revealing key intermediates 

and their derivatives involved in shikonin biosynthesis. 
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This study aimed to develop a platform allowing further investigation of the 

mechanism(s) controlling the shikonin biosynthesis. The objectives of this study were to 

(1) evaluate if the genes controlling the biosynthesis of shikonin in E. plantagineum are 

similar to those in Arnebia euchroma; (2) design primers that will enable amplification 

of the genes involved in the biosynthesis of shikonins and later to quantitatively assess 

the expression; (3) determine genes involved in the isoprenoid and phenylpropanoid 

biosynthetic pathways are expressed locally in the periderm. Results of these studies have 

provided valuable information on the shikonin biosynthetic pathway in Echium spp. and 

set the stage for further transcriptomic analysis. 

8.2. Materials and methods 

8.2.1. Plant material 

Seeds of Echium plantagineum from 4 different populations were pre-germinated 

on moist filter paper over seven days and plants were then grown in walk-in growth rooms 

(Conviron, Melbourne, Australia) in uniform conditions, at 25/17°C day/night on a 14:10 

light/dark regime as described previously (Skoneczny et al., 2015). For the first and last 

hour of the light cycle, light intensity equalled 200 µmoles/m2/s and for the rest of the 

day 400 moles/m2/s (± 10), and relative humidity was adjusted to 55%. Plants were grown 

in 10 replicates in a randomized complete block design. Upon harvest, roots were 

thoroughly washed to remove soil and particles. Root periderm tissue was peeled and 

frozen in liquid nitrogen, along with root cortical tissues. Periderm tissues are typically 

red pigmented while the cortex is clearly non-pigmented. This characteristic was used to 

provide a basis for a ‘+’ and ‘–’ NQ expression model in this project (Zhu et al., 2016a). 

Remaining root tissues were used for the chemical extraction of plant secondary 

metabolites.  
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8.2.2. Analysis of genes involved in the biosynthesis of NQ in Echium spp. 

Total RNA was extracted from cortex and periderm using the LiCl RNA 

precipitation method (Untergasser, 2016). Approximately 100 ng of RNA was reverse 

transcribed using high-capacity cDNA Reverse Transcription Kit incorporating random 

primers for amplification (Applied Biosystems, Australia).  

Resulting cDNA was tested by Touchdown PCR (Korbie and Mattick, 2008) 

using MyTaq™ Red DNA Polymerase according to manufacturer’s instructions (Bioline, 

Australia) prior to quantitative real-time PCR (qPCR) using iTaq™ Universal SYBR® 

Green Supermix (Bio-Rad, Australia).  

Table 2 Primers designed for genes encoding enzymes involved in shikonin biosynthesis; 

bp- base pairs; Tm - melting temperature. 

Genebank Sequence Designed Primer 
Expected 

prod. 

Gene bp Acc.  

number 

Primer 

F/R 

Sequence 5' -> 3' b

p 

Tm 

[°C

] 

bp 

AeC4H 1717 
DQ417206.

3 

C4H 
F ACATCCAACCACCATTTTCC  20 45 

260 
R GTTCCTTTGTCCCATCCG 18 55.6 

C4H2 
F CACCCTTCGTCTTCGTATGGC 21 67.7 

94 
R GCTCTCGGCTGGAATGTCGT 20 68.9 

AeHMGR 815 
DQ400696.

1 

HMGR 
F GATGCCTATCGGGTATGTT 19 52.2 

223 
R GCTCTGAAGTCTGCCAAAT 19 52.3 

HMGR2 
F 

GGCACTACAGAGGCTAACTGGAAA

G 
25 66.9 

100 

R CCCGATAGGCATCTCACAACAC 22 67.6 

AeDXR 300 
DQ631832.

1 
DXR 

F TTGCTTCAAGAGAAAAGATGTTA' 23 54.7 
257 

R GTCCCGCAAGAAGAGTCAC' 19 54.8 

AePGT 1203 
DQ397513.

2 
PGT 

F TATTTGGATGGTGGGCAG 18 54.3 
373 

R ATGTAAAGCGGGTAGGCGAT 20 59.1 

Ae4-CL 2121 
DQ400697.

2 
4CL 

F TCATCAGGAACAACAGGG 18 50.8 
424 

R CAAGTTTCGCATTAGGGA 18 51.5 

F GCCCTATTCATCAGGAACAACAG 23 65.5 
202 

R AGCCCCTACTCTCAACCCACA 21 67 

26S 

rRNA 
NA NA 26S 

F ACAATGATAGGAAGAGCCG AC' 21 54 

534 
R 

CAAGGGAACGGGCTTG 

GCAGAATC' 
24 54 
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Primers for real-time PCR were designed based on the cDNA sequences available 

at NCBI (www.ncbi.nlm.nih.gov) for Arnebia euchroma using Primer 5 Software and 

synthesized by Sigma-Aldrich, Australia. A total of five sequences were used including; 

AeC4H, Ae4-CL, AeHMGR, AeDXR and AePGT (Figure 1; Table 1), to target 

corresponding genes in E. plantagineum. The 26S rRNA gene was used as a standard 

reference for qPCR. This gene was previously examined in multiple Boraginaceous 

species in time course experiments and proved to provide consistent expression (Singh et 

al., 2004; Singh et al., 2010).  

 

Figure 2 Simplified representation of the shikonin biosynthetic pathway in Boraginaceae. 

Highlighted genes were targeted in the study. The diagram is based on Singh et al., 2010.  

 

Primer validation 

Primers were evaluated using Touchdown PCR in two different conditions (Table 

2), depending on melting temperature of primers (Table 1). PCR products were resolved 

on a 1% Agarose gel (Sigma-Aldrich, Australia) and visualized using 0.1% SYBR® Safe 

http://(www.ncbi.nlm.nih.gov/


 

228 

 

DNA Gel Stain under UV light (Thermo-Fisher, Australia) and 10 µL of 100 bp DNA 

ladder (Biotum, USA) . 

Table 3 Conditions of Touchdown PCR used in the study; TD-Touchdown. 

 Low temp. TD-PCR High temp. TD-PCR 

Step Temp. [°C] Time [min] Cycles Temp. [°C] Time [min] Cycles 

Initial denaturation 95 5.0 1x 95 5.0 1x 

Denaturation in cycle 95 0.5 

2x 

95 0.5 

2x Annealing 58 0.5 62 0.5 

Extension 72 0.5 72 0.5 

Denaturation in cycle 95 0.5 

2x 

95 0.5 

2x Annealing 56 0.5 60 0.5 

Extension 72 0.5 72 0.5 

Denaturation in cycle 95 0.5 

2x 

95 0.5 

2x Annealing 54 0.5 58 0.5 

Extension 72 0.5 72 0.5 

Denaturation in cycle 95 0.5 

2x 

95 0.5 

2x Annealing 52 0.5 56 0.5 

Extension 72 0.5 72 0.5 

Denaturation in cycle 95 0.5 

30x 

95 0.5 

30x Annealing 50 0.5 55 0.5 

Extension 72 1.0 72 1.0 

Final extension 72 10 1x 72 10 1x 

 

8.3. Results 

Successful amplification of periderm cDNA was achieved for five out of nine 

primer pairs (Figure 2). Results clearly showed that cDNA allowed for amplification of 

the reference gene, but not any of those implicated in shikonin biosynthesis (Figure 3). 

For most of the targeted regions, amplification was specific. No PCR product was 

observed for the C4H primer pair. Non-specific amplification was associated with only 

four primer pairs (Table 3).  
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Table 4 Preliminary results obtained after amplification of selected cDNA regions. 

Targeted gene 
Primers 

name 

Biosynthetic 

pathway 

TD PCR 

Amplification 

AeC4H Arnebia euchroma 

cinnamic acid 4-

hydroxylase mRNA 

(complete) 

C4H PP 
Expected: 260 bp 

No amplification 

C4H2 PP 
Expected: 94 bp 

Amplified 

AeHMGR Arnebia 

euchroma 3-hydroxy-3-

methylglutaryl-CoA 

reductase mRNA (partial) 

HMGR MEV 
Expected: 223 bp 

Not specific/different 

product 

HMGR2 MEV 
Expected: 100 bp 

Amplified 

AeDXR Arnebia euchroma 

chloroplast 1-deoxy-D-

xylulose 5-

phosphate reductoisomerase

(DXR) mRNA (partial) 

DXR MEP 
Expected: 257 bp 

Not specific/different 

product 

AePGT Arnebia euchroma 

geranyl diphosphate:4-

hydroxybenzoate 

geranyltransferase mRNA 

(complete) 

PGT Shikonin 
Expected: 373bp 

Amplified 

Ae4-CL Arnebia euchroma 

4-coumarate:CoA ligase 

mRNA (Complete) 

4CL PP 
Expected: 424 bp 

Not specific/different 

product 

4CL2 PP 
Expected: 202 bp 

Not specific/amplified 

26S rRNA 26S NA 
Expected: 534 bp 

Amplified 

 

The 26S-rRNA gene (Table 3) used as reference gene and positive control was 

amplified successfully in reactions with cortex and periderm cDNA (Figure 2 and 3).  
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Figure 3 Touchdown-PCR amplification products generated using cDNA isolated from 

periderm. Products were resolved over 35 mins at 90 V on 1% agarose gel with 0.1% 

SYBR® Safe DNA Gel Stain (Thermo-Fisher, Australia). 

 

Figure 4 Touchdown-PCR amplification products generated using cDNA isolated from 

cortex. Products were resolved over 35 mins at 90 V on 1% agarose gel with 0.1% 

SYBR® Safe DNA Gel Stain (Thermo-Fisher, Australia). 

 

8.4. Discussion  

Molecular analysis of gene expression allows for identification of genes active in 

a biosynthetic pathway and allows for evaluation of expression, supplying both 

qualitative and quantitative information related to specific gene expression (Saito and 

Matsuda, 2010; Uddin et al., 2013). Such an approach was previously used to evaluate 

the MEP pathway for gene expression of Artemisia annua under water stress and standard 
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unstressed conditions. The reduced expression of two genes from the pathway under 

water stress conditions indicated a decline in the production of terpenoids. In addition, 

the transcriptomics analysis results were strongly correlated with the results of the 

metabolomics analysis (Yadav et al., 2014). Uddin et al. (2013) investigated the 

production of sorgoleone, a bioactive benzoquinone exuded from Sorghum spp. roots. 

Genes involved in regulation of sorgoleone production and exudation have been 

previously identified (Weston et al., 2013a). Upregulation of gene expression in response 

to stress-stimuli was observed in sorghum seedlings. Gene expression in genes associated 

with the sorgoleone biosynthetic pathway were upregulated and involved in the exudation 

of sorgololeone from sorghum root hairs. Such studies have led to an improved 

understanding of the induction of plant chemical defences in higher plants and an 

improved efficiency in biosynthesis of metabolites of interest (Uddin et al., 2013). 

Primers developed during this research allowed for the amplification of genes 

involved in the biosynthesis of shikonin in E. plantagineum in root periderm tissues. To 

our knowledge this is the first study that successfully explored the expression of genes of 

phenylpropanoid and isoprenoid biosynthetic pathways involved in the biosynthesis of 

shikonins in E. plantagineum. This work also confirmed that the biosynthetic pathway of 

NQs is highly conserved among species as mRNA used for the design of primers in this 

experiment was generated from sequences reported in the NCBI Genebank for the related 

boraginaceous species Arnebia euchroma (Singh et al., 2010). Further investigation to 

identify if geranyl pyrophosphate is produced through MEV or MEP pathways is now 

required to pinpoint pathway architecture (Figure 1) (Singh et al., 2010).   

Transcripts of four genes specific to the biosynthesis of shikonins were identified 

in the periderm; however, these were clearly absent in the root cortex. Our results provide 

further evidence that phenylpropanoid and isoprenoid biosynthetic pathways have 
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localized expression in E. plantaginuem that occurs specifically in specialized cells in the 

root periderm tissues only. This was previously confirmed by microscopy and 

metabolomics approaches in associated research (Skoneczny et al., 2016; Weston et al., 

2013b; Zhu et al., 2016a). The molecular primer-based transcriptomics approach can now 

be further developed and optimized for the qPCR analysis and utilized to evaluate the 

expression of shikonin biosynthesis in different genotypes, biotypes or populations with 

the ultimate goal of determination of key genes associated with production of bioactive 

shikonins.  

Although several genes of the NQ biosynthetic pathway were identified in E. 

plantagineum root periderm tissue, there are others clearly involved in the control of the 

shikonin biosynthesis (Boehm et al., 2000). One future research approach for an analysis 

of transcriptome is to utilise both NQ expressing and non-expressing tissues, specifically 

those from root peridem versus root cortex. In addition, differential display that allows 

for identification of genes active in one tissue and inactive and another tissue (Cao et al., 

2013b) could be used to compare both “+” and “-“ expression successfully due to 

localized biosynthesis site of NQs. New generation sequencing techniques in conjunction 

with comparisons to sequences available in National Centre for Biotechnology 

Information (NCBI) database will also allow for annotation of genes involved in the 

biosynthesis of NQs. These approaches should logically lead to elucidation of the 

shikonin biosynthetic pathway and its regulation in Echium spp. and other species.  
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Chapter 9 

 

General discussion 

 

This thesis is currently the most detailed study published on above- and 

belowground chemistry of a plant invader in both its native and non-native range. The 

results demonstrate that Echium plantagineum possesses both morphological and 

biochemical adaptations and mechanisms that enable it to withstand extreme climatic 

conditions and competitively establish in new environments. The novel UHPLC Q-TOF 

MS platform developed in the course of this research allowed for identification of 

unreported NQs and isomeric PAs in E. plantagineum. This platform was used for 

thorough metabolic profiling of key metabolites in several populations collected in the 

field and produced in controlled environments. The comparison of European and 

Australian populations revealed significant differences in metabolism of key defence 

metabolites produced by native and invasive populations suggesting that E. plantagineum 

can adjust its metabolism to successfully establish in different environments (Chapter 6 

and 7). Understanding the mechanisms underlying plant invasion is critical for the 

protection of world biodiversity (Keane and Crawley, 2002; Lavorel et al., 1999; Ren and 

Zhang, 2009) and in the understanding of plant evolutionary and ecological processes 

(Callaway and Maron, 2006; Prentis et al., 2008; Sax et al., 2007).  

Numerous structurally similar, difficult-to-separate and frequently challenging to 

analyse  bioactive NQs (Zhang et al., 2012) and PAs and their N-oxides (PANOs) were 

identified using developed UHPLC Q-TOF MS platform (Chapter 4 and 5) without the 
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use of analytical standards. The biosynthesis and accumulation of NQs and PAs was noted 

in E. plantagineum seedlings 24 h after germination suggesting that these metabolites are 

critical in plant defence and seedling establishment (Chapter 4, 5 and 8; Appendix 1). 

Expression of genes involved in NQ biosynthesis and accumulation of NQs was localized 

in the outer layer of the root (Chapters 4, 8 and Appendix 1). Highly bioactive NQs 

(Appendix 4) were also identified in the rhizosphere surrounding E. plantagineum 

(Appendix 1) where they may play a role in regulation of rhizosphere interactions with 

other plants (Chapter 6) and potentially in regulation of the plant’s microbiome.  

The regulation of NQs and PAs in Australian populations of E. plantagineum was 

clearly impacted by exposure to environmental stressors (Chapter 6). Thus, the 

environment could potentially drive adaptive changes, natural selection and range 

expansion in plants introduced to new climatic zones (Clements and Ditommaso, 2011; 

Hoffmann and Sgro, 2011). NQs and PAs were differentially expressed in E. 

plantagineum tissues below- and aboveground under stress conditions (Chapter 6). When 

NQ accumulation increased, the abundance of PAs was decreased or remained 

unchanged. This suggests that E. plantagineum may encounter trade-offs in the 

production of secondary metabolites, and optimal resource allocation is tightly regulated.  

The production of NQs and PAs was compared in plants from native and invaded 

ranges in order to gain an insight into the invasion success of E. plantagineum in Australia 

(Chapter 7). A higher abundance of PAs in the Iberian Peninsula could be a result of a 

defence against natural enemies which are more common in the native range. Echium 

plantagineum that escaped from natural enemies could divert the resources towards the 

production of NQ biosynthesis (Chapter 7). Thus, enhanced production of bioactive NQs 

(Brigham et al., 1999; Papageorgiou et al., 1999) in Australian populations can, 

consequently, lead to enhanced exudation to the soil (Appendix 1) and stronger impacts 
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on local microbial and plant communities. These findings suggest that NQs can act as 

novel weapons (Callaway and Aschehoug, 2000) in Australia, whereas PAs are more 

important in plant defence in the native range. The variation in chemistry and genetics 

between the Iberian Peninsula and Australia or within those ranges could be a result of 

adaptive evolution, speciation and response to environmental challenges characteristic of 

each region (Chapter 7). Previous studies frequently postulated the importance of the 

novel weapons hypothesis, enemy escape hypothesis and plant adaptation in invasive 

plant success, however plant biochemical mechanisms were rarely explored in detail  

(Callaway and Ridenour, 2004; Ledger et al., 2015; Pal et al., 2015; Thorpe et al., 2009; 

Yuan et al., 2012). 

There is no single hypothesis that explains successful invasion of E. plantagineum 

in Australia but ultimately it appears to be a consequence of the interaction between 

various factors promoting invasive species establishment including genetic, ecological 

and climatic aspects. The successful invasion of E. plantagineum likely resulted from a 

combination of several key mechanisms including, escape from natural enemies, 

successful local adaptation and rapid evolution post-introduction to Australia.   

 

Future directions:  

To further understand invasion mechanisms, each of the factors that contribute to 

successful establishment of E. plantagineum should be evaluated in detail. Currently, 

plants from European and Australian populations are under evaluation in an experiment 

under controlled conditions to elucidate the role of environment and genetics on 

secondary metabolite production and plant defence. Secondly, molecular experiments are 

under way to further evaluate the biosynthetic pathway of NQ production in E. 

plantagineum root periderm. More precise studies evaluating the impact of herbivory on 
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below- and aboveground secondary metabolites are also being performed. The evolution 

of new genotypes and possible alterations in biosynthetic pathways may be associated 

with plant adaptation, resulting in complex physiological mechanisms that benefit 

invasive species and shape novel biotypes or chemotypes. My studies on E. plantagineum 

suggest that metabolic adjustments can occur as a result of exposure to environmental 

stressors. Complex evolutionary change may potentially be driven by long-term exposure 

to stress and this raises an additional question: will climate change in Australia lead to 

accelerated evolution and further adaptation of E. plantagineum? 
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Identification and localization of bioactive naphthoquinones in the roots and 
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Abstract 

Bioactive plant secondary products are frequently the drivers of complex rhizosphere 

interactions, including those with other plants, herbivores and microbiota. These 

chemically diverse molecules typically accumulate in a highly regulated manner in 

specialized plant tissues and organelles. We studied the production and localization of 
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bioactive naphthoquinones (NQs) in the roots of Echium plantagineum, an invasive 

endemic weed in Australia. Roots of E. plantagineum produced red-coloured NQs in the 

periderm of primary and secondary roots, while seedling root hairs exuded NQs in 

copious quantities. Confocal imaging and microspectrofluorimetry confirmed that 

bioactive NQs were deposited in the outer layer of periderm cells in mature roots, 

resulting in red colouration. Intracellular examination revealed that periderm cells 

contained numerous small red vesicles for storage and intracellular transport of shikonins, 

followed by subsequent extracellular deposition. Periderm and root hair extracts of field- 

and phytotron-grown plants were analysed by UHPLC/Q-ToF MS (ultra high pressure 

liquid chromatography coupled to quadrupole time of flight mass spectrometry) and 

contained more than nine individual NQs, with dimethylacrylshikonin, and phytotoxic 

shikonin, deoxyshikonin and acetylshikonin predominating. In seedlings, shikonins were 

first found 48h following germination in the root-hypocotyl junction, as well as in root 

hair exudates. In contrast, the root cortices of both seedling and mature root tissues were 

devoid of NQs. SPRE (solid phase root zone extraction) microprobes strategically placed 

in soil surrounding living E. plantagineum plants successfully extracted significant levels 

of bioactive shikonins from living roots, rhizosphere and bulk soil surrounding roots. 

These findings suggest important roles for accumulation of shikonins in the root periderm 

and subsequent rhizodeposition in plant defence, interference, and invasion success. 

Key words: Localization, periderm, plant secondary products, rhizosphere, shikonins, 

soil microprobes, SPRE, transport. 
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The manuscipt “Identification and localization of bioactive naphthoquinones in the roots 

and rhizosphere of Paterson’s curse (Echium plantagineum), a noxious invader” was 

featured as cover article for the special issue of the Journal of Experimental Botany. 
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Introduction 

Plant secondary products (PSPs) and root interactions 

Although our knowledge of root structure and function has improved in recent 

years, the complex activities and interactions of roots in the soil rhizosphere and at the 

soil-root interface are often poorly described, and this is particularly true for invasive 

weeds. It has become increasingly evident that both root exudation and rhizodeposition 

in plants are responsive to biotic and abiotic stressors and are clearly important for the 

protection of sessile terrestrial plants, particularly in the immediate area surrounding 

living roots, otherwise known as the rhizosphere (Bertin et al., 2003; Badri et al., 

2009; Watt and Weston 2009; Weston et al., 2012a). Over time, living roots accumulate 

and release bioactive plant secondary products (PSPs) from various root tissues, creating 

both physical and chemical barriers against penetration by plant pathogens, microbes and 

herbivores (Hutzler et al., 1998; Weston and Duke 2003; Callaway et al., 2008). 

Protective mechanisms used by living plants have recently been explored in some detail 

for selected crop or medicinal plants and their resulting cell suspension cultures 

(Weston et al., 2012a, 2013a; Yazaki, 2005; Ozgen et al., 2011; Wink, 2015). 

The accumulation of PSPs in specialized tissues and organs in living roots and 

their potential role in rhizosphere defence have been documented for several crop and 

medicinal species. For example, the distribution of bioactive glucosinolates in the 

periderm of canola roots with respect to their role as soil fumigants and plant protectants 

was studied by McCullyet al. (2008). In 2001, Czarnota et al. first described the role and 

mode of action of phytotoxic sorgoleone and related long chain hydroquinones produced 

by living sorghum root hairs as plant growth inhibitors, and also described localization 

and release of sorgoleone by living root hairs (Czarnota et al., 2003; Weston et al., 

2012a, 2013a). The saponin avenicin was identified in oat root tips by Osbourn in 

1996 and its activity and localization as an antifungal agent and plant protectant in roots 
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was later described by Morrissey and Osbourn (1999). The role of flavonoids in legume 

roots, legume nodulation and rhizobium signalling processes has also been well 

documented and more recently flavonoids have been shown to mediate allelopathic 

interactions in the plant rhizosphere (Carlsen and Fomsgaard, 2008; Mathesius and Watt, 

2011; Weston and Mathesius, 2013). 

Phenolic constituents such as flavonoids are also important in structural plant 

protection (Harborne, 1999). Phenylpropanoid and flavonoid molecules accumulate in 

both guard cells and epidermal cells, on outer layers of organs, in waxes, or may be 

covalently linked to plant cell walls (Schnabl et al., 1989; Hrazdina and Jensen, 

1992; Hutzler et al., 1998). Numerous studies have indicated a high degree of 

compartmentalization of phenylpropanoids and flavonoids, and enzymes responsible for 

their production. However, most root-produced compounds of interest remain to be 

evaluated in terms of their accumulation over time in various plant tissues and organs. 

As Hutzler et al. (1998) suggest, a basic understanding of the ecological function of 

phenolic compounds requires a simultaneous understanding of the structure of the 

compounds of interest, their biosynthetic pathways and regulation and also their tissue 

localization. Recent developments in microscopy techniques including confocal laser 

scanning microscopy (CLSM) have provided opportunities to study localization of PSPs, 

including phenolics, more precisely than the use of conventional brightfield and 

fluorescence microscopy. In particular, CLSM allows for identification of compounds of 

interest by studying specific fluorescence characteristics, including emission and 

absorption (Sheppard, 1993; Hutzler et al., 1998). 

Currently, detailed information is very limited on the anatomy of invasive plant 

roots, the role of associated secondary products in plant protection, interference with plant 

growth and subsequent plant invasion. AlthoughCallaway (2000), Callaway and 
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Aschehoug (2000) and Callaway et al.(2008) outline the possible role of PSPs released 

by root exudates in plant invasion, the specific study of their localization in plant roots 

and the release mechanisms of allelochemicals by invasive plants have rarely been 

documented. However, PSPs are known to be important in influencing rhizosphere 

interactions among noxious weedy species, including those with neighbouring native 

plants as well as microbial associations (Hierro and Callaway 2003; Stinson et al., 

2006; Callaway et al., 2008; Inderjit et al., 2011). 

Recent breakthroughs in the study of the plant rhizosphere have reported on root-

associated microbiomes (Edwards et al., 2015) and the identification of novel microbial 

metabolites with activity as potent antibiotics or quorum sensing agents (Weston and 

Mathesius, 2013). However, fewer studies have actually documented the release of plant- 

or microbially-produced metabolites or ‘novel weapons’ influencing plant invasion 

success, particularly with respect to their localization in roots, the rhizosphere or in bulk 

soil (Weidenhamer and Callaway, 2010; Inderjit et al., 2011). This is most certainly due 

to the difficulty in identification of trace quantities of PSPs in roots and the soil 

rhizosphere, and the fact that the soil rhizosphere interface can be an incredibly complex 

and dynamic matrix that is difficult to survey or potentially extract. The recent 

development of techniques that allow for dynamic profiling of non-polar to moderately 

polar root-produced PSPs in the soil rhizosphere with silicone tubing and solid phase root 

zone extraction has facilitated more precise and direct profiling of certain moderately 

polar to non-polar bioactive molecules released by living plant roots, as in the case 

ofSorghum bicolor and Tagetes erecta. These techniques have also allowed for 

consideration of spatial mapping of PSPs and their deposition within the living plant 

rhizosphere (Mohney et al., 2009; Weidenhamer et al., 2009). 
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Paterson’s curse (Echium plantagineum), an important invader in Australia 

In Australia, Echium plantagineum L., commonly known as Paterson’s curse or 

salvation Jane, is a noxious weed infesting more than 30M ha of crop and rangeland 

(Piggin, 1982; Grigulis et al., 2001). It is native to the Iberian Peninsula, specifically the 

eastern regions of Spain and Portugal, and is now naturalized across much of southern 

Australia, parts of the Mediterranean, the USA and South Africa (Piggin, 1982; Weston 

et al., 2012b, 2013b). Introduced in the mid 1800s to Australia, the initial distribution of 

Paterson’s curse is likely associated with the frequent importation of Merino sheep, or as 

an accidental contaminant of pasture seed and hay (Zhu et al., 2014). In recent years its 

range has increased (Weston et al., 2013b) and it often dominates plant communities in 

poor, drought-prone soils to the extent that it costs the wool and meat industries more 

than A$250M per year in losses due to reduced livestock productivity (NRM South and 

the Southern Tasmanian Councils Authority, 2015). 

Bioactive plant secondary products in Echium plantagineum 

E. plantagineum produces significant quantities of several important PSPs 

including pyrrolizidine alkaloids in its leaves, stems, flowers and seeds that can cause 

liver, kidney and lung damage in mammals, eventually poisoning horses, sheep and cattle 

that have consumed sufficient quantities of foliage (Peterson and Jago, 1984; Colegate et 

al., 2005;Quinn et al., 2014; Skoneczny et al., 2015). However, in addition to 

pyrrolizidine alkaloids, E. plantagineum also produces unusual bright red-coloured 

naphthoquinones (NQs) in its roots. Analysis of many field-collected roots of E. 

plantagineum by the authors revealed that the outer layers of root tissue in the primary 

taproot or smaller fibrous secondary roots are very often pink or red due to the production 

of a mixture of bioactive, brightly coloured NQs known as shikonins (Weston et al., 

2012a, b). NQ content typically increases in roots of summer-collected plants in 
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comparison to those sampled in winter or spring. In addition, geographically distinct 

populations of E. plantagineum collected from warm, dry roadside locations across New 

South Wales (NSW) at low elevations produced significantly (three to five-fold) higher 

concentrations of NQs than plants collected from similar sites with cooler average 

temperatures or higher elevations (Weston et al., 2013b). 

Although the production of shikonins is unusual in higher plants, the roots of 

numerous members of the Boraginaceae, including species of Alkanna, 

Arnebia and Lithospermum as well as Echium, contain numerous shikonins 

(Papageorgiou et al., 1999; Sommer et al., 1999; Boehm et al. 2000). In the medicinal 

literature, these compounds are referred to as shikonins, alkannins or naphthazarins and 

have been the subject of numerous studies due to their activity as antioxidants, 

antihelminthics and purgatives, and as aids in wound-healing (Papageorgiou et al., 

1999;Assimopoulou et al., 2006; Hu et al., 2006; Albreht et al., 2009). They have also 

been reported as curatives for prostate cancer due to their ability to induce cell apoptosis 

(Gara et al., 2015). Shikonins from the Boraginaceae specifically exhibit potent antibiotic 

activity against certain gram-negative bacteria (Papageorgiou et al., 1999). Strong 

antagonistic effects of shikonin and other naphthoquinones on other plants, insects, fungi 

and bacteria have also been observed; activity is likely associated with the potent 

inhibition of electron transport processes by NQs, particularly upon respiration, but cell 

division or other cellular processes may also be impacted (Binder et al., 1989; Brigham et 

al., 1999; Babula et al., 2009; Weston et al., 2012a, b). Both purified NQs, including 

shikonin and acetylshikonin and root extracts of field-grown Australian E. 

plantagineum showed potent activity on plant growth, in contrast to similar 

concentrations of extracts from Spanish plants (Garcia Duran et al., 2014, 2015). 
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In order to gain a more fundamental understanding of the ecological role of NQs 

in E. plantagineum root tissues and also the rhizosphere of this invasive plant, we 

employed both confocal and light microscopic imaging techniques to perform anatomical 

investigations of living roots of this weedy invader, along with UHPLC/Q-ToF MS (ultra 

high pressure liquid chromatography coupled to quadrupole time of flight mass 

spectrometry) to perform metabolic profiling of root, root hair and soil extracts. We also 

utilized SPRE (solid phase root zone extraction) microprobes in the soil rhizosphere to 

profile PSPs of interest in the rhizosphere and bulk soil surrounding living plant roots to 

further define the role of PSPs as potential drivers of plant/plant and plant/organismal 

interactions in the rhizosphere. 

Materials and methods 

NQ localization experiments in living plant tissue using confocal and light 

microscopy 

Echium plantagineum root tissues were collected from densely populated local 

field stands in Wagga Wagga, NSW, Australia (−35.0586°N, 147.3507°E) in 2014. At 

least five mature flowering specimens were collected for microscopic evaluation of NQs 

at various intervals from August to October 2014. On all occasions following collection, 

plants were placed in wet paper towelling to prevent dehydration and maintained at a 

temperature of 4 °C until evaluation under a microscope, which was typically performed 

within 1h of collection. E. plantagineum seed was also collected from the same field 

location in Wagga Wagga, NSW, in 2013 and used to generate seedlings for time-course 

experimentation of NQ production under controlled environmental conditions. Seeds 

were germinated in June 2014 on Whatman No. 1 filter paper moistened with 5ml sterile 

deionized water in sterile 9-cm plastic Petri dishes containing 20 seeds per dish, with 

three replicates for each harvest time interval (n=60 seedlings). Harvest times were 12, 
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24, 48, 72, 96, 128 and 144h after experimental initiation. During incubation, dishes were 

sealed with parafilm and placed in a lighted incubator at 25/18 °C day/night temperatures 

with a 12-h photoperiod; microscopic evaluation was performed immediately following 

each harvest. 

Mature roots and seedling root and hypocotyl tissues were hand sectioned for 

examination using confocal microscopy (Nikon A1 Confocal TiE inverted microscope, 

excitation 488nm, emission 570–620nm for NQ/shikonin evaluation). In most cases, 

sections were directly examined without staining, however calcofluor white (1% aqueous 

solution) (Sigma Aldrich, Australia) was used on a few occasions for more pronounced 

staining of the cell wall. The fluorescence from calcofluor white was detected with an 

excitation of 405nm and emission from 425 to 475nm. The same confocal microscope 

was used for both hyperspectral analyses and imaging to compare E. plantagineum fresh 

root periderm spectra with those generated with an ethanolic solution of pure shikonin 

(Sigma Aldrich, Australia) at a concentration of 1mg ml−1. For spectral analyses, images 

were scanned sequentially with excitation wavelength of 405 and 488nm, with a 

wavelength interval of 6nm and emission range from 405–550 and 550–740nm, 

respectively. The two spectral scans were then automatically combined by Nikon 

confocal NIS ver 4.10 to create the emission spectrum presented. For seedlings generated 

during the time course experiment, stereoscopic light microscopy using both a Nikon 

SMZ25 and a Leica M205FA was performed at each time interval with numerous sampled 

seedlings. 

Microprobe experiments to assess NQs in rhizosphere and rhizosphere soil 

extraction 

Solid phase root zone extraction (SPRE) microprobes (5cm) were prepared as 

per Weidenhamer et al. (2009) using silicone polydimethylsiloxane (PDMS) Silastic 

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-30
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tubing (Fisher Scientific, USA), supported internally with fine stainless steel wire (22 

gauge), as a probe for entrapment of nonpolar soil rhizosphere PSPs such as NQs. To 

fully evaluate whether microprobes could be used to entrap and collect NQs to intensify 

concentrations of these compounds in a rhizosphere setting, eight sets of three 

microprobes each were placed in contact with live roots collected from mature 

greenhouse-grown plants. Roots were sectioned into 5cm long pieces and placed in 

contact with microprobes for 1 or 12h in each of eight sterile Petri dishes containing 

moistened filter paper. After treatment, unexposed microprobes (those not subjected to 

root exposure and therefore serving as a negative control) and root-exposed microprobes 

were photographed. All unexposed controls and those microprobes exposed to roots for 

12h were then extracted in HPLC grade 100% ethanol (VWR Chemicals, Australia) for 

10min, followed by evaporation of extracts under a stream of N2 gas for approximately 

20min. The resulting dried extract was weighed and resuspended in ethanol, filtered 

through a 22 μm Millex syringe filter and subjected to UHPLC/Q-ToF MS analysis as 

described below. 

Greenhouse-grown plants were propagated for 16 weeks in a soil mix containing 

6:4 peat potting mix:sand (Scotts Co., Melbourne, Australia.). Seedlings were pre-

germinated by imbibing in sterile water for 1 week using field-collected seed as described 

above in NSW, Australia; after 7 d, seedlings were transplanted into 1.5-l pots and were 

maintained in the glasshouse at 25/18 °C day/night temperatures at ~55% relative 

humidity. Plants were watered every other day by subirrigation and fertilized once per 

fortnight using a commercial liquid fertilizer (N:P:K=23:3.95:14, Aquasol Soluble 

Fertilizer, Australia). At 14 weeks of age, as plants began to flower, plants were sampled 

for rhizosphere-produced NQs using 5cm microprobes, as described above. Eight probes 

were placed equidistantly into each of six plant pots and were fully inserted into the soil 



 

261 

 

surrounding the living plant, ~8cm from the centre of the plant rosette. The probes were 

placed equidistantly around the plant at a distance of ~5cm from the taproot, and were 

not in contact with the foliage of the plant. 

In addition, soil media was collected separately from the rhizosphere (soil not 

adhering to plant roots but located around living plant root system) of each pot, 

thoroughly filtered to remove any small residual root pieces using a fine wire mesh screen 

(<1mm mesh holes), air-dried and extracted in 100% ethanol, filtered using a 22 μm 

Millex filter and subjected to analysis using an ion trap mass spectrometer for NQ 

detection. 

Chemical extraction of field-collected root samples 

Specimens of E. plantagineum were collected in the field from 21 locations across 

NSW and Australian Capital Territory, Australia, in 2013 and 2014. At each collection 

site, GPS coordinates were recorded and five or more intact root specimens were collected 

from mature, flowering plants. Roots were carefully collected from field sites using a 

mattock to remove the majority of the root system without excessive damage to the 

taproot and main secondary roots. Excess soil was removed and roots were placed in 

moist paper towelling and stored at 4 °C for 24h prior to extraction. Root periderm 

extracts were prepared by thinly peeling the coloured outer periderm layer only from 

taproots or primary roots using a sharp scalpel blade. To minimize the impact of plant-to-

plant variation of extracts to be subjected to metabolic profiling, composite samples were 

prepared from 5–6 individual plant roots collected at each of 21 locations using ~0.2g of 

fresh periderm per plant to generate 1g total fresh weight of periderm tissue. Periderm 

peels (1g) were then extracted in 10ml of 100% HPLC grade ethanol (VWR Chemicals, 

Australia) for 14h in the dark, at room temperature, after placement on a slow orbital 

shaker at 120rpm. Following extraction, samples were filtered using a 22 μm Millex 
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syringe filter, and 1ml of each extract was transferred into individual HPLC vials with 

duplicate samples available for replicated UHPLC/Q-ToF MS profiling (Weston et al., 

2015). A similar protocol was used to extract fresh root periderm tissues of seedlings 

grown in controlled environments; in this case up to 0.25g of fresh tissue was extracted 

from 10 seedlings in ethanol to provide sufficient sample for further UHPLC/MS 

analysis. 

UHPLC/Q-ToF MS analyses 

Metabolic profiling of key NQs in root periderm extracts was performed using an 

Agilent 1290 Infinity UHPLC system equipped with quaternary pump, degasser, 

temperature controlled column and cooled autosampler coupled to an Agilent 6530 

Quadrupole Time-of-Flight (QTOF) mass spectrometer with Dual Agilent Jet Stream 

Electrospray Ionisation Source (Dual AJS ESI) (Agilent Technologies, Mulgarve, 

Australia) (Weston et al., 2015). Separation was achieved using a C18 Poroshell column 

(2.1×100mm, 2.7µm) at 25 °C equipped with an SB-C8 guard column (2.1×12.5mm, 

5µm) (Agilent, Santa Clara, CA, USA) and a flow rate of 0.5ml min−1. The column was 

equilibrated for 30min prior to analysis. Solvents used for extraction and UHPLC/MS 

were HPLC grade. Acetonitrile was obtained from Hipersolv (Tingalpa, Australia), 

formic acid (>99% purity) from Sigma (Castle Hill, Australia) and LC-MS water from 

Merck (Darmstadt, Germany). Separation of NQs was achieved using a gradient of 

mobile phase A (water+0.1% formic acid) and mobile phase B (95% acetonitrile+0.1% 

formic acid), starting with 50% B for 1min and reaching 100% B over 7min, continuing 

at 100% B until 10.50min, returning to 50% B over 0.1min and held at 50% B from 10.60–

17.00min. (Skoneczny et al., 2014). The QTOF was run and calibrated in negative ion 

mode, with nebulizer gas at 35 psig, capillary voltage at 3500V and fragmentor voltage 

at 135V. Nitrogen was used as drying gas at 250 °C at a flow of 9 l min−1. Data were 
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collected in negative ion mode using an extended dynamic range (2 GHz). Additional 

LC/MS-MS experimentation was performed for selected molecules of interest (Huang et 

al., 2010) using analytical standards of acetylshikonin (MW 330.1103; RT 5.75 

min±0.7min), deoxyshikonin (MW 272.1048; RT 6.75±0.7min), dimethylacrylshikonin 

(MW 370.1416; RT 7.7 min±0.7min) purchased from ChemFaces (Wuhan, China) and 

shikonin (MW 288.0997; RT 3.51 min±0.7min) obtained from Biomol (Hamburg, 

Germany). All data were analysed using MassHunter software (ver. B.07, Agilent, Santa 

Clara, CA, USA). 

Q-Trap HPLC/MS analyses 

Further analyses of NQs in soil and soil microprobe extracts at trace 

concentrations were performed using Agilent 1200 series HPLC coupled to an ABSciex 

3200 Q-Trap mass spectrometer (AB Sciex, Foster City, CA, USA) and using analytical 

standards (as described in the previous section) and HPLC grade solvents including 

methanol from Rathburn (Walkerburn, Scotland) and formic acid from Merck 

(Darmstadt, Germany). Separation was achieved using Kinetex XB-C18 2.1×100mm, 2.6 

μm, 100 Å (Phenomenex, Macclesfield, UK) column with a gradient of solvent A (water, 

0.02% formic acid) and solvent B (100% methanol, 0.02% formic acid). The gradient was 

initiated with 40% B for 1min and reached 98% B over 9min, continued at 100% B until 

13.0min and returned to 40% B over 0.1min and held at 40% B from 13.1–18.50min. 

Optimization of the MRM transitions for purified standards was performed using 

standards formulated at 5ppm (in 50:50 methanol:water) that were injected into the 

MS/MS interface using syringe infusion at 10 µl min−1. To determine specific precursor 

and product ions for each standard, MS/MS was performed, and after optimization 

shikonins were evaluated in negative ion mode (Table 1). Data were analysed using 

Analyst 1.5 software (AB Sciex, Foster City, CA, USA).  

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-25
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-25
http://jxb.oxfordjournals.org/content/67/12/3777.full#T1
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Table 1 Optimized values of compound dependent parameters for purified analytical 

standards of shikonin, deoxyshikonin, acetylshikonin and dimethylacrylshikonin 

obtained using ABSciex 3200 QTrap mass spectrometer (AB Sciex, Foster City, CA, 

USA) 

Compound 

name 

Q1 

(precursor 

ion) 

Q3 

(daughter 

ion) 

Declustering 

potential 

Entrance 

potential 

Cell 

entrance 

potential  

Cell exit 

potential 

Deoxyshikonin 271.821 203.1 -40 -5 -28 -4 

Shikonin 286.901 217.9 -25 -1 -18 -4 

Acetylshikonin 328.923 269.1 -25 -5 -26 -4 

Dimethylacryl 

shikonin 
368.782 269.0 -20 -5 -20 -4 

 

Statistical analysis 

Abundance of deoxyshikonin, shikonin, acetylshikonin and 

dimethylacrylshikonin was analysed in 21 samples, representing 21 populations. Analysis 

of variance was performed on log transformed data in IBM SPSS statistics software (IBM 

Corp., NY, USA). Homogeneity of variances was assessed using Levene’s test prior to 

further analysis. Tukey HSD was used as a post hoc test to evaluate differences among 

metabolite levels averaged over populations. 

Results and discussion 

In both field and glasshouse raised E. plantagineum roots, shikonins were clearly 

identified in the outer one to two cell layers of newly formed periderm in mature and 

seedling taproots as well as secondary roots (Fig. 1 A–C). The periderm is defined as the 

protective outer cortical layer present in many roots and stems of dicots; this layer can 

also contain secondary plant products likely involved in plant protection (McCully et al., 

2008). Shikonin presence was denoted by red colouration of the outer periderm and/or 

autofluorescence at 488nm, as reported by Papageorgiouet al. (1999). Similar to 

localization of glucosinolates in canola periderm (McCully et al., 2008), shikonins were 

found only in outer periderm tissues and not interior root cortical tissues as observed by 

http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-29
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-29
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-35
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-29
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microscopy and evaluation by UHPLC/Q-ToF MS (Table 1). Shikonins are both UV 

absorptive and autofluorescent, and can be highly coloured, ranging from pink to red or 

purple, depending on concentration and pH. Confocal microspectrofluorimetry was 

therefore used to confirm the presence of shikonins in situ in mature periderm tissue of 

field-collected plants by scanning over an emission spectrum ranging from 405 to 740nm 

in comparison to a known standard of shikonin. Nearly identical spectroscopic results 

were obtained from both scans, suggesting that compounds present in mature periderm 

tissue of E. plantagineum are identical or closely related to the bioactive naphthoquinone 

shikonin (>98% pure standard of molecular weight=288.3) both in their unique 

colouration and their autofluorescence (Fig. 2). Upon closer examination of mature 

periderm cells under greater magnification, we clearly observed the presence of numerous 

small red-coloured vesicles in the interior of the cell (Fig. 1D, E), suggesting that 

incorporation into vesicles is a means of transport of PSPs such as shikonins in the cell, 

and likely also serves to protect intracellular organelles and processes against autotoxicity 

associated with the presence of naphthoquinones such as shikonins, which exhibit potent 

inhibition of respiration and electron transport processes (Babula et al., 2009; Weston et 

al., 2012a, 2013a). 

  

http://jxb.oxfordjournals.org/content/67/12/3777.full#T1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F2
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-3
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-54
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-54
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-51
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Fig. 1. Localization of shikonins inE. plantagineum. Under bright field and confocal 

miroscopy shikonins were bright red in colour. (A) Bright field image of mature taproot 

cross section showing the red-coloured periderm cells (arrow). Bar, 1mm. (B) Sequential 

scanning confocal image of mature secondary root cross section showing 

autofluorescence of the periderm tissue corresponding to shikonin localization (arrow). 

Bar, 250 µm. (C) Bright field image of mature taproot surface showing shikonin 

deposition in mature root. Bar, 250 µm. (D) Confocal image of a typical periderm cell of 

mature plant containing numerous small vesicles (arrows). Bar, 20 µm. (E) Confocal 

image of selected intact root epidermal cells from a 6-day-old seedling, showing 

numerous vesicles (arrows). Tissue was stained with calcofluor white (blue). Bar, 10 µm. 

(F) Sequential scanning confocal image of outer periderm cells of a mature plant, showing 

shikonins localized in extracellular areas (arrows). Tissue was stained with calcofluor 

white (blue). Bar, 10 µm. (G) Sequential scanning 3-D image of outer periderm cells of 

a mature plant, showing shikonins localized in extracellular areas (arrows). Tissue was 

stained with calcofluor white (blue). Width, 127.15 µm; height, 127.15 µm; depth, 28.50 

µm. (H) Bright field image of root hair of 3-day-old seedling, showing root hair exudation 

of shikonins (arrows). Bar, 200 µm. (I) Confocal image of root hair in (H), showing 

numerous vesicles throughout the root hair (arrows). Bar, 10 µm. 
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Fig. 2. Spectral imaging of (A) pure shikonin in ethanol (concentration of 1mg ml−1in 

ethanol) in comparison to (B) (black line) outer periderm cells of mature E. 

plantagineum root containing shikonins using multiple spectral scans at excitation 

wavelengths of 405 and 488nm, and (B) (grey line) control spectral scan of root cortex 

which is devoid of shikonins. Respective fluorescence emission (peak maxima at ~560 

and 620nm) is very similar for an analytical standard of shikonin and hyperspectral scan 

of root periderm in situ. 

Confocal analysis also revealed that shikonins accumulated in large quantities 

extracellularly by deposition outside of the cell in extracellular spaces over time or 

possibly in association with plant cell walls through covalent bonds (Fig. 1F, G). 

Phenylpropanoid and flavonoid molecules also accumulate in outer layers of plant organs, 

in waxes, or are even covalently linked to plant cell walls (Schnabl et al., 1989; Hrazdina 

and Jensen, 1992; Hutzler et al., 1998). It is possible that shikonins may play a role in 

structural integrity as well as exhibiting both phytotoxic and antimicrobial activity in the 

plant periderm and rhizosphere (Brigham et al., 1999; Garcia Duran et al., 2014). The 

extracellular deposition of shikonins suggests that they may play a role in structural 

integrity of the periderm layer over time and/or these PSPs are exported to prevent 

autotoxic build-up in the dynamic intracellular environment of a specialized periderm 

cell. Further labelling studies would help to determine if NQs are incorporated into the 

cell walls of periderm tissues or are just deposited in extracellular spaces. 

Field and glass-house grown plant examination revealed that shikonins were also 

released by direct exudation in droplets which accumulated at the tips of living root hairs. 

We observed this phenomenon not only in mature plant root hairs but also in seedlings 

grown in Petri dishes within 48h of germination and radicle elongation. It is evident that 

http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-39
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-23
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-23
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-26
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-8
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-18
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considerable exudation occurs in seedlings as noted by the copious quantities of red-

coloured exudates observed accumulating at the tips of living root hairs (Fig. 1H). 

Confocal analyses indicated the presence of numerous small vesicles present in living 

root hair cells (Fig. 1I), which are likely associated with shikonin intracellular transport 

and exudation. Root hair exudation inE. plantagineum is strikingly similar to that 

observed in living sorghum roots, which release large quantities of sorgoleone 

accumulating in vesicles at the tips of living root hairs. In the case of non-polar long chain 

hydroquinones such as sorgoleone, exudation is reported to occur by direct extrusion 

through spaces or pores in the plasmalemma (Weston et al., 2012b, 2013a). Further 

experimentation is required to determine if protein transporters are associated with the 

movement and deposition of moderately polar to non-polar shikonins to extracellular 

spaces, and to quantify the relative availability and abundance of these compounds on the 

surface of mature taproots and secondary roots which may not possess the large numbers 

of living root hairs found on seedlings of E. plantagineum. The living periderm is 

continually replaced in dicots, and over time significant rhizodeposition of shikonins may 

occur due to the continuous sloughing off and degradation of periderm tissue, as indicated 

for canola by McCully et al. (2008). This suggests that NQs could be continually 

replenished into the rhizosphere during the life cycle of a biennial such as E. 

plantagineum. 

However, similar to sorgoleone exudation which increased in stressed 

plants, Brigham et al. (1999) noted that production of shikonins in root suspension 

cultures increased over time with exposure to stressors such as temperature and extracts 

containing fungal cell walls, which serve as elicitors of shikonin production. We also 

noted this correlation in field experiments which detected increased production of 

http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#F1
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-56
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-51
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-29
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-8
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shikonins in plant roots that were collected from field sites experiencing greater 

temperature, lower elevation and likely drought stress (Weston et al., 2013b). 

Time course experiments performed in this study at short intervals following seed 

imbibition also yielded important information regarding phenological development of 

seedling root hairs and periderm tissues over time (Fig. 3A–E). Deposition of coloured 

shikonins was first observed in E. plantagineum seedlings at ~48h following imbibition 

of seed and consistently appeared in the root–hypocotyl junction. In addition, nearby 

numerous root hairs on the developing radicle were observed exuding copious quantities 

of bright red exudates as droplets at the tip of the root hair (Fig. 3C, F). When contrasting 

the production of shikonins in various locations along a single seedling root, we noted 

that the basal portion of the seedling root possessed a higher level of active root hairs and 

greater numbers of shikonin-producing periderm cells than did the acropetal portion of 

the same root at 72h following imbibition (Fig. 4A–D). With the presence of significant 

quantities of shikonin in more mature periderm tissue and root hairs, we noted distinct 

autofluorescence due to the presence of these compounds in the basal portion of the root 

and not in the acropetal. The bright red autofluoresence observed in Fig. 4C was 

associated with the exudation of root hairs containing concentrated levels of shikonins. 

  

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-53
http://jxb.oxfordjournals.org/content/67/12/3777.full#F3
http://jxb.oxfordjournals.org/content/67/12/3777.full#F3
http://jxb.oxfordjournals.org/content/67/12/3777.full#F3
http://jxb.oxfordjournals.org/content/67/12/3777.full#F3
http://jxb.oxfordjournals.org/content/67/12/3777.full#F4
http://jxb.oxfordjournals.org/content/67/12/3777.full#F4
http://jxb.oxfordjournals.org/content/67/12/3777.full#F4
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Fig. 3. Time course experiment of E. plantagineum seedlings (a–e) at 24, 36, 48, 72 and 

120h after germination. Note the location of shikonin production noted by red colouration 

as visualized on the radical and hypocotyl. Photos A–D correspond to seedlings at 

phenological stages a–d, respectively and photos E–F to radical and hypocotyl stages 

noted in panel e. (A) Seedling 24h after imbibition. (B) Seedling 36h after imbibition, 

showing newly emerging root hairs. (C) Seedling 48h after imbibition, showing shikonin 

localization in root primordial zone and numerous exuding root hairs. (D) Seedling 72h 

after imbibition, showing shikonin production in hypocotyl, radicle and root hairs. (E) 

Hypocotyl of seedling at 120h following imbibition, showing shikonin production in zone 

of differentiation between radicle and hypocotyl. (F) Radicle at 120h after imbibition, 

showing distinct mature root hairs producing shikonins and extensive shikonin 

accumulation in developing periderm. Bars, 500 µm (A); 200 µm (B–F).  
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Fig. 4. Radicle 72h after imbibition. (A) Bright field image of more mature (upper) radicle 

showing root hair exudation. (B) Bright field image of immature (lower) radicle, 

exhibiting no visible root exudation. (C) Fluorescent image of (A) with Texas red filter 

showing corresponding shikonin localization in same tissue sample. (D) Fluorescent 

image of (B) with Texas red filter showing absence of shikonin autofluorescence. Bars, 

200 µm (A–D). 

 

Screening of Australian populations of E. plantagineum 

UHPLC/Q-ToF MS separation and detection resulted in successful metabolic 

profiling of numerous related and bioactive shikonins in field-grown plants; specifically, 

we detected and identified shikonins at significant and potentially bioactive as 

phytotoxins and antimicrobials ranging from 0.3 to 10ppm in periderm extracts resulting 

from direct ethanolic extraction from plants of 21 geographically distinct populations 

(Garcia Duran et al., 2014, 2015). Concentrations of shikonins present in intact periderm 

are estimated to be potentially higher in some periderm tissues, based on confocal 

experimentation and hyperspectral imaging studies, and estimation in intact tissues is 

dependent on rooting environment and plant maturity. Although Weston et 

al. (2013b) previously reported the presence of acetylshikonin, deoxyshikonin and 

shikonin in root extracts using an Agilent LC/MS 6410 QQQ instrument, in this 

experiment using an Agilent 6530 UHPLC/Q-ToF MS, the presence of numerous 

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-41
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-41
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-53
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-53
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additional (>9) shikonin derivatives in samples obtained from plants collected across 

southern Australia was more precisely noted using similar methods to those reported 

in Skoneczny et al. (2014, 2016). By direct comparison with available purified standards 

of four derivatives, the abundance of three of the most bioactive NQs in periderm extracts 

including acetylshikonin, deoxyshikonin and shikonin (Garcia Duran et al., 2014) as well 

as dimethylacrylshikonin in all extracts was also assessed (Fig. 5A, B). 

 

Fig. 5. Total ion chromatograms obtained using UHPLC/Q-ToF MS for a prepared 

mixture of analytical standards (A) in comparison to a standard periderm extract (B). 

Identified compounds include: 1, shikonin; 2, acetylshikonin; 3, deoxyshikonin; 4, 

dimethylacrylshikonin. 

Despite variation among samples, we found a consistent pattern of compound abundance 

among root periderm extracts from mature field-collected plant populations (Fig. 6). 

Dimethylacrylshikonin was present in significantly higher abundance (P<0.001) in all 

field periderm extracts, while deoxyshikonin was present in significantly lower 

abundance (P<0.001) in all samples. Deoxyshikonin is thought to be the precursor of 

shikonin and is therefore likely rapidly converted to shikonin and also potentially 

numerous higher molecular weight derivatives, particularly dimethylacrylshikonin 

(Papageorgiou et al., 1999; Sommer et al., 1999). Shikonin, acetylshikonin and 

dimethylacrylshikonin were all highly active when assessed as either plant growth 

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-18
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-43
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-18
http://jxb.oxfordjournals.org/content/67/12/3777.full#F5
http://jxb.oxfordjournals.org/content/67/12/3777.full#F5
http://jxb.oxfordjournals.org/content/67/12/3777.full#F6
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-35
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-44
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inhibitors or antimicrobials, with shikonin generally the most active (Weston et al., 

2012b; Garcia Duran et al., 2014). We have identified other NQ derivatives in root 

extracts of various Echium spp. in trace quantities, but their biological activity at this time 

is not known. Only one population (White Cliffs, NSW, Australia) showed greatly 

enhanced production of shikonins, specifically dimethylacrylshikonin, in contrast to the 

other 20 populations evaluated. Interestingly, plants in White Cliffs are typically exposed 

to high UV and summer temperatures and low average rainfall events, as this location 

borders the Australian outback, a large inland desert. The evaluation of gene expression 

underlying biosynthesis of dimethylacrylshikonin and other NQs in this population is now 

underway. 

 
Fig. 6. Relative abundance of shikonins in periderm extracts collected from 

geographically distinct populations of E. plantagineum across NSW, Australia in 2012–

2014. Samples were analysed using UHPLC/Q-ToF MS instrumentation using the 

tandem mass spectrometry approach in comparison to purified standards of the same NQ 

derivatives. Each sample was a composite of 5–6 individual collected from 21 

populations and results were averaged for each compound of interest. Error bars denote 

standard error of the means, n=21. *, compound in significantly lower abundance 

(P<0.001); **, compound in significantly higher abundance (P<0.001). 

Analysis of soil and microbe extracts 

Using an HPLC/MS Q-Trap for sensitive analysis of NQs in extracts and soils, 

we developed a reliable multiple reaction mode (MRM) method that allowed detection of 

trace levels of selected shikonins in both soil and microprobe extracts. The main 

constituent found in microprobes brought into contact manually with living E. 

plantagineum roots or placed in soil of glasshouse-grown potted plants was 

acetylshikonin, observed in probe extracts at levels of ~0.9ppm and in ethanolic extracts 

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-56
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-56
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-18
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of soil at levels of 2ppm using ethanolic extraction. Our limit of detection (LOD) of 

acetylshikonin in soil and microprobe samples subjected to potted soils and roots was 

~0.3ppm. In all probe and soil extracts collected from potted soil rhizospheres 

surrounding mature E. plantagineum, shikonin was the next most abundant compound 

(Table 1). Deoxyshikonin, dimethylshikonin and other shikonin derivatives were often 

below the limit of detection (LOD) in most samples (Table 2). Interestingly, shikonin and 

acetylshikonin are typically the most phytotoxic of the shikonin type of NQs studied 

(Garcia Duran et al., 2014, 2015), and acetylshikonin particularly appears to accumulate 

in highest concentrations in soil and periderm extracts over time. This may be associated 

with the relative stability of shikonin and acetylshikonin, in contrast to their precursor 

deoxyshikonin or larger molecular weight derivatives. However, these studies clearly 

show that NQs do accumulate in significant levels in the rhizosphere of living plants. Not 

only can shikonins be directly extracted from soil, small soil microprobes can be utilized 

to more accurately detect their presence within the living root system. Microprobes have 

been previously successfully employed for direct solid phase extraction of non-polar 

constituents such as the thiophenes or sorgoleones from soil (Weidenhamer et al., 2009), 

and in this case the technique worked well to extract considerable quantities of moderately 

non-polar shikonin derivatives from soil, as reported by Weidenhamer et al. (2014). 

Entrapment of shikonins on microprobes was easily observed by the red or pink colour 

of microprobes placed in contact with living roots or removed from the rhizosphere (Fig. 

7) of living potted plants. 

  

http://jxb.oxfordjournals.org/content/67/12/3777.full#T1
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Table 2. Presence of four bioactive shikonins identified by tandem MS and studied in 

different matrices in microprobe experimentation. LOQ, limit of quantification; LOD, 

limit of detection. 
Type of extract Acetylshikonin Deoxyshikonin Dimethylscrylshikonin Shikonin 

Periderm >LOQ >LOQ >LOQ >LOQ 

Silicone tubing >LOQ <LOD <LOD <LOD 

Soil and silicone tubing >LOQ <LOD <LOD =LOD 

 

 

Fig. 7. SPRE microprobes consisting of PDMS tubing placed over stainless steel 22 gauge 

wire (Weidenhamer et al., 2009). Images A–C represent varying concentrations of NQs 

typically extracted by microprobes from the rhizosphere of E. plantagineum grown in pot 

experiments in the glasshouse. Bar, 1mm. Image C also appears visually identical to 

control probes and/or those not significantly exposed to root-infested soil. 

 

The role of various root-produced naphthoquinones such as shikonins and their 

derivatives has been little described in the literature of higher plants under natural field 

settings, particularly those that are classified as invasive weeds of significance. 

Interestingly, we have found that E. plantagineum plants produced in several climatic 

zones in Spain contained >two-fold lower concentrations of shikonins than plants 

produced in field conditions across southern Australia (unpublished data; Garcia Duran, 

2014, 2015). These findings are similar to those of Thorpe et al. (2009), who detected 

greater bioactivity of Centaurea maculosa root exudates and bioactive PSPs on plants 

http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-30
http://jxb.oxfordjournals.org/content/67/12/3777.full#ref-18
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collected in invasive versus native ranges. We are currently further examining the role of 

environment and genetics upon regulation of NQ production in Echium spp. However, 

our findings here, in combination with our field and controlled environment experiments 

(Garcia Duran et al., 2014; Skoneczny et al., in press) suggest that shikonins play an 

important role in plant protection against microbial invaders, insect herbivores and 

germinating plants in the rhizosphere of E. plantagineum. These studies utilized a 

combination of intricate approaches to study the localization and distribution of bioactive 

shikonins in the plant and rhizosphere directly surrounding living E. plantagineum. The 

reported biological activity and observed accumulation of shikonins and other NQ 

derivatives in the periderm and their subsequent deposition in the rhizosphere through 

exudation or tissue degradation are all suggestive of their potential importance as 

bioactive novel weapons of significance. This is likely to be of particular importance in 

monocultural stands under warm and dry conditions in Australia where shikonin 

production was noted to be enhanced. Studies are now underway to further evaluate and 

compare NQ and pyrrolizidine alkaloid production and genetics of E. plantagineum and 

other related species in Australia and their native range in the Iberian Peninsula. 
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Abstract 

Echium plantagineum and E. vulgare are congeneric exotics first introduced to 

Australia in the early 1800s. There, E. plantagineum is now highly invasive, whereas E. 

vulgare has a limited distribution. Studies were conducted to evaluate distribution, 

ecology, genetics and secondary chemistry to shed light on factors associated with their 

respective invasive success. When sampled across geographically diverse locales, E. 

plantagineum was widespread and exhibited a small genome size (1C = 0.37pg), an 

annual life cycle, and greater genetic diversity as assessed by DNA sequence analysis. It 

was found frequently in areas with temperature extremes and low rainfall. In contrast, E. 

vulgare exhibited a larger genome size (1C = 0.43pg), a perennial lifecycle, less 

chloroplast genetic diversity, and occurred in areas with lower temperatures and higher 
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rainfall. Twelve chloroplast haplotypes of E. plantagineum were evident and incidence 

aligned well with reported historical introduction events. In contrast, E. vulgare exhibited 

two haplotypes and was found only sporadically at higher elevations. Echium 

plantagineum possessed significantly higher levels of numerous pyrrolizidine alkaloids 

involved in plant defence.  We conclude that elevated genetic diversity, tolerance to 

environmental stress and capacity for producing defensive secondary metabolites has 

contributed to the successful invasion of E. plantagineum in Australia. 

Introduction 

Introduced species are of global concern in terms of their inherent economic and 

environmental costs, with annual losses of USD $1.4 trillion associated with biological 

invaders around the world1. Australia has endured the ravages of numerous noxious 

invaders [e.g. prickly pear cactus (Opuntia stricta (Haw.) Haw), cane toad (Rhinella 

marina L.), carp (Cyprinus carpio L.) and European rabbit (Oryctolagus cuniculus L.)], 

many of which were intentionally introduced from overseas. In terms of invasive 

Australian plants, agricultural costs of weed management alone are reported to exceed $4 

billion annually and all of the most noxious weeds are non-indigenous2.  

Successful plant invaders often rapidly adapt to novel ecosystems3. This can be 

achieved through rapid occupation of an empty niche4, “evolution of increased 

competitive ability” 5, increasing colonizing ability6, production of large amounts of 

viable and long-lasting seeds7, a lack of enemies in the non-native range8, synthesis of 

allelochemicals that promote invasion (‘novel weapons’) 9 and modification of local 

above- and belowground environments7,9. One particularly successful plant invader, 

Echium plantagineum L., is self-incompatible in its native range but purportedly became 

self-compatible after introduction to Australia10, providing further evidence for the 

increasing colonizing ability hypothesis. Although uniparental reproduction may result in 
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inbreeding depression11, annual self-compatible invaders may operate more 

independently from conspecifics and ancestral pollinators10. 

Evaluation of evolutionary genetics of invaders is critical to develop a better 

understanding of the mechanism(s) associated with invasion success. With regards to 

successful plant invasion, sufficient levels of genetic diversity are typically required for 

species persistence in a dynamic environment12. High levels of genetic diversity 

contribute to phenotypic plasticity favouring adaptation and resistance to environmental 

stress, including management practices. However, a plant invader commonly establishes 

initially with limited genetic variation, as most invasions are derived from small founder 

populations13. Invader populations may subsequently increase in genetic diversity over 

time via introduction of new genotypes, rapid evolution and/or cross-species 

hybridization 7,14.  

Plant genome size can also contribute to invasion success15-18. According to “the 

large genome constraint hypothesis”, smaller genomes are associated with shorter life 

cycles, smaller seed, greater specific leaf area and higher photosynthetic rates15,16. 

Cytogenetic analysis of 156 weedy and 2685 non-weedy species indicated that weedy 

species tend to have smaller genome size (3.79 pg) compared to non-weedy species (12.14 

pg)17, suggesting that selection for small genome size in weedy species may provide them 

with competitive  advantages following colonization19.  

A direct comparison of the genetics and invasion ecology of both successful and 

less successful plant invaders introduced at similar timeframes to the same location(s) 

could result in significantly enhanced understanding of the mechanisms that drive 

invasion success. Therefore, the congenerics E. vulgare L., commonly called Viper’s 

bugloss, and E. plantagineum, known regionally as Paterson’s curse or Salvation Jane, 

were chosen as model species in this study because of their similar introduction history, 
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morphology, reproduction and dispersal20. Both species originated in the Mediterranean 

and have since naturalized in Africa, America, Asia, Europe and Oceania21,22. Echium 

vulgare is now commonly encountered in Europe and Canada22,23 but in Australia is 

restricted to the southeastern states of South Australia (SA), New South Wales (NSW), 

Victoria (VIC) and Tasmania (TAS)23. In contrast, E. plantagineum is an economically 

important weed in Australia24 and has invaded 33 million hectares across southern and 

western Australia, with an estimated annual economic impact of $250 million25. Both 

Echium species are drought tolerant, can produce up to 10,000 seeds per plant and rely 

on mammalian activity for dispersal21,22. Unfortunately in Australia, ‘Paterson’s curse’ 

has sometimes been used as a common name for either E. vulgare or E. plantagineum26 

so the extent of distribution following establishment in the 1800s is potentially unclear27. 

Depending on seasonal growing conditions, Echium plantagineum can exist either 

as an annual or biennial. It was reportedly introduced to Australia in the mid-1800s, as an 

ornamental plant 21 or more likely repeatedly introduced with the direct importation of 

merino sheep from northern Spain20. Echium plantagineum is a native of the Iberian 

Peninsula and today can be found sporadically throughout the Mediterranean region. In 

contrast, E. vulgare is reported to be a biennial or short-lived perennial, and is widespread 

across temperate regions of Europe. It is thought to have been introduced to Australia 

around 182027.  

Echium vulgare and E. plantagineum produce two interesting groups of secondary 

metabolites important in plant defence; the pyrrolizidine alkaloids synthesized in above 

ground plant tissues and organs, and the naphthoquinones produced in living roots and 

root hairs 28-31. Pyrrolizidine alkaloids to play critical roles in plant defence against 

grazing herbivores and are present in high concentrations in both E. vulgare and E. 

plantagineum, thus contributing to livestock toxicity across southern Australia due to 
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their direct consumption21,29.The roots of E. plantagineum and E. vulgare also produce 

high concentrations of naphthoquinones31, and these red-coloured compounds also 

referred to as shikonins are also produced by the roots of other members of the family 

Boraginaceae32. Shikonins exhibit potent antimicrobial, antifungal, and phytotoxic 

properties and are frequently used as biomedicinals in Eastern medicine32. In Australia, 

exposure to stressful conditions is associated with enhanced production of shikonins and 

pyrrolizidine alkaloids in E. plantagineum, with increased concentrations observed in 

plants collected from warmer, drier locations29,30. Other Boraginaceae including 

Lithosperum L. and Arnebia Forssk. also produce shikonins32. Our recent studies suggest 

that both families of metabolites contribute to plant defence and may serve as important 

‘novel weapons’ in the invasion process33. 

Past studies of E. plantagineum and E. vulgare in Australia have focused mainly 

on pollination ecology and floral nectar production related to quality of commercially 

produced honey34. However, specific information on comparative morphology35, 

phenology36-39, genetics, and biology21,22 is limited. Both species have been sparingly 

included in broader phylogenetic studies of Echium spp.; thus limited information is 

available regarding their contemporary spatial distributions11,40-42. The most recent study 

of genetic diversity of E. plantagineum in Australia used isozyme markers to study 

diversity and suggested a similar level of genetic diversity between Australian and native 

Iberian populations43. As polymorphisms detected by isozyme markers vary among 

tissues, growth stages and environments44, and methods of specimen preservation often 

impact isozyme analyses, further studies are warranted.  

To shed additional light on the mechanisms of invasion success of these two 

congeneric species in Australia, a series of field surveys was performed across southern 

Australia in locations where both species are now naturalized27. Geographically distinct 
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populations of both species were surveyed for local climatic conditions, coexisting plant 

diversity and production of specific defence metabolites or ‘novel weapons’. Cytogenetic 

evaluation using flow cytometry was coupled to DNA sequence analysis of chloroplast 

and nuclear loci to evaluate genome size and genetic diversity within each species. In 

addition, specimen records from Australian herbaria were evaluated to gain an 

understanding of the historical introduction of each species to Australia, and were 

compared to current distributions.  

Results 

Geographic distribution in Australia 

Results obtained from three seasons of field surveys conducted in southeastern 

Australia are in general agreement with historical herbarium records obtained for both 

Echium species in Australia’s Virtual Herbarium (AVH)45. Echium plantagineum was 

found to be widely distributed across southern Australia (Supplementary Fig. S1a). 

However, E. vulgare was found only sporadically, and was narrowly restricted to the 

South Eastern Highlands (SEH) biogeographic region (Supplementary Fig. S1b and S2).  
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Figure 1. Distribution of Echium vulgare in Australia. Red dots indicate the location of 

herbarium specimen records of E. vulgare. Dots enclosed by solid lines indicate records 

obtained from the same biogeographic region. See Table 1 for biogeographic regional 

codes. Image provided by Australia’s Virtual Herbarium45. 

 

We noted 1376 and 174 AVH records of E. plantagineum and E. vulgare, 

respectively, in Australia. Echium plantagineum is widely distributed from eastern 

Queensland (QLD) to Western Australia (WA), being recorded in Brigalow Belt North, 

QLD and also across nearly all of the biogeographic regions (around 40) in NSW, VIC, 

TAS and SA to Carnarvon, WA. In contrast, E. vulgare is restricted to 17 biogeographic 

regions, with most records coming from one biogeographic region, SEH, which accounts 

for 59.2 % of total records in Australia (Fig. 1). This species was reported sporadically in 

only four biogeographic regions since 2000: New England Tablelands (NET), SEH, Ben 
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Lomond (BEL), and Tasmanian South East (TSE) (Table 1, Fig. 1 and Supplementary 

Fig. S2). Historical records of E. vulgare also indicate past occurrences in TAS, 

southeastern NSW and VIC, where summer rainfall is more common, elevation typically 

exceeds 400 m and recorded winter temperatures are below 3 °C. In contrast, some 

records were noted from SA, western NSW and VIC, where summer rainfall is limited, 

elevation is lower than 300 m and winter temperatures are generally warmer (Table 1). 
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Impact of Echium invasion on plant biodiversity in Australia 

From 2011 onwards it proved particularly difficult to find established sites of 

infestation for E. vulgare across southern Australia. Four sites infested with E. vulgare 

were noted and analysed; the density of E. vulgare ranged from 2-67 plants m-2, and 

averaged 27.0 + 14.3 plants m-2 (mean + SEM). In contrast, sites infested with E. 

plantagineum were easily detected and numerous; the density of E. plantagineum in the 

most heavily infested quadrat was 275 plants m-2, and averaged 80.9 + 19.3 plants m-2 for 

the 17 sampled locations. Plant biodiversity decreased when E. plantagineum was present 

in quadrats but not when E. vulgare was present.  The number of all other species per 

quadrat decreased from 6.6 + 0.7 to 4.6 + 0.5 when E. plantagineum was present (P < 

0.01); whereas the corresponding values for E. vulgare were 5.3 + 1.0 vs 4.0 + 0.7 

(difference not significant at P = 0.05). The density of other plants was more heavily 

impacted by the presence of E. plantagineum; these values declined from 1271.2 + 219.8 

m2 in quadrats where E. plantagineum was absent to 689.6 + 130.2 m2 when E. 

plantagineum was present (P < 0.01); corresponding values for E. vulgare were 1018.8 + 

240.7 m2 and 1043.8 + 82.5 m2, respectively (P > 0.5). These measures of biodiversity 

are not directly comparable because of the higher densities of E. plantagineum observed; 

but when restricting the analysis to quadrats where E. plantagineum spanned a similar 

range of densities to E. vulgare (13-76 plants m2, n = 11), a significant decrease in number 

of other plants was still observed (1112.3 + 260 uninfested with E. plantagineum vs 552.1 

+ 176.9 infested, P < 0.05). 

Pyrrolizidine alkaloid content 

Metabolic profiling (using ultra high pressure liquid column chromatography coupled to 

time of flight mass spectrometry UHPLC MS QTOF) of foliage from geographically 

diverse field- and glasshouse-grown plant populations of both species resulted in 
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detection of 17 pyrrolizidine alkaloids in E. plantagineum leaf extracts and up to 16 

pyrrolizidine alkaloids in E. vulgare shoot extracts (Table S1). This corresponds with 

recent studies noting up to 17 pyrrolizidine alkaloids in Echium spp. shoot extracts29. Of 

note is the finding that pyrrolizidine alkaloids occurred in E. plantagineum at levels up to 

three times those observed in E. vulgare, and this result was confirmed both in controlled 

glasshouse conditions and in field sampling when species ranges overlapped near 

Bathurst NSW (Fig. 2). Three pyrrolizidine alkaloids were consistently less abundant in 

E. vulgare in all environments. These included 7-O-acetyllycopsamine-N-oxide B, 3’-O-

acetylechiumine-N-oxide and 7-O-acetyllycopsamine.   
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Figure 2. The relative abundance of pyrrolizidine alkaloids and their N-oxides extracted 

from E. plantagineum (Ep) and E. vulgare (Ev) foliar tissue, averaged over three 

biological replications for each treatment. Data was normalized by log2 transformation. 

Both species were grown (a) under uniform glasshouse condition or (b) at the same field 

sites near Bathurst. Pyrrolizidine alkaloids were significantly more abundant in Ep as 

tested by one-way ANOVA (P < 0.05). Ep: Echium plantaginuem, Ev: E. vulgare; Ep-A: 

E. plantaginuem collected from Adelong; Ep-S: E. plantaginuem collected from 

Silverton; Ev-A: E. vulgare collected from Adaminaby; Ev-C: E. vulgare collected from 

Cooma. Please refer to Table S1 for the name of the compounds. 

Genome size and genetic diversity 

Genome size (presented as 1C value) of E. vulgare ranged from 0.41 to 0.45 pg (mean: 

0.43 ± 0.003 pg), while the 1C value of E. plantagineum ranged from 0.34 to 0.40 pg 

(mean: 0.37 ± 0.002 pg) (Table 2). Results obtained are consistent with the previously 

reported ploidy level of both species in Europe (2n = 32 for E. vulgare and 2n = 16 for E. 

plantagineum)46. Neither Echium species showed a change in DNA content with variation 
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in ploidy, nor was there an apparent difference in genome size in geographically distinct 

locations/populations for each species. 

Table 2. Genome size of Australian E. vulgare (Ev) and E. plantagineum (Ep) as 

estimated by flow cytometry using genome size of tomato and radish for standard 

comparison63. 

Species 
Ploidy 
level 

Location of 
collection1 

Genome size: 
1C (pg)2 

Peak 
CV 

(%)3 

Number of 
samples 

evaluated 

Standard4 

Ev 2n=32 Adaminaby 0.43 ± 0.003 5.35 15 Radish 

Ev 2n=32 Cooma 0.43 ± 0.007 6.04 15 Radish 

Ev 2n=32 Mt. Denison 0.44 ± 0.005 6.13 15 Radish 

Ev 2n=32 Numeralla 0.43 ± 0.004 5.56 15 Radish 

Ep 2n=16 Bandiana 0.36 ± 0.002 12.44 15 Tomato 

Ep 2n=16 Coombah 0.39 ± 0.003 12.28 15 Tomato 

Ep 2n=16 Gol Gol 0.38 ± 0.011 13.8 4 Tomato 

Ep 2n=16 Kangaroo flat 0.37 ± 0.006 13.24 15 Tomato 

Ep 2n=16 Leeton 0.38 ± 0.008 13.66 7 Tomato 

Ep 2n=16 Narrandera 1 0.37 ± 0.003 12.68 15 Tomato 

Ep 2n=16 Talbingo 0.37 ± 0.006 13.37 13 Tomato 

Ep 2n=16 Wagga Wagga 1 0.37 ± 0.006 12.64 15 Tomato 

Ep 2n=16 Wagga Wagga 2 0.37 ± 0.002 13.08 15 Tomato 

Ep 2n=16 Wagga Wagga 3 0.37 ± 0.001 12.21 15 Tomato 

Ep 2n=16 White Cliff 0.37 ± 0.010 13.28 15 Tomato 

 

PCR and sequencing analysis was 100% successful for all samples at targeted 

gene regions; 154 sequences were generated for each gene region under scrutiny. The 

alignments were truncated to 636, 280, 469 and 399 bp for ITS, trnH-psbA spacer, trnL 

intron and trnL-trnF spacer, respectively. Four alleles were detected in the nuclear ITS 

region and two haplotypes were found in the concatenated chloroplast regions of E. 

vulgare; the corresponding values detected for E. plantagineum included two alleles and 

12 haplotypes (Table 3). 
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Table 3. Genetic diversity of Australian E. vulgare and E. plantagineum, as estimated by 

allele and haplotype (hap) numbers, nucleotide (π) and haplotype (h) diversity. 

DNA regions  Echium vulgare Echium plantagineum 

ITS allele 4 2 

π 0.0015 ± 0.0011 0.0008 +/- 0.0007 

h 0.5444 ± 0.0649 0.4990 +/- 0.0072 

Chloroplast hap 2 12 

π 0.0024 +/- 0.0015 0.0029 +/- 0.0017 

h 0.3800 +/-  0.0913 0.7661 +/- 0.0298 

Echium vulgare showed a similar level of nucleotide (π = 0.0015) 47 and haplotype 

(h = 0.5444) genetic diversity47 in the nuclear region (ITS) to that of E. plantagineum (π 

= 0.0008, h = 0.4990) (Table 3). However, considerably lower genetic diversity was 

detected in the chloroplast regions of E. vulgare (π = 0.0014, h = 0.3800) compared to E. 

plantagineum (π = 0.0021, h = 0.7661).  

 

Figure 3. Distribution of haplotypes of E. plantagineum in southeast Australia. The 

dashed line separates southern Australia into eastern NSW and VIC, and western NSW. 

(specific haplotypes Hap 6 and 8 are found in eastern NSW and VIC, and Hap 10, 11, 12 

and 13 in western NSW, respectively. Map was created using ArcGIS 10.3.1 software by 

Esri (http://www.esri.com), base map was sourced from the Australian Bureau of 

Statistics and and modified using Adobe Illustrator CS5.  

http://www.esri.com/
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Evidence of regional chloroplast population structure in E. plantagineum was 

noted. The distribution of E. plantagineum chloroplast haplotypes (n=12) showed strong 

indication of geographic sorting between western NSW and southeastern Australia (Fig. 

3), as indicated by shifts in frequency of haplotype 5 (Supplementary Fig. S3), observed 

as prevalent in eastern NSW and VIC (54.4%), but less so in Western NSW (15.4%). 

Haplotypes 10-13 were not observed in eastern NSW and VIC, but represented 42.3% of 

the haplotypes found in western NSW. In addition, haplotypes 6 and 8, present at low 

frequencies in eastern NSW and VIC (2.2 and 5.6%, respectively), were not found in 

western NSW. A population pairwise Fst test48 showed a significant (Fst = 0.13, P < 0.001) 

difference between western NSW, and eastern NSW and VIC, which strongly suggests 

the presence of genetic structure. This population structure was not supported at the 

nuclear ITS gene, where it was observed using Fst test (Fst = -0.02, P = 0.85) and 95% 

parsimony network analysis further indicating that the two nuclear ITS alleles in E. 

plantagineum were generally present at similar frequencies across sampled regions 

(Supplementary Figure S4a). The E. plantagineum chloroplast network suggested no 

apparent phylogenetic basis for haplotype sorting among regions (Supplementary Figure 

S4b). Interestingly, one rare haplotype, 14, was unique to WA. 

Discussion 

Echium plantagineum was first recorded in Australia in MacArthur Garden, 

located in Camden, NSW (near Sydney, NSW) and introduction from England as an 

ornamental is postulated21. It is uncertain, however, whether this introduction event 

resulted in later escape and naturalisation. In Australia, at least three naturalisation events 

of E. plantagineum have been documented, one near Albury (NSW), one in Gladstone 

(near Port Pirie, SA) and one in WA, all in the 1880s49. Considering the similar timing of 

these events and the great distance between these Australian locations, it is likely that 
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multiple introductions of E. plantagineum occurred27,49. Distribution of the 12 observed 

chloroplast haplotypes in Australia noted from our analyses is well-aligned with these 

reported naturalisation events. Regional specific haplotypes were detected in eastern 

NSW and VIC (haplotypes 6 and 8), western NSW (haplotypes 10-13) and WA 

(haplotypes 14) regions (Figures 3, S3 and S4). Although 90 individuals were sampled, 

eastern NSW and VIC regions represented only 7 out of the 12 detected haplotypes of 

Australian E. plantagineum, with two specific haplotypes (haplotypes 6 and 8) occurring 

near Albury, NSW. In contrast, the western part of NSW, located between the SA and 

NSW introduction events, contained nearly all of the E. plantagineum haplotypes (9 out 

of 12, except haplotypes 6, 8 and 14) detected in this survey. It is possible that additional 

sampling in SA might result in the recovery of additional or specific haplotypes (such as 

10-13). The Fst test revealed a significant population structure in chloroplast DNA (P < 

0.001) but not in nuclear DNA (P = 0.85). Lack of population structure at ITS may be 

caused by the paucity of available polymorphism at ITS of Australian E. plantagineum 

and/or higher migration rates of nuclear DNA in contrast to chloroplast DNA. Plastid 

DNA is maternally inherited in angiosperms50, which means the cpDNA of E. 

plantagineum and E. vulgare can move only by seed distribution, while the gene flow of 

the nuclear region can be attributed to both seed and pollen dispersal51. 

Echium plantagineum is apparently less prone to genetic bottlenecks because of 

its greater adaptability across a variety of habitats. Multiple introductions of E. 

plantagineum to Australia, evidenced by the population structure in southeastern 

Australia, may also have contributed to its high genetic diversity. High genetic diversity 

is associated with invasion success for many plant species7,52-55. Careful management of 

each species in local regions may be critical in future years to avoid seed dispersal across 

Australia to limit out-crossing among distinct regional genotypes within each species 
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leading to further enhancement of genetic diversity. In addition, considering that E. 

vulgare is a weed of importance in Europe23 and Canada22, it will also be critical to avoid 

new introductions of E. vulgare into Australia which might increase the number of 

genotypes post-introduction. 

Invasive plant species typically exhibit reduced DNA content17, and smaller 

genome size is correlated with an annual life cycle in some plant genera, including 

Veronica L.56 and Sorghum Moench57, and is also normally associated with higher leaf 

area ratio and increased production of smaller seeds58. It is not clear in Australia whether 

genome size is related to the persistent spread of weedy features and/or phenology/life 

cycle in the genus Echium. When compared to previously reported data on 13 other 

Echium species18, annual Echium species (1C DNA content range: 0.32-0.37 pg) possess 

a distinctly smaller genome size compared to perennial Echium species (1C DNA content 

range: 0.41-0.43 pg). However, as data from only two annual Echium species (E. bonnetii 

Coincy and E. plantagineum) has been published, it is speculative to generalise that 

reduced genome size is associated with a shorter life cycle in the genus as a whole. 

Polyploidy, often reported to occur in invasive weeds and suspected of enabling certain 

species to gain plasticity associated with specific habit and resource requirements, 

resulting in adaptation to broader environmental parameters59, has apparently not been a 

factor contributing to variable success of E. plantagineum and E. vulgare in colonising 

Australia (Table 2).  

Echium plantagineum in Australia exhibits a considerably shorter life cycle and 

produces greater leaf area than does E. vulgare39, and also produces larger seeds (3.6-3.9 

mg per seed compared to 2.5 mg per seed for E. vulgare)21,22. A shorter life cycle may 

facilitate the broader adaptation of E. plantagineum to diverse and variable climatic 

conditions and thereby facilitate escape from environmental stress. Both species are 
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capable of producing similar numbers of seeds per plant, but a shorter life cycle has 

potentially enabled E. plantagineum to produce more seed over time, as both species are 

monocarpic15. In addition, E. plantagineum tended to suppress the number of other 

species growing in close proximity, as suggested by the density of other plants in quadrats 

where these species were sampled compared with nearby quadrats where Echium spp. 

were absent. Echium plantagineum also appeared to achieve greater overall densities than 

E. vulgare, but this was not clear because of the small number of observed sites infested 

with E. vulgare. 

Recent records of E. vulgare were found in only four biogeographic regions (NET, 

SEH, BEL and TSE), where cold winters and reliable summer rainfall (or high humidity) 

were common. Echium vulgare has also been reported in six biogeographic regions of 

SA, western NSW and VIC with warmer winter temperatures and limited summer rainfall 

(Table 1). A comparison of the recent decade (2005-2014) with the previous 50 years 

(1955-2004) of climate data (Table S2) shows a clear trend toward increased winter 

temperatures and more frequent summer rainfall events. Increased summer rainfall is 

likely to promote germination of both species from the existing seed bank, but probably 

more so for E. plantagineum since its existing seedbanks are likely more plentiful as 

discussed aboved22. In addition, without exposure to cooler winter temperatures for 

vernalisation, E. vulgare may become increasingly less abundant in Australia.  

A high rate of germination (> 40%) is typically achieved at warmer soil 

temperatures ranging between 20-30°C in late spring and summer for E. vulgare, or 

between 10-30°C in early spring and summer for E. plantagineum39. Germination of E. 

plantagineum normally occurs after spring and summer rainfall events in Australia21 

whereas optimal germination conditions for E. vulgare in the field are associated with 

higher soil temperature and moisture availability to support maximal emergence; the 
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seedlings of this species therefore emerge weeks to months later than those of E. 

plantagineum in the same biogeographic region22,39. Echium plantagineum is also highly 

resistant to water deficit. Most (57%) E. plantagineum seedlings survived after 2-4 weeks 

under severe moisture stress in Albury (southeastern  NSW)21, and we have also observed 

extreme tolerance of this species to moisture deficit after withholding water for up to 3 

weeks in controlled environment experimentation (unpublished data). We do not know 

of comparable tests for E. vulgare, but in experimentation performed in Canada, only 

18% of seedlings survived their first year of establishment and only 5% of all established 

seedlings reached reproductive maturity, with many seedlings dying due to drought 

following emergence22,39. In inland Australia, rainfall typically occurs more frequently in 

winter months, when soil temperatures are generally not high enough to support 

emergence of E. vulgare. Both summer and early autumn rainfall events in southern and 

western Australia may induce germination, but are normally followed by severe periods 

of drought, which could potentially result in high mortality of E. vulgare seedlings. 

Echium vulgare also has a vernalisation requirement and requires low temperatures 

“throughout the winter” to induce flowering in potted plants, while warm summers were 

necessary for vegetative growth39. Without intermittent exposure to cooler winter 

conditions, E. vulgare has been observed to remain as a vegetative rosette for 10 years in 

a continuously warm environment22. These factors would undoubtedly result in lower 

reproductive success of E. vulgare in much of inland Australia. 

The higher abundance of pyrrolizidine alkaloids in the foliage of E. plantagineum 

may limit feeding by animals, both vertebrate and invertebrate, on this species vis-à-vis 

E. vulgare. Specialist insects are able to successfully feed on Echium spp. and other plant 

species containing pyrrolizidine alkaloids, but most generalist insects lack the ability to 

sequester or detoxify these compounds60. The presence of pyrrolizidine alkaloids is 
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readily detected by unadapted insect herbivores61, causing these insects to look elsewhere 

for feed after sampling foliage. Livestock are known to feed on Echium spp. when other 

species are scarce, but grazers are also able to detect the presence of pyrrolizidine 

alkaloids and would thus typically avoid feeding on plants containing them. The greater 

abundance of the alkaloids in E. plantagineum is likely to have a stronger protective effect 

than the reduced levels found in E. vulgare. In addition to foliar alkaloids, 

naphthoquinones (shikonins) present in the roots of E. plantagineum and E. vulgare are 

active against a range of biotic threats including microbiota and neighbouring plants and 

their variable production may also contribute to the differential invasion success of these 

two species28-30. Although glasshouse grown E. vulgare shows higher abundance of 

shikonins than does E. plantagineum, drought conditions experienced under field 

conditions may stimulate increased production of shikonins by E. plantagineum to a 

greater extent than E. vulgare28-30, suggesting that the former may be better defended 

against herbivores and more competitive under stressful conditions. 

Herbarium records were essential in this study for documentation of the historical 

dynamics of dispersal of the weedy invaders E. plantagineum and E. vulgare across 

Australia39. However, misidentification of Echium species was and continues to be very 

common in Australia27 and field surveys are clearly required to verify the current 

infestation rate of each species. Two multi-year surveys performed over 2011-2015 

confirmed the previous records of E. plantagineum invasion across southeastern 

Australia. However, in contrast to past reports, E. vulgare was found only sporadically in 

the SEH biogeographic region in eastern NSW during this period. Echium vulgare was 

generally observed near edges of roadsides in southern highlands at higher elevations, but 

at very low densities. In contrast, E. plantagineum was found broadly distributed along 
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roadsides, railroad tracks, in stockyards and grazing lands, but was normally at very high 

densities, including monocultural stands, and in larger populations. 

In summary, greater success of E. plantagineum in contrast to that of E. vulgare 

in colonising the Australian continent since introduction in the 1800s corresponds with 

variation in a number of attributes between the two species: E. plantagineum has 1) a 

better match between its phenology and the Mediterranean type climate encountered 

across much of Australia, 2) greater drought tolerance, 3) greater genetic diversity and 

smaller genome size, and 4) greater abundance of defensive and potentially offensive 

secondary compounds.  The invasion history of this genus in Australia thus provides 

support for several (non-mutually exclusive) hypotheses previously proposed to explain 

the ability of plant species to invade new territories. 

Materials and Methods 

Current and historical survey of E. vulgare and E. plantagineum distribution 

The distribution of E. plantagineum and E. vulgare was initially reviewed by 

examination of herbarium records available from the AVH45. The identity of specimens 

falling outside of the expected distribution of either taxon was re-examined, and 

identifications corrected where necessary. A large field survey for presence of E. 

plantagineum and E. vulgare was conducted in the spring of 2011, 2012 and 2013 across 

southeastern Australia covering 76 locations aligned with three longitudinal transects29. 

Additional survey points were included in the Riverina region (Fig. S1) to survey 

additional geographically distinct populations of each species. As per Interim 

Biogeographic Regionalisation for Australia (IBRA) survey, Australia is currently 

divided into 89 biogeographic regions (Fig. S2) according to climate, geology, landform, 

species and native vegetation (http://www.environment.gov.au/land/nrs/science/ibra). 

For regional climatic analyses, average temperature and annual rainfall for each 
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biogeographic region of collection were obtained from the Spatial Data Analysis Network 

at Charles Sturt University, Wagga Wagga, NSW.  

Ecology survey - impact of infestation on Echium spp. growth and local plant 

biodiversity 

An ecological field survey was conducted at 17 and four sites of E. plantagineum and E. 

vulgare, respectively (Table S3), in the summer of 2013 and 2014 to investigate the 

impact of establishment of these two invaders on local plant biodiversity. For both 

species, data were collected from two 1 m × 1 m quadrats at each location. The number 

of Echium sp. individuals, number of other plant species, and total number of other plants 

present in quadrats were recorded. Means were compared with the Wilcoxon signed-rank 

test (Statistix ver. 9.062) because ecological data did not meet the requirements for 

ANOVA. 

Comparison of genome size 

Echium vulgare leaf tissues were collected from the four known geographically 

distinct locations of E. vulgare infestation in the SEH biogeographic region, while E. 

plantagineum seedlings from 11 locations were obtained after seed germination (Table 

2). Fresh leaf tissue from numerous individuals (4-15 per population depending on 

successful germination and establishment) were collected and analysed within 48 hours, 

depending on availability. A total of 60 E. vulgare and 144 E. plantagineum seedlings 

from geographically distinct locations were analysed. Samples were prepared for flow 

cytometry analysis according to Loureiro, et al. 63 using WPB nuclei isolation buffer. The 

DNA reference standards used for assessment of genome size in E. vulgare and E. 

plantagineum were Raphanus sativus L. (radish) and Solanum lycopersicum L. (tomato), 

respectively. Three samples from each location were examined individually by 

comparison to a known DNA reference standard using a Gallios Flow Cytometer 
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(Beckman Coulter, USA), and any additional samples from each site were pooled for 

analysis. Genome size of samples at each location were compared using an unbalanced 

ANOVA (location as factor) with GenStat 17th edition64.  

Comparison of genetic diversity 

A total of 25 E. vulgare and 129 E. plantagineum were used for genetic diversity 

analysis (Table S4), which included preserved herbarium voucher specimens provided by 

Brendan J. Lepschi of the Australian National Herbarium (four E. vulgare and 20 E. 

plantagineum). Samples of E. plantagineum and E. vulgare collected were widely 

distributed across the known endemic range of each species in southeastern Australia 

(Fig. S1). In addition, Wagga Wagga (NSW) experienced several large outbreaks of E. 

plantagineum which were also monitored and included in sampling. This region was 

therefore considered a hotspot of diversity following preliminary evaluation and a total 

of 42 samples were collected from Wagga Wagga NSW for additional haplotype analysis. 

Several samples from WA, TAS, and Northern Territory were also sequenced. 

Genomic DNA isolation, PCR, sequencing and alignment procedures were 

performed as described previously65. Samples were sequenced for one nuclear gene (ITS) 

and three chloroplast DNA regions (trnH-psbA spacer, trnL intron and trnL-trnF spacer). 

A 25 bp portion was discarded from the trnL intron sequence alignment due to low 

sequencing quality caused by a homopolymeric region (polyA and polyT) present in the 

sequence. Indels were coded as single mutations as described previously66 (Appendix 1). 

In addition, a 4 bp inversion region in trnH-psbA spacer67 was also coded as a single 

mutation68. The alignments of three linked chloroplast DNA regions were concatenated 

using FABOX69. Heterozygotes of nuclear ITS sequences were phased into two separate 

sequences via PHASE 2.170, using 1000 iterations, 10 thinning intervals and 1000 burn-

in iterations. The algorithm was run five times using the “-x option” to obtain accurate 
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estimates70. All sequences reported in this study have been deposited in the GenBank 

database under the GenBank accession numbers: KX012007-KX012622.  

Nucleotide (h) and haplotype (π) genetic diversity estimates47 were calculated 

within species, using ARLEQUIN ver. 3.571, and 95% statistical parsimony network 

analyses was performed to investigate the nuclear and chloroplast DNA genealogical 

relationships in E. plantagineum using TCS ver. 1.2172. Network analysis was not 

performed for E. vulgare due to limited number of haplotypes detected in our sampling. 

 

Metabolic profiling, UPLC MS QTOF and data analysis of leaf extracts in E. 

plantagineum and E. vulgare  

Both species were evaluated in the uniform glasshouse conditions and in identical 

field conditions to assess the production of pyrrolizidine alkaloids. Seeds of E. 

plantagineum were collected from Adelong (N: -35.296, E: 148.057) and Silverton (N: -

31.883, E: 141.216), NSW, while E. vulgare seeds were collected from Adaminaby (N: -

35.995, E: 148.791) and Cooma (N: -36.140, E: 149.200), NSW. Plants were cultivated 

in a glasshouse as described previously29 with a randomised block design experiment 

(three blocks) and harvested sequentially by blocks when E. plantagineum plants were 

flowering and E. vulgare were at the rosette stage. Echium vulgare did not flower likely 

due to its perennial growth habit and lack of vernalisation29. Field plants were collected 

from a roadside population near Bathurst, NSW (N: -33.463, E: 149.476) at flowering 

stage. To our knowledge this is the first reported site where both species occupy the same 

area. Leaves were combined from three or four plants in the field and glasshouse 

experiment, respectively, to obtain a composite sample of 4.00 g of tissue for extraction. 

Foliar tissue extraction, solid phase extraction, UHPLC MS QTOF analysis and statistical 

analysis were performed as previously described29. 
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Appendix 3 – Newsletter publication 

Publication in the Newsletter of The Weed Society of New South Wales Inc. ‘A Good 

Weed’. Spring 2016, #68 p.11-12 

 

Echium plantagineum also known as Paterson’s curse or Salvation Jane is an invasive and 

toxic weed introduced from Europe to Australia in the 1800s. It produces high seed 

number/plant (up to 10,000 seeds/plant) which can remain in the soil seed bank for up to 

6 years. Although Paterson’s curse occurs in mixtures with other pasture plants in its 

endemic environment, it dominates plant communities in Australia and has successfully 

spread across 30M of hectares of grazing lands, along road sides and disturbed sites, 

sometimes establishing near monocultures across southern Australia, including NSW, 

TAS, ACT, SA and WA. E. vulgare (also known as Viper’s bugloss) is a close relative 

but is a less common invader and can be found in limited areas of higher elevation, mostly 

in NSW and the ACT. Plants belonging to the genus Echium often produce secondary 

defense compounds. These chemicals fall into two key groups of secondary compounds: 

isohexenylnaphthazarins (IHNs) and pyrrolizidine alkaloids (PAs). IHNs occur as red 

pigments in the outer layer of root periderm and potentially act as defense barrier for 

protection against soil fungi and other pathogenic microorganisms. PAs occur in above 

ground plant tissues and are accumulated in non-toxic form as N-oxides. PAs are known 

to act as feeding deterrents for insects, and can be particularly toxic to mammalian 

systems, eventually causing death of sensitive grazing animals such as horses and sheep. 

The losses to animals caused by E. plantagineum toxicity are estimated to cost the 

Australian food and fibre industry over $125 M p.a.  
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Paterson’s curse infested paddock near Wagga Wagga, NSW. Image: Dominik 

Skoneczny. 

This research aims to evaluate and determine the mechanism(s) by which E. plantagineum 

became such a successful invader in Australia, in comparison to E. vulgare, a closely 

related but less successful invader, as it remains unclear why one species may be 

particularly successful in a non-native or novel ecosystem.  

In order to determine any possible differences and similarities among selected Spanish 

and Australian populations of Echium species, we are comparing the metabolic profiles 

of shoot and root extracts for secondary plant products of interest. High Pressure Liquid 

Chromatography (UHPLC) coupled to Tandem Mass Spectrometry (MS\MS), enables us 

to evaluate and monitor selected groups of molecules in analyzed samples (Metabolic 

Profiling). We are able to profile 17 different PAs in the shoots and leaves and up to 24 

IHNs in the roots of Paterson’s curse, some of which are highly bioactive. Greater 

accuracy and precision of our new instrumentation has enabled us to analyze 22 E. 

plantagineum and 4 NSW populations of E. vulgare from the field, and several 

populations of both grown under controlled conditions.  
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Paterson’s curse in its native range in Spain. Image: Dominik Skoneczny. 

We found that plants grown in the field typically produce higher quantities and more 

diverse PAs than under controlled, non-stressed conditions in the glasshouse. E. 

plantagineum also produced more alkaloids than E. vulgare in the field in greater 

abundance, which may result in increased toxicity of this species. Variation in production 

of four identified root-produced IHNs at a species level and also between field grown and 

glasshouse grown plants indicates the need for a broader approach in studying the 

presence of these chemicals and environmental factors which regulate their expression in 

Echium roots. Field ecological studies evaluating competition of these  plants show a 

small but significant reduction in species richness in Australia with increasing infestation; 

this trend was opposite for populations observed in their native range in Spain. 

Further comparisons of Australian and European populations of E. plantagineum and E. 

vulgare are planned for 2015 and are likely to reveal possible mechanism(s) of invasive 

weed success in novel environment. 

Further information: 

Dominik Skoneczny dskoneczny@csu.edu.au 
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Appendix 4 – Conference papers 

This appendix is a collection of abstracts comprising the work that was generated during 

this PhD project and published in conference proceedings. 

Abstract 1 Investigation of quinones produced by living roots: Their potential roles 

in the rhizosphere regulation and allelopathy. 

Skoneczny, D., Zhu, X., Weston, P.A., & Weston, L.A. In: RACI Natural Products 

Chemistry Group Symposium. Annual One-day symposium. 30 September 2016, 

Wollongong, Australia. Wollongong: 2016. p.4. 

Naturally occurring quinones are well characterized with respect to their potent biological 

activities. Specifically, they possess antitumor, anti-inflammatory, antiparasitic, 

antimicrobial, insecticidal, fungicidal and herbicidal activities. Quinones are known to 

inhibit electron transport involved in photosynthesis and mitochondrial respiration. 

Quinone-based fungicides are classified as “organic fungicides” and are known multisite 

inhibitors. This may be advantageous in the prevention of resistance development in 

fungal pathogens. Similarly, quinone-based natural herbicides were also described with 

multisite inhibitors. We have studied two unusual groups of root produced quinones in 

Sorghum spp. (sorgoleones) and in Echium spp. (shikonins) that may confer competitive 

advantage to plants producing them in high concentrations.   Localization studies have 

shown these molecules to be produced by the living root hairs of both species, and in this 

case of Echium spp., also in root periderm. Although sorgoleones and shikonins have 

demonstrated moderate to good antifungal and antimicrobial activity on numerous 

organisms, they have also demonstrated considerable phytotoxicity or interference ability 

in laboratory and field studies. Here, we present the results of recent localization studies 

in both species using confocal and light microscopy for imaging, coupled to hyperspectral 

analysis. Metabolic profiling using mass spectrometry (UPLC-MS QTOF) was utilized 

to study root chemistry and release of quinones into the rhizosphere. Both species released 

considerable quantities of a complex mixture of bioactive quinones into the soil 

rhizosphere over time. Whether differences in biological activity of quinones are 

associated with their lipophilicity, transport across membranes, or inherent ability of 

certain organisms to metabolise these molecules is currently not clear.  
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Abstract 2 Introduction of Paterson’s curse (Echium plantagineum) to Australia – 

unravelling the story by DNA sequence analysis. 

Zhu, X., Gopurenko, D., Skoneczny, D., Lepschi, B.J., Spencer, M.A., Gurr, G.M., 

Callaway, R.M., Serrano, M. & Weston, L.A. In: Twentieth Australasian Weeds 

Conference. 11-15 September 2016, Perth, Australia. Perth: 2016. p.151-167. 

Paterson’s curse (Echium plantagineum L.) is an annual/biennial species in the family 

Boraginaceae. Native to N.W. Africa, the Iberian Peninsula and Atlantic Western Europe, 

it is a noxious weed in Australia and has spread over 30 million ha resulting in >A$250 

million annual losses to agricultural industries. Determination of the pathway of 

introduction is critical to gain further insight into the invasion process including the 

sources of propagules. Two hypotheses regarding the origin of Australian populations 

were formulated: 1) introduction as an ornamental via seed importation from England; 2) 

multiple introductions via South Africa from the Iberian Peninsula and UK. In this study, 

131 Australian E. plantagineum samples were analysed using one nuclear gene region 

(ITS) and three chloroplast gene regions (trnL intron, trnL-trnF spacer and trnH-psbA) 

and compared with successfully sequenced samples from the Iberian Peninsula (N = 43), 

UK (N = 15), South Africa (N = 24) and the USA (N = 4). A high level of genetic diversity 

was found in Australia, which suggests a complex history of introduction of Australian 

E. plantagineum. The most abundant haplotype in Australia was shared with the Iberian 

Peninsula and UK populations, which suggests that they are both critical source 

populations for Australian E. plantagineum. Importantly, however, 10 of 12 haplotypes 

found in Australia were represented in South Africa, indicating its potentially important 

historical role as an intermediate source population for E. plantagineum introductions. 

The Australian E. plantagineum population was genetically most similar to the UK 

population and significantly different from other populations, which supports UK E. 

plantagineum as potential founding population and the Iberian Peninsula and South 

African populations as additional sources of genetic diversity. 

Key words: Genetic diversity, invasive weed, introduction history, DNA barcoding. 
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Abstract 3 Metabolic profiling of isohexenylnaphthazarins in E. plantagineum, an 

exotic invader in Australia.  

Skoneczny, D., Weston, P.A., Gurr, G.M., & Weston, L.A. In: 2015 International 

Chemical Congress of Pacific Basin Societies, 15-20 December 2015, Honolulu, USA. 

Honolulu: 2015. Abstract number: 33 ENVR, p.199 

Paterson’s curse (E. plantagineum L.) is a highly invasive and toxic weed in Australian 

pastures, causing significant losses to the livestock industry. A native of the Iberian 

Peninsula, Paterson’s curse is a member of the Borage family. Multiple Spanish and 

Australian populations of Paterson’s curse were investigated with respect to accumulation 

of toxic/bioactive secondary metabolites including isohexenylnaphthazarins (IHNs). 

IHNs occur as red pigments in root periderm and exhibit antimicrobial, antiherbivory and 

phytotoxic activities. Geographically distinct field populations were collected across 

eastern Australia and throughout western Spain. Populations were also grown under 

controlled phytotron conditions to assess the impact of temperature and simulated 

herbivory on production of PAs and IHNs. Ethanolic extracts of root periderm and 

methanolic extracts of foliage concentrated by solid phase extraction were subjected to 

metabolic profiling using HPLC ESI MSQTOF. Data was processed using untargeted and 

targeted approaches and compared to both personal and commercial available databases 

of previously identified natural products to facilitate effective screening of large data sets. 

Numerous (> 25) IHNs including acetylshikonin, deoxyshikonin, shikonin, 

dimethylacrylshikonin, β-hydroxyisovalerylshikonin, isobutyrylshikonin, 

isovalerylshikonin and propionylshikonin were identified in root extracts. Both 

temperature and herbivory treatments resulted in differential expression of secondary 

metabolites in plant extracts. Metabolic profiles of E. plantagineum were also compared 

to those of the related E. gaditanum and E. vulgare. Molecular approaches including next 

generation sequencing were employed to further elucidate key genes involved in 

biosynthesis and transport of IHNs in plant root tissues. A novel pathway for biosynthesis 

of selected IHNs is proposed.  
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Abstract 4 Role of pyrrolizidine alkaloids in invasion success of Echium 

plantagineum - metabolic profiling in Echium spp. 

Skoneczny, D., Weston, P.A., Callaway, R.M., & Weston, L.A. In: 2015 International 

Chemical Congress of Pacific Basin Societies, 15-20 December 2015, Honolulu, USA. 

Honolulu: 2015. Abstract number: 228 ENVR, p.202 

Native to the Iberian Peninsula, Paterson’s curse (E. plantagineum L.) is a highly invasive 

and toxic weed in Australian pastures. Toxicity to grazing livestock results in losses > 

$125 M per year to the Australian meat and fibre industry; however, this weed is not 

particularly toxic in its native range. Paterson’s curse, along with the related but less 

invasive Viper’s bugloss (E. vulgare L.), is a member of the Borage family. In 2013-

2015, field samples of both species were collected from geographically distinct sites 

across eastern Australia and western Spain. These samples were compared with respect 

to accumulation of bioactive secondary metabolites, specifically 14 pyrrolizidine 

alkaloids (PAs) and their N-oxides. Predominant PAs identified in this study included 

lycopsamine-N-oxide, echimidine-N-oxide and echiumine-N-oxide. Various 

geographically distinct Australian populations were also grown under controlled 

phytotron conditions to assess the impact of temperature and simulated herbivory on 

production of PAs. PAs were identified in methanolic shoot extracts concentrated by solid 

phase extraction and subjected to metabolic profiling using HPLC ESI MSQTOF. 

Analyses revealed that PAs were present in higher concentration and abundance at 

reproductive maturity under field conditions in comparison to immature plants produced 

under glasshouse conditions. In Australia, E. plantagineum shoots produced PAs in 

higher abundance than did the less invasive E. vulgare. Further evaluations were 

performed to examine the relationship between biodiversity indices obtained from field 

surveys of European and Australian populations of Paterson’s curse and PA content. 

Metabolomic analyses provided additional insight into the role of PA in plant defense, 

the “novel weapons” hypothesis and the impact of environmental stressors on PA 

production.  
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Abstract 5 Bioactivity of isohexenylnapthazarins from root extracts of Echium spp. 

in native and invaded ranges. 

Duran, A.G., Skoneczny, D., Martínez, A., Valdivia, M., Molinillo, J.M.G., Weston, 

L.A., & Macias, F.A. In: 2015 International Chemical Congress of Pacific Basin 

Societies, 15-20 December 2015, Honolulu, USA. Honolulu: 2015. Abstract number: 

457 HLTH, p.295 

Isohexenylnaphthazarins (IHNs) occur as red pigments in root periderm of several 

Boraginaceae and are known as potent agents stimulating wound healing, reducing 

inflammation and as cancer therapeutics. Extracts of E. plantagineum and E. gaditanum 

collected in southern Spain and E. plantagineum extracts from Australia were evaluated 

using LC/MS-QTOF. Eight shikonin derivatives were identified in extracts of both 

species and included the hydroxyl group esters listed below. Total IHNs concentration 

was higher in dark red-colored extracts of E. gaditanum than in extracts of E. 

plantagineum. Periderm extracts were tested for their phytotoxicity using an etiolated 

wheat coleoptile bioassay. Although E. plantagineum extracts from Australia showed 

higher activity than Spanish extracts, higher I50 values were noted with E. gaditanum 

extracts. Shikonin and related compounds were recently reported to suppress growth in 

several human cancer cell lines. Cytotoxicity may be associated with the ability of IHNs 

to impact electron transport and cellular respiration. Cell viability was assessed after 

treatment with extracts of both species and locations against cervical (HeLa) and ovarian 

carcinoma (IGROV-1) cells. We noted higher inhibition of cell growth also associated 

with extracts of E. gaditanum. Strong correlation between IHN concentration, season of 

collection, sampling location and bioactivity were also noted. Further studies will be 

designed to isolate and purify IHNs and investigate potential synergy. In addition, we will 

generate critical information on plant adaptation to changing climatic conditions. 
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Abstract 6 In situ extraction of bioactive shikonins in Paterson’s curse (Echium 

plantagineum) root system using polydimethylsiloxane microtubing. 

Zhu, X., Mwendwa, J., Weidenhamer, J.D., Skoneczny, D., Gurr, G.M., & Weston, 

L.A. In: 2015 International Chemical Congress of Pacific Basin Societies, 15-20 

December 2015, Honolulu, USA. Honolulu: 2015. Abstract number: 607 ENVR, p.208 

Paterson’s curse (Echium plantagineum) is a noxious weed in Australia that originated 

from the Iberian Peninsula. It currently infests over 30M hectares in Australia resulting 

in more than $125 M /A cost to the meat and wool industries. The root periderm of this 

species has an abundance of shikonin-derived naphthoquinones (NQs). Shikonin is an 

auto-fluorescent, red pigment with antimicrobial, anti-inflammatory, antitumor, 

antithrombotic and potential allelopathic activity. NQs are likely to be important in plant 

defence in the rhizosphere due to their distribution in periderm tissue. In this study 

polydimethylsiloxane microtubing was used to extract shikonin and its derivatives in situ, 

from root hair exudates and from infested soil by insertion of microprobes next to the tap 

root. After the contact with root hairs or removal from soil, tubing exhibited red 

colouration typical of NQ presence. Tubing was then extracted in ethanol and subjected 

to analysis by LCMS QTOF in negative ion mode. Several bioactive NQs were identified 

including acetylshikonin and shikonin. This study indicated that root exudates of E. 

plantagineum can be effectively extracted using polydimethylsiloxane microprobes. The 

in situ extraction of plant metabolites can be performed over time to enable study of the 

differential expression of root exudates on one plant, eliminating plant to plant variation. 

Half-life of NQs can also be evaluated in situ in soil using a highly selective device to 

limit matrix complexity, this enabling targeted profiling of root exudates. 
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Abstract 7 Impact of temperature on defensive chemistry of the invasive weed 

Echium plantagineum and implications for its biological control under climatic 

warming. 

Skoneczny, D., Weston, P.A., Weston, L.A., & Gurr, G.M. In: Entomology 2015. 

Synergy in Science: Partnering for Solutions, 15-18 November, Minneapolis, USA. 

Minneapolis: 2015. Abstract number SP0936, p.186 

Experiments were conducted under controlled environmental conditions to assess the 

impact of temperature on the production of secondary compounds by Echium 

plantagineum, a widespread invasive weed in Australia.  Plants were grown for 4 weeks 

under typical field conditions (25°C daytime/18°C nighttime), and then transferred to 

cooler (20°C/15°C) or warmer (35°C/25°C) conditions.  After 4 weeks, plants were 

harvested and assayed for the abundance of pyrrolizidine alkaloids (PAs) in the 

foliage.  Plants grown in cooler conditions had elevated levels of total PAs, but plants 

grown in warmer conditions showed nearly twice the increase in total PAs.  These results 

suggest that stress increases the production of defensive compounds by E. plantagineum, 

and that global warming might have significant impact on the ability of insect herbivores 

(e.g. weed biocontrol agents) to suppress populations of the weed.  
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Abstract 8 Comparative metabolic profiling of naphthoquinones in root periderm 

of two invasive Echium spp., E. plantagineum and E. vulgare. 

Skoneczny, D., Weston, P.A., Gurr, G.M., & Weston, L.A. In: ISRR 9: Roots Down 

Under, Belowground solutions to global challenges, 06-09 October 2015, Canberra, 

Australia. Canberra: 2015. Abstract number: P136, p.77 

Introduction 

Paterson’s curse (Echium plantagineum L.) is a highly invasive and toxic weed 

introduced from the Iberian Peninsula in the 1800s (Piggin, 1982). E. plantagineum is 

widespread in Southern Australia but its congener E. vulgare is found only sporadically 

in the southern highlands. Along with other members of the Boraginaceae, these species 

accumulate red naphthoquinones (NQs) in their roots which are derived from a shikonin 

specific biosynthetic pathway. Although NQs are known for their biological activity in 

mammalian systems, their phytotoxicity has only recently been reported (Garcia Duran 

et al., 2014; Weston et al., 2013). The role of NQs in plant invasion and ecological 

succession is poorly understood. This study evaluated E. vulgare and E. plantagineum in 

field and in controlled experiments to investigate the impact of environmental factors on 

the production of bioactive NQs.  

Methods 

Roots of E. plantagineum and E. vulgare were sampled from geographically distinct 

populations. Seed grown plants from selected Australian populations were raised in the 

glasshouse and harvested at various phenological stages. In addition, plants were grown 

under 3 regimes to examine the impact of temperature upon NQ production. Further 

experiments also estimated impact of drought and simulated herbivory. Root periderm 

was peeled and extracted overnight in ethanol. Extracts were analysed using LC/MS 

QTOF (Agilent 6530) in negative ion mode. Data was analyzed using Mass Hunter and 

Mass Profiler Professional chemometrix software (Agilent Technologies, Santa Clara, 

CA, USA). 

 Results and Discussion  

Rhizosphere interactions are often mediated by plant secreted metabolites (Bertin et al., 

2003). Past studies have shown that NQs produced by E. plantagineum are phytotoxic 

(Garcia-Duran et al. 2014), antimicrobial and anti-inflammatory. Root extracts obtained 
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in this study were initially separated by color and profiled to determine metabolites 

associated with the shikonin biosynthetic pathway (Weston et al., 2015). Red colored 

extracts were more chemically complex than light or uncolored extracts and had the 

highest abundance of 8 related and potentially bioactive shikonin derivatives including 

acetylshikonin, deoxyshikonin, shikonin, dimethylacrylshikonin, β-

hydroxyisovalerylshikonin, isobutyrylshikonin, isovalerylshikonin and 

propionylshikonin. Additionally, root extracts from glasshouse plants showed that NQs 

accumulate over time. High temperature conditions increased the expression of bioactive 

metabolites. Echium plantagineum produced greater abundance of dimethylacrylshikonin 

and propionylshikonin, however all identified NQs were detected in both species. Altered 

metabolic profiles at plant growth stages may be a result of differential regulation of the 

biosynthetic pathway and/or breakdown/polymerization of key metabolites (Weston et 

al., 2013). Untargeted analyses revealed 25 differentially expressed entities potentially 

influencing adaptation potential for interference by these species.   

Conclusion  

Metabolic profiling of root secondary metabolites contributes to our knowledge of their 

role in the rhizosphere and their ability to influence plant invasion. Eight NQs were 

identified for the first time in E. plantagineum along with >20 other compounds whose 

masses were putatively annotated. Regulation of NQs is strongly dependent on 

phenological state. Differences in the metabolic profiles of E. plantagineum and E. 

vulgare may be important in understanding their ability to adapt to a changing climate. 

Bertin C., Yang X., Weston L. (2003) The role of root exudates and allelochemicals in the rhizosphere. Plant and Soil 

256:67 83  

Garcia Duran A., Chinchillan N., Skoneczny D. et al. (2014) Isolation of bioactive naphthoquinones from the roots of 

Echium plantagineum L. (Paterson's curse)., 7th World Congress on Allelopathy, Vigo, Spain. 

Piggin C.M. (1982) The biology of Australian weeds 8. Echium plantagineum L. Journal of the Australian Institute of 

Agricultural Science 48:3-16. 

Weston L.A., Skoneczny D., Weston P.A., Weidenhamer J.D. (2015) Metabolic profiling: an overview - new 

approaches for the detection and functional anlysis of biologically active secondary plant products. Journal of 

Allelochemical Interactions 2:15-27. 

Weston P., Weston L., Hildebrand S. (2013) Metabolic profiling in Echium plantagineum: presence of bioactive 

pyrrolizidine alkaloids and napthoquinones from accessions across southeastern Australia. Phytochemistry Reviews:1-

7.   
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Abstract 9 Bioactive root exudates and rhizosphere interactions-localization, 

biosynthesis and accumulation of plant secondary metabolites. 

Weston, L.A., Zhu, X., Skoneczny, D., Weston, P.A., Weidenhamer J.D., Callaway, 

R.M., & Gurr, G.M. In: ISRR 9: Roots Down Under, Belowground solutions to global 

challenges, 06-09 October 2015, Canberra, Australia. Canberra: 2015. Abstract number: 

K-13, p. 49 

Plant secondary products are the drivers of many plant interactions in the rhizosphere, 

including those with other plants, herbivores and soil-borne macro- and microbiota. 

During plant growth and cellular ontogeny, secondary plant products are biosynthesized 

and often accumulate in a highly regulated manner in specialized tissues and organelles. 

Metabolites released by plant roots play important roles in rhizosphere signalling, plant 

defence and responses to abiotic stresses. Plants use a variety of sequestration and 

transport mechanisms to move these bioactive metabolites and export them safely into 

the rhizosphere. Transport systems in plant roots are generally closely linked to soil 

environmental conditions and local root health. Release of root metabolites often involves 

transport proteins and complex conjugation processes but can be achieved by simple 

diffusion, extrusion or active exudation. Healthy root cells rapidly generate and release 

large quantities of exudates containing allelochemicals in response to stress or local 

rhizosphere conditions, so the production and transport of these compounds in cells are 

often closely linked. Plants need to manage potentially toxic allelochemicals and 

metabolites by sequestering them to the vacuole or other membrane-bound vesicles. 

These compartments provide secure storage areas and transport systems for bioactive 

chemicals in the cytosol. Release into the apoplast occurs either by exocytosis or through 

membrane-bound transport proteins. Our research has studied the production, localization 

and release of root-produced metabolites by combining light, fluorescent, confocal and 

scanning electron microscopic observations with metabolic profiling of specialized root 

tissues and exudates. We have employed metabolomics to profile the complex metabolic 

pathways in specialized root cells and exudates and as a result have 1) identified bioactive 

metabolites of interest and 2) studied the regulation of biosynthetic pathways for their 

production in plant roots. In this presentation, we provide examples of root-produced 

metabolites of interest and the specialized tissues where they are localized. These include 

release of sorgoleone by root hairs, avenicin and other phenolics by oats, m-tyrosine by 

fine fescue root tips and hydroxamic acids in wheat and rye. Most recently, we studied 
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the production and localization of bioactive shikonins and their coloured naphthoquinone 

(NQ) derivatives in the roots of E. plantagineum, or Paterson’s curse, a highly invasive 

weed now endemic in Australia. NQs exhibit potent phytotoxic, antimicrobial and insect 

deterrent activities. Primary and secondary roots and root hairs of Paterson’s curse were 

observed to produce bright red NQs in periderm tissue and also in living root hairs. NQs 

were localized in the periderm of mature roots, whereas living root hairs in young 

seedlings were shown to exude copious quantities of droplets containing NQs. 

Hyperspectral imaging in conjunction with confocal microscropy assisted in confirmation 

of the presence of shikonins and related NQs in situ in intercellular storage spaces 

between periderm cells. NQs were deposited in the outer 2-3 layers of periderm in mature 

roots, resulting in their red to purple colouration. Intracellular examination revealed that 

periderm cells deposited NQs in numerous small vesicles, associated with intracellular 

transport and subsequent extracellular deposition. Periderm and root hair extracts were 

analysed by LC/MS QTOF and contained shikonin, and related derivatives, specifically 

deoxyshikonin, acetylshikonin, and dimethylacrylshikonin and over 15 others. Field - 

collected plants were compared to seedlings grown under laboratory conditions and 

shikonin profiles of periderm extracts were similar. Temperature and light were important 

factors associated with expression of the biosynthetic pathway(s) leading to production 

of shikonins in seedling tissues and also altitude in field-collected plants. In seedling time 

course experiments, shikonins were produced by 48h following germination in a zone of 

cellular differentiation between the hypocotyl and radical. Idioblasts were observed in 

developing root primordia leading to subsequent shikonin production. In contrast, the root 

cortex of seedling and mature root tissues were devoid of NQs. In seedlings, NQ 

production was influenced by both biotic and abiotic stressors, including temperature and 

light, as well as herbivory. SPE microprobes placed in soil surrounding living plants 

selectively extracted NQs from the soil rhizosphere surrounding glasshouse-grown E. 

plantagineum plants. Bulk soil extraction from the same plants also resulted in NQ 

detection, providing evidence for the release of bioactive shikonins by living roots in the 

soil rhizosphere. These findings point to the likely role of shikonins in rhizosphere 

defense, with the periderm and living root hairs creating a protective zone or “glove” 

around developing and mature roots. NQs may also play an important role in the 

successful of this species by influencing rhizosphere interactions.  
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Abstract 10 Localization and identification of bioactive shikonins and isolation of 

related genes in Paterson's curse (Echium plantagineum) root system. 

Zhu, X., Baerson, S., Skoneczny, D., Gurr G.M., Weston L.A. In: ISRR 9: Roots Down 

Under, Belowground solutions to global challenges, 06-09 October 2015, Canberra, 

Australia. Canberra: 2015. Abstract number: P-160, p.80 

Shikonin, a red autofluorescent naphthoquinone (NQ) and its derivatives have been 

observed to exhibit antimicrobial, anti-inflammatory, antitumor, antithrombotic and 

potential allelopathic activity. Related NQs were first isolated from Lithospermum 

erythrorhizon and are also found in over 150 Boraginaceae species including Paterson’s 

curse (Echium plantagineum). Echium plantagineum is an invasive weed species in 

Australia infesting over 30 M hectares that causes more than $125m annually in loss to 

the meat and wool industries. The outer root periderm of this species is covered by large 

quantities of red shikonin-derived NQs, which may potentially be involved in mediation 

of rhizosphere interactions and invasion success of this species. The aims of this study 

are to localize shikonin-derived NQs in the mature and developing root systems of E. 

plantagineum and isolate genes involved in their biosynthesis, further contributing to our 

understanding of invasive plant adaption in Australia. 

Materials and Method 

Echium plantagineum root tissues were hand sectioned for examination using confocal 

microscopy (Nikon A1 Confocal TiE inverted microscope) and were examined directly 

or stained with calcofluor white (Sigma Aldrich, Australia). Spectral imagery was used 

to compare root periderm contents to a shikonin commercial standard (Biomol) at a 

resolution of 6nm using 405/488/561 1st dichroic mirror at excitation of 488nm, emission 

of 400-740nm. Seedlings were germinated in petri dishes at 25/18 °C day/night 

temperatures under a 12-h photoperiod. Root hair exudation was examined by 

stereoscopic light microscopy (Nikon SMZ25 or Leica M205FA light microscopes) 24, 

36, 48, 72, 96 and 120h after seed germination. A cDNA library (± shikonin expression) 

was prepared using outer periderm and cortex tissues of E. plantagineum, respectively. A 

seedling radical cDNA library for differential shikonin expression was also prepared. 

Genes regulating the synthesis and transport of shikonin were investigated using Next 

Generation Sequencing (NGS). cDNA libraries were also used to study the biosynthesis 

and regulation of key genes of interest using differential display. 
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Results and Discussion 

By means of confocal, fluorescent and dissecting microscopy, NQs of interest were 

localized and identified in the roots and root hairs of E. plantagineum. Bright red coloured 

shikonins were specifically localized in the mature outer root periderm; in mature tissues 

shikonins were stored mainly in intercellular spaces, while intracellular storage occurred 

in small vesicles. E. plantagineum root primordia exuded large quantities of red coloured 

NQs 48h after radical emergence while root hairs produced shikonins 72 h after 

emergence. Similar patterns of exudation were observed in field and greenhouse grown 

seedlings. Differential NQ expression was noted along the radical surface and in various 

root regions, which facilitated isolation of key genes involved in the NQ biosynthetic 

pathway.  

Conclusions 

This study used several approaches (extraction and in situ localization) to study bioactive 

NQs in the roots of E. plantagineum and potentially identify key genes associated with 

transport and synthesis. Our findings contribute to a better understanding of the 

mechanisms plants employ to protect themselves from herbivores and environmental 

stress, and become successful invaders. An understanding of plant adaptation to stress 

may also facilitate the development of successful management strategies for plant 

invaders. The discovery of novel biologically active secondary plant metabolites may also 

lead to improved understanding of their regulation and the development of medicinal 

products of commercial interest and/or traits associated with plant interference.  
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Abstract 11 Metabolic profiling of secondary products in two related invasive 

weeds in Australia: Echium plantagineum and Echium vulgare. 

Skoneczny, D., Weston, P.A., Gurr, G.M., & Weston, L.A. In: Polish Scientific 

Networks. 18-20 June 2015, Warszawa, Poland. Warszawa: 2015.   

 

Abstract was published in Polish language only; thus the body of work was not 

presented in here.  
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Abstract 12 Small-scale metabolic profiling of secondary compounds in Echium 

plantagineum and E. vulgare. 

Skoneczny, D., Weston, P.A., Zhu, X., Gurr, G.M., & Weston, L.A. In: RACI Natural 

Products Chemistry Group Symposium. Annual One-day symposium. 03 October 2014, 

Wagga Wagga, Australia. Wagga Wagga: 2014. p.5 

Understanding the role of environment and genetics in accumulation of plant defense 

secondary metabolites may provide clues towards improved understanding of factors 

influencing successful invasion by noxious weedy species. Twenty-two Australian 

populations of Paterson’s curse (Echium plantagineum L., Boraginaceae) and 4 

populations of Viper’s bugloss (E. vulgare) were screened by UHPLC-ESI-Q-ToF. Two 

families of key bioactive compounds isohexenylnaphthazarins (IHNs) and pyrrolizidine 

alkaloids (PAs) were evaluated. IHNs occur as red pigments in roots periderm; in 

contrast PAs accumulate in foliar and floral tissues. Ethanolic extracts of root periderm 

and methanolic leaf extracts were evaluated qualitatively and quantitatively. Small-scale 

metabolic profiling allows for monitoring of selected groups of compounds in complex 

matrices such as plant root or shoot extracts. PCDL Manager software (Agilent) was 

utilised to create databases of 14 PAs and 24 putative IHNs. Untargeted analyses were 

also performed and compared to results of targeted analyses. Interestingly, we found 

several differences and similarities in constituents associated with plant defense among 

both species; selected secondary plant products can be potentially utilized as biomarkers. 

Metabolic profiles of plants grown in controlled conditions revealed considerable 

differences in comparison to field grown plants. Identifying patterns of abundance 

among key constituents in Echium spp, including native Spanish genotypes, will provide 

crucial information to improve our understanding of plant invasion mechanism(s). 

 

Keywords:  metabolic profiling, plant invasions, E. plantagineum, E. vulgare, 

isohexenylnaphthazarins, pyrrolizidine alkaloids, mass spectrometry  
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Abstract 13 Impact of Paterson’s curse (Echium plantagineum L.) establishment on 

species richness in invaded and native range. 

Skoneczny, D., Zhu, X., Callaway R.M., & Weston, L.A. In: RACI Natural Products 

Chemistry Group Symposium. Annual One-day symposium. 03 October 2014, Wagga 

Wagga, Australia. Wagga Wagga: 2014. p.39 

Geographically distinct random populations of Echium plantagineum L. (Paterson’s 

curse) were selected across NSW Australia and Spain to examine the impacts of 

Paterson’s curse interference upon establishment and biodiversity of common 

competitors, including both native and non-native herbaceous species. At 16 study sites 

in NSW, 1 m2 quadrats in undisturbed pastures, roadsides, croplands and natural areas 

were used to evaluate stand counts of Paterson’s curse and any other co-established 

vegetation. Data collected included stand counts of all species present and relative growth 

parameters related to selected Paterson’s curse plants in each quadrat. At the same 

location, quadrats without Paterson’s curse were evaluated for species richness by 

collecting stand counts and identifying all established species. In the area surrounding 

Cooma NSW, comparative counts were also taken in sites infested with another related 

member of the Boraginaceae, E. vulgare or Viper’s bugloss. At the same time, ecological 

surveys of Paterson’s curse were performed in Spain to investigate biodiversity and plant 

establishment in its native range. Six sites in Spain were evaluated, using multiple 1 m2 

quadrats at each site. We observed the negative correlation of Echium spp. density with 

species richness in NSW, which is not observed in Spain. These studies will provide 

insight into the mechanisms used by plant species for successful invasion in non-native 

regions and the impacts of Paterson’s curse on species biodiversity. Our results suggest 

that decrease in species richness in Australia at Paterson’s curse infested sites might be 

related to plant interaction(s) on chemical level. We will discuss our findings from year 

one surveys performed across Spain and Australia.  

  



 

330 

 

Abstract 14 The role of leaf surface chemistry and morphology in plant defence of 

two related invasive weeds Echium vulgare and Echium plantagineum. 

Ryan, B., Skoneczny, D., Zhu, X., Weston, P.A., Quinn, J.C. & Weston, L.A. In: RACI 

Natural Products Chemistry Group Symposium. Annual One-day symposium. 03 

October 2014, Wagga Wagga, Australia. Wagga Wagga: 2014. p.38 

Echium plantagineum and Echium vulgare are invasive Boraginaceous weeds introduced 

to Australia in the mid-1800s. They are highly toxic to grazing livestock containing 

alkaloid toxins which cause significant liver damage. Both plants have exceedingly 

pubescent leaves, but little information is available regarding their trichome morphology 

or function. To address this question, we performed studies on leaf and trichome 

morphology as well as leaf surface chemistry in order to gain deeper understanding of the 

role of the leaf surface in plant defense against herbivory. We utilized SEM, light and 

confocal microscopy to perform intensive examination of leaf morphology and realted 

trichome structures of both Echium species. Three morphologically different trichome 

types were identified in both Echium species and these included previously undescribed 

sets of glandular and non-glandular trichomes that are evidently characteristic to this 

genus of the Boraginaceae. In E. plantagineum, large non-glandular and small glandular 

trichome height averaged 1.1 mm and 0.05 mm, while E. vulgare trichomes averaged 1.6 

mm and 0.03 mm, respectively. Metabolic profiling of leaf surface was performed by 1) 

briefly (1-3 sec) dipping leaves of each species in ethanol, or 2) extraction of leaf peels 

in ethanol and subjecting extracts to UPLC ESI LC QTOF (Agilent 6410). Leaf peel 

extracts contained ten pyrrolizidine alkaloids with echimidine-N-oxide, echiuplatine-N-

oxide and 3’-O-acetylechiumine-N-oxide most abundant. Leaf dips also revealed these 

compounds were present in high abundance on the leaf surface of E. plantagineum. The 

metabolic profiles of the two species revealed considerable qualitatibe and quantitative 

differences in the abundance of pyrrolizidine alkaloids present on the leaf surface of E. 

plantagineum compared to E. vulgare. Morphological studies of the leaf trichomes also 

revealed differences among the two species, providing critical information for taxonomic 

separation based on leaf morphology. Our studies on leaf morphology and surface 

chemistry provide insights into physical and chamical mechasnisms associated with plant 

defense in Echium spp. and our understanding of why E. plantagineum is highly 

successful and noxious weed invader in comparison to its less common congenerm E. 

vulgare.   
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Abstract 15 Impact of Paterson’s curse (Echium plantagineum) establishment on 

relative plant biodiversity indices across New South Wales Australia. 

Skoneczny, D., Weston, P.A., Callaway R.M., & Weston, L.A. In: 19th Australasian 

Weeds Conference. Science, community and food security: The weed challenge, 01-04 

September 2014, Hobart, Australia. Hobart: 2014. p.432 

Geographically distinct random populations of Echium plantagineum L. (Paterson’s 

curse) were selected across NSW Australia to examine the impacts of Paterson’s curse 

interference upon establishment and biodiversity of common competitors, including both 

native and non-native herbaceous species.  At 16 study sites, 1 m2 quadrats in undisturbed 

pastures, roadsides, croplands and natural areas were used to evaluate stand counts of 

Paterson’s curse and any other co-established vegetation. Data collected included stand 

counts of all species present and relative growth parameters related to selected Paterson’s 

curse plants in each quadrat (including height, leaf and stem length and number, 

reproductive stage). At the same location, quadrats without Paterson’s curse were 

evaluated for relative plant biodiversity by collecting stand counts and identifying all 

established species. A biodiversity index was calculated for each quadrat, using standard 

protocols. In the area surrounding Cooma NSW, comparative counts were also taken in 

sites infested with another related member of the Boraginaceae, E. vulgare or Viper’s 

bugloss. At the same time, ecological surveys of Paterson’s curse were conducted in the 

Iberian Peninsula to investigate its impact on biodiversity and plant establishment in its 

native range. These studies will provide insight into the mechanisms used by plant species 

for successful invasion in non-native regions and the impacts of Paterson’s curse on 

species biodiversity. We will discuss our findings from year one surveys performed 

across Australia.  
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Abstract 16 Metabolic profiling of secondary products in Echium plantagineum and 

Echium vulgare, two exotic invaders in Australia. 

Skoneczny, D., Duran, A.G., Costas Gil, A., Weston, P.A., Torres, A., Macias F.A., 

Reigosa Roger, M., Gurr, G.M., & Weston, L.A. In: 7th Word Congress on Allelopathy. 

Complex interactions in a changing climate. 28 July – 1 August 2014, Vigo, Spain. 

Vigo: 2014. Abstract number: 32 p.94   

Award winning presentation 

Australian populations of Paterson’s curse (Echium plantagineum L., Boraginaceae) were 

investigated with respect to accumulation of selected secondary plant defense 

compounds. Key families of bioactive compounds evaluated in the study included 

isohexenylnaphthazarins (IHNs) (shikonin and related compounds) which occur as red 

pigments in the outer layer of root periderm and pyrrolizidine alkaloids (PAs) which are 

mainly accumulated as their N-oxides in foliage. Ethanolic extracts of root periderm and 

methanolic leaf extracts were subjected to solvent and solid phase extraction and analyzed 

qualitatively and quantitatively by LC/MS Q-ToF using ESI. Additional isolation of IHNs 

employed TLC followed by HPLC, and NMR for structural confirmation. A chemical 

library of key secondary products was created using Mass Profiler Professional Software 

(Agilent). Composite root and shoot extracts were separately evaluated from 14 

geographically distinct populations across NSW Australia to evaluate intra-populational 

differences in secondary product accumulation. Extracts of the related species E. vulgare, 

a less widespread Australian invader, were also evaluated. In addition, extracts of plants 

grown under uniform conditions in the glasshouse were studied so the role of environment 

and genotype in accumulation of IHNs and PAs could be estimated. Interestingly, there 

were some significant similarities and differences in metabolomic profiles of shoots and 

roots in both species. Identifying the patterns of abundance of the most common 

constituents in root and shoot extracts of Echium spp. and expanding this study to include 

native European genotypes should provide critical information needed to generate a 

broader understanding of plant invasion mechanism(s). 

Keywords: plant invasions, E. plantagineum, E. vulgare, isohexenylnaphthazarins, 

pyrrolizidine alkaloids, mass spectrometry.  
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Abstract 17 Isolation of bioactive naphthoquinones from the roots of Echium 

plantagineum L. (Paterson’s curse). 

Duran, G.A., Chinchilla N., Skoneczny, D., Torres Martinez, A., Molinillo M.G.J., 

Weston, L.A. & Macias, F.A. In: 7th Word Congress on Allelopathy. Complex 

interactions in a changing climate. 28 July – 1 August 2014, Vigo, Spain. Vigo: 2014. 

Award winning poster 

Echium plantagineum is a globally important invasive weed and is poisonous to grazing 

animals and a threat to natural areas. Recently, several naphthoquinones that are mainly 

shikonin derivatives have been found in the root periderm of this and related Echium 

species. These compounds are characteristically red and exhibit a wide range of biological 

activities. In the soil, allelochemicals released by Echium roots could act as defense 

compounds and potentially be produced as a result of plant stress. Naphthoquinones are 

often light and oxygen labile and their separation can be difficult. The work described 

herein reports on the isolation and identification of bioactive naphthoquinones from the 

periderm of Paterson’s curse. Roots of Paterson´s curse plants were collected in May and 

June in various sites across Spain and Portugal. After washing, root periderm was peeled 

and extracted with absolute ethanol. In addition, root extracts were obtained from 

Australian plants for comparative purposes. Extracts were evaluated for their potential to 

inhibit plant growth using an etiolated wheat coleoptile bioassay. Root extracts showed 

considerable dose-dependent inhibitory activity. Greatest inhibition was noted with root 

extracts collected in southern Spain and Australia. Subsequently, reverse phase HPLC 

with UV detection was used to separate various naphthoquinones using an acetonitrile: 

water gradient and UV detection at 520 nm. Identification of bioactive naphthoquinones 

in root extracts was aided by NMR analysis (Varian 500MHz) with CDCl3 as the solvent.   

Spanish extracts contained 4 major constituents. Their potential structure and activity will 

be further discussed. 

Keywords:  plant invasions, E. plantagineum, naphthoquinones, bioactivity.  
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Abstract 18 Induction of chemical defences in the invasive weed Paterson’s curse 

(Echium plantagineum) by a generalist herbivore insect and a specialist biological 

control agent.  

Jamil, S.Z., Weston, P.A., Skoneczny, D., Weston, L.A. & Gurr, G.M. In: 7th Word 

Congress on Allelopathy. Complex interactions in a changing climate. 28 July – 1 

August 2014, Vigo, Spain. Vigo: 2014. Abstract number: 36, p.98 

Paterson’s curse is native to the Mediterranean region, where it is not considered a weed, 

but is an invasive weed of national significance in Australia and responsible for large 

economic losses to agriculture. The plant is known to produce a range of secondary 

compounds including naphthoquinones and pyrrolizidine alkaloids but the biological 

roles of these are not well known. This study aims to identify the significance of plant 

chemistry in the success of Paterson’s curse as an invasive species. Plants were exposed 

to two herbivore species with a chewing mode of feeding: a generalist herbivore 

(Helicoverpa punctigera caterpillars) and a specialist biological control agent 

(Mogulones larvatus adults). Analysis via LC-QTOF mass spectrometry revealed that 

damage by the two herbivores both resulted in marked changes in the secondary chemistry 

of roots and foliage of test plants. Significantly, however, the two herbivores triggered 

strongly divergent changes in plant chemistry, indicating that the nature of the plant’s 

response differed when challenged by a co-adapted specialist versus a newly-associated 

generalist. Results will be discussed in relation to the success of Paterson’s curse as an 

invasive species in Australia where the native, H. punctigera, is ubiquitous across the 

plant’s invaded range yet establishment of the introduced biological control agent, M. 

larvatus, is sporadic. 

Keywords: invasive species, biological control, induced defences, herbivory, 

mass spectrometry, naphthoquinones, pyrrolizidine alkaloids  
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Abstract 19 Root exudation of lipophilic naphthoquinones by Paterson’s curse: A 

clue to their ecological role? 

Weidenhamer, J.D., Zhu, X., Skoneczny, D., Mwendwa, J., & Weston, L.A. In: 7th 

Word Congress on Allelopathy. Complex interactions in a changing climate. 28 July – 1 

August 2014, Vigo, Spain. Vigo: 2014. Abstract number: 24, p.84 

Roots of Paterson’s curse (Echium plantagineum) produce an array of coloured and 

colourless naphtho- and anthraquinones in their roots. Under certain environmental 

conditions, young roots produce large quantities of naphthoquinones in the outer layers 

of root periderm, and root hairs of seedlings exude droplets of dark red naphthoquinones. 

Polydimethylsiloxane (PDMS) microtubing is a useful tool to measure lipophilic 

allelochemicals in soil, and has been used in several forms to probe the release of these 

compounds directly from Paterson’s curse roots, both in and out of soil growth media. 

Droplets of exudate have been collected directly from root hairs, and solid phase root 

zone extraction probes (constructed from silicone tubing mounted on a stainless steel wire 

core) placed in soil around Paterson’s curse plants have also been used to measure the 

release of these compounds from roots. Further metabolic profiling studies using LC-MS 

QTOF (HPLC coupled to time of flight mass spectrometry) are underway to establish the 

specific composition of the root exudates and quantities of compounds being released. 

Our results demonstrate polydimethylsiloxane in various forms is a useful tool to monitor 

the release of nonpolar to moderately polar allelochemicals into soil. These 

naphthoquinones show potent antimicrobial, fungitoxic and phytotoxic activity due to 

their impact on electron transport and cellular respiration processes. Measurement of the 

dynamics of their release into the soil environment will be valuable in assessing the 

ecological role of these compounds. 

Keywords: allelopathy, diffusive sampling, Echium plantagineum, PDMS, 

rhizosphere, root exudation, soil analysis. 
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Supplementary materials – Chapter 4 

Figure 1S (a-i) – Spectral library of nine shikonins. Mass spectrum was obtained in 

MSMS mode using optimized collision energy (Table 1).  

a) Compound 1 

 

b) Compound 2 

 

 

330.1102
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c) Compound  3

 

d) Compound  4

 

e) Compound  5

 

370.1407

358.1425
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f) Compound  6

 

g) Compound  7

 

h) Compound  8 

 

  

287.0921

372.1582
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i) Compound 9 

 

Figure 2S (a-i) – Spectra of nine identified shikonins, presenting the ions formed in 

negative mode in Dual Jet Stream Electrospray Ionization Source. Selected spectra of 

molecular ions formed by investigated metabolites in MS mode.  

a) Compound 1 

 

b) Compound 2 
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c) Compound 3 

 

d) Compound 4 

 

e) Compound 5 
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f) Compound 6 

 

g) Compound 7 

 

h) Compound 8 
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i) Compound 9 

 

Figure 3S Distribution of nine shikonins in 36 periderm extracts separated by colouration 

including red, orange, peach, and yellow. Data was averaged over nine replicates for each 

colour treatment and log transformed. RA = relative abundance. 
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Table 1S Results of repeated measures analysis of variance of relative abundance of 

compounds 1-9 and significance of time (growth stage), population and their interaction 

among five tested populations of Echium plantagineum. * denotes significant positive 

correlation of compound abundance with extract colour.  

 

Compound Source df Means 

square 

F value p value 

Acetylshikonin (1) Population 4 1.93531 5.95 0.0103 

Error Population*Replicates 10 0.32547   

Time 2 5.03370 13.07 0.0003 

Population*Time 8 2.37977 6.18 0.0005 

Error Population*Replicates*Time 19 0.38517   

Deoxyshikonin (2) Population 4 7.0020     3.24    0.0598 

Error Population*Replicates 10 2.1594   

Time 2 40.3426    13.20    0.0003 

Population*Time 8 3.0016     0.98    0.4793 

Error Population*Replicates*Time 19 3.0568   

Dimethylacrylshikonin (3) Population 4 1.0848     0.70    0.6122 

Error Population*Replicates 10 1.5601   

Time 2 89.1036 88.10    0.0000 

Population*Time 8 3.9200     3.88    0.0073 

Error Population*Replicates*Time 19 1.0113   

β-

hydroxyisovalerylshikonin 

(4) 

Population 4 9.1710    7.27    0.0052 

Error Population*Replicates 10 1.2613   

Time 2 12.4138    2.39    0.1185 

 

Population*Time 8 2.8478    0.55    0.8058 

Error Population*Replicates*Time 19 5.1923   

Isobutyrylshikonin (5) Population 4 11.2710    12.70    0.0006 

Error Population*Replicates 10 0.8873   

Time 2 67.0454    69.35    0.0000 

Population*Time 8 3.6352     3.76    0.0084 

Error Population*Replicates*Time 19 0.9667   

Propionylshikonin (6) Population 4 6.2132 11.12    0.0011 

Error Population*Replicates 10 0.5585   

Time 2 71.7415    48.85    0.0000 
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Population*Time 8 2.0915 1.42    0.2495 

Error Population*Replicates*Time 19 1.4686   

Shikonin (7) Population 4 1.328E+10 3.07    0.0686 

Error Population*Replicates 10 4.333E+09   

Time 2 5.486E+10    10.75    0.0008 

Population*Time 8 4.934E+09     0.97    0.4896 

Error Population*Replicates*Time 19 5.105E+09   

Compound 8 Population 4 1.4135     1.37    0.3124 

Error Population*Replicates 10 1.0337   

Time 2 47.8666    47.37    0.0000 

Population*Time 8 6.5141     6.45    0.0004 

Error Population*Replicates*Time 19 1.0106   

Compound 9 Population 4 9.1710    7.27    0.0052 

Error Population*Replicates 10 1.2613   

Time 2 12.4138    2.39    0.1185 

Population*Time 8 2.8478    0.55    0.8058 

Error Population*Replicates*Time 19 5.1923   

 

Table 2S Results of repeated measures analysis of variance of relative abundance of 

compounds 1-9 and significance of time, species (mean of 2 populations per species) and 

their interaction between Echium plantagineum and E. vulgare.  

 

Compound Source df Means 

square 

F value p value 

Acetylshikonin (1) Species 1 1.94303    35.27    0.0001 

Error Species*Replicates 10 0.05508   

Time 1 0.21809     3.02    0.1130 

Species*Time 1 1.42654    19.74    0.0012 

Error Species*Replicates*Time 10 0.07227   

Deoxyshikonin (2) Species 1 22.1328    7.65    0.0199 

Error Species*Replicates 10 2.8927   

Time 1 0.4439    0.10    0.7535 

Species*Time 1 7.9111 1.86    0.2029 

Error Species*Replicates*Time 10 4.2607   

Dimethylacrylshikonin (3) Species 1 1.30689    10.40    0.0091 
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Error Species*Replicates 10 0.12564   

Time 1 2.49425    24.65    0.0006 

Species*Time 1 0.05531     0.55    0.4767 

Error Species*Replicates*Time 10 0.10117   

β-

hydroxyisovalerylshikonin 

(4) 

Species 1 17.9384     3.46    0.0926 

Error Species*Replicates 10 5.1898   

Time 1 66.8822    17.52    0.0019 

Species*Time 1 14.9050     3.90    0.0764 

Error Species*Replicates*Time 10 3.8180   

Isobutyrylshikonin (5) Species 1 0.33309     3.73    0.0823 

Error Species*Replicates 10 0.08931   

Time 1 1.44927    23.48    0.0007 

Species *Time 1 0.58393     9.46    0.0117 

Error Species*Replicates*Time 10 0.06173   

Propionylshikonin (6) Species 1 0.08855     0.97    0.3478 

Error Species*Replicates 10 0.09125   

Time 1 1.08504    10.27    0.0094 

Species*Time 1 0.35474     3.36    0.0968 

Error Species*Replicates*Time 10 0.10566   

Shikonin (7) Population 1 0.00137    0.00    0.9718 

Error Species*Replicates 10 1.04371   

Time 1 0.74312    0.54    0.4803 

Species*Time 1 2.94288    2.13    0.1753 

Error Species*Replicates*Time 10 1.38267   

Compound 8 Population 1 0.28700     2.56    0.1407 

Error Species*Replicates 10 0.11214   

Time 1 3.30200    21.82    0.0009 

Species*Time 1 0.56719     3.75    0.0816 

Error Species*Replicates*Time 10 0.15131   

Compound 9 Species 1 17.0331    7.33    0.0220 

Error Species*Replicates 10 2.3223   

Time 1 0.4395    0.19    0.6761 

Species*Time 1 0.4395    0.19    0.6761 

Error Species*Replicates*Time 10 2.3729   
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Table 3S Echium plantagineum samples collected from glasshouse experiment in the 

study of phenological cycle for each population including: Bendigo, Grenfell, Coombah, 

Cobar, Silverton, and Wagga Wagga. 

Plant age  

[weeks] 
Phenological stage Block 

1 S 1 

1 S 2 

1 S 3 

7 R 1 

8 R 2 

9 R 3 

12 F 1 

13 F 2 

14 F 3 
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Table 4S Plant samples obtained from controlled conditions experiment using two 

populations of E. plantagineum and two populations of E. vulgare, harvested at two time 

points. Each sample was a composite of four plant extracts. Key: F-flowering stage; R-

rosette stage. Note: at both harvest dates, E. vulgare was at rosette stage. 

 

Species Location Plant age  

[weeks] 

Phenological 

state 

Block 

E. plantagineum 

Adelong 1 6 R 1 

Adelong 1 27 F 1 

Adelong 2 7 R 2 

Adelong 2 28 F 2 

Adelong 3 8 R 3 

Adelong 3 29 F 3 

Silverton 1 6 R 1 

Silverton 1 27 F 1 

Silverton 2 7 R 2 

Silverton 2 28 F 2 

Silverton 3 8 R 3 

Silverton 3 29 F 3 

E. vulgare 

Adaminaby 1 6 R 1 

Adaminaby 1 27 R 1 

Adaminaby 2 7 R 2 

Adaminaby 2 28 R 2 

Adaminaby 3 8 R 3 

Adaminaby 3 29 R 3 

Cooma 1 6 R 1 

Cooma 1 27 R 1 

Cooma 2 7 R 2 

Cooma 2 28 R 2 

Cooma 3 8 R 3 

Cooma 3 29 R 3 
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Supplementary materials – Chapter 6 

 

Supplementary Figure 1. Box-plots representing abundance of shikonin (a), echiumine-

N-oxide B (b), echiuplatine-N-oxide (c) and deoxyshikonin (d) at 3 weeks after the 

treatment in four tested populations. An interaction of temperature and population was 

significant for presented metabolites (P < 0.05).  

 

 

Supplementary Figure 2. Box-plots representing abundance of 7-O-Acetyllycopsamine-

N-oxide A which was significantly different among tested populations (P = 0.015) after 4 

weeks of temperature treatment.  
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Supplementary Table 1. Rainfall and temperature records from four locations in 

southeastern Australia that used as a seed source for controlled-conditions experiments. 

Averages are presented for 2005-2015; Av- average; Max.-maximum, Min – minimum; 

Temp.-temperature. 

Location Av. 

Min. 

Temp. 

Winter 

[°C] 

Av. Min. 

Temp. 

Summer 

[°C] 

Av. 

Max. 

Temp. 

Summer 

[°C] 

Av. 

Max. 

Temp. 

Winter  

[°C] 

Av. 

Rainfall 

Summer  

[mm] 

Av. 

Rainfall 

Winter 

[mm] 

Max. 

Temp. 

Summer 

[°C] 

Min. 

Temp. 

Summer 

[°C] 

Max. 

Temp. 

Winter 

[°C] 

Min. 

Temp. 

Winter 

[°C] 

White Cliffs 5.69 21.17 35.57 18.54 30.73 23.26 39.82 17.80 22.80 3.79 

Hillston 4.52 18.38 33.58 16.76 38.64 33.16 37.99 15.28 20.45 2.28 

Wagga Wagga 4.08 16.93 32.19 14.64 48.93 43.24 36.30 13.69 17.29 1.75 

Talbingo 1.34 13.49 29.28 13.23 73.96 83.30 33.26 10.60 16.04 -0.59 

 

Supplementary Table 2. Polynomial regression analysis of average abundance of 

metabolites over the course of water withholding experiment (3; 9 and 12 days) and 

mechanical damage experiment (6; 24 and 72 hours). P-values highlighted in bold 

indicate significance (P < 0.05). T1 – temperature 20/15°C; T2 - 25/20°C; T3 - 30/25°C. 

Variable  Variable B Std. Error β P 

Naphthoquinones T1 Time 30533.114 10780.913 0.136 0.005 

Constant -16170.399 29556.771  0.585 

R2  0.018   

R adjusted  0.016   

F-value  8.021   

Naphthoquinones T2 Time 10237.035 6258.099 0.079 0.103 

Constant 24426.783 17157.100  0.155 

R2  0.006   

R adjusted  0.004   

F-value  2.676   

Naphthoquinones T3 Time 40493.019 12544.177 0.154 0.001 

Constant -6047.051 34360.908  0.861 

R2  0.024   

R adjusted  0.021   

F-value  10.420   

Pyrrolizidine 

alkaloids T1 

Time 2679248.630 1025719.538 0.092 0.009 

Constant 6727549.213 2834829.369  0.018 

R2  0.008   

R adjusted  0.007   

F-value  6.8223   

Pyrrolizidine 

alkaloids T2 

Time 1852977.937 1107151.080 0.059 0.095 

Constant 9744566.384 3059885  0.002 

R2  0.004   

R adjusted  0.002   

F-value  2.801   

Pyrrolizidine 

alkaloids T3 

Time 1355515.834 1050792.832 0.046 0.197 

Constant 9793403.238 2904125.612  0.001 

R2  0.002   

R adjusted  0.001   

F-value  1.664   

Naphthoquinones 

Water withholding 

Control plants 

Time -573.134 5409.801 -0.010 0.916 

Constant 128860.615 47778.069  0.008 

R2  0.000   

R adjusted  -0.009   

F-value  0.011   

Naphthoquinones 

Water withholding 

Treated plants 

Time -21242.901 10616.954 -0.191 0.048 

Constant 326696.369 93766.403  0.001 

R2  0.036   

R adjusted  0.191   

F-value  4.003   

Naphthoquinones 

Mechanical damage 

Control plants 

Time 3358.448 1665.943 0.192 0.046 

Constant 67647.765 73225.741  0.358 

R2  0.037   

R adjusted  0.028   
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F-value  4.064   

Naphthoquinones 

Mechanical damage 

Treated plants 

Time 2538.991 2776.083 0.88 0.362 

Constant 207065.986 122021.381  0.093 

R2  0.008   

R adjusted  -0.002   

F-value  0.836   

Pyrrolizidine 

alkaloids 

Water withholding 

Control plants 

Time 1386576.568 1596966.267 0.061 0.386 

Constant 4271646.618 3441942.177  0.216 

R2  0.004   

R adjusted  -0.001   

F-value  0.754   

Pyrrolizidine 

alkaloids 

Water withholding 

Treated plants 

Time 1609508.229 2027699.287 0.056 0.428 

Constant 6217696.054 4380188.521  0.157 

R2  0.003   

R adjusted  -0.002   

F-value  0.630   

Pyrrolizidine 

alkaloids 

Mechanical damage 

Control plants 

Time 1749153.273 1576503.257 0.078 0.269 

Constant 3286941.985 3405636.274  0.336 

R2  0.006   

R adjusted  0.001   

F-value  1.231   

Pyrrolizidine 

alkaloids 

Mechanical damage 

Treated plants 

Time -549909.686 1702423.554 -0.023 0.747 

Constant 8464994.699 3677655.205  0.220 

R2  0.001   

R adjusted  -0.004   

F-value  0.104   

Supplementary Table 3. Factorial analysis of variance on morphological data collected 

during water withholding and mechanical damage experiments. P-values highlighted in 

bold indicate significance (P < 0.05). 

Variable Source Water withholding Mechanical damage 

df F P df F P 

Diameter Replication 7   7   

Time 2 0.78 0.4681 2 0.13 0.8751 

Treatment 1 7.07 0.0118 1 2.16 0.1507 

Time*Treatment 2 6.96 0.0029 2 0.01 0.9920 

Error 35   35   

Foliage fresh 
weight 

Replication 7   7 1.35 0.2725 

Time 2 2.99 0.0632 2 5.29 0.0277 

Treatment 1 53.35 >0.0001 1 0.28 0.7541 

Time*Treatment 2 22.33 >0.0001 2   

Error 35   35   

Leaf number Replication 7   7   

Time 2 0.38 0.6878 2 0.24 0.7885 

Treatment 1 1.62 0.2121 1 0.03 0.8670 

Time*Treatment 2 0.45 0.6409 2 0.09 0.9178 

Error 35   35   

Longest leaf length Replication 7   7   

Time 2 0.66 0.5221 2 1.08 0.3493 

Treatment 1 5.25 0.0280 1 0.08 0.7813 

Time*Treatment 2 5.82 0.0066 2 1.55 0.2257 

Error 35   35   
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Supplementary Table 4. Factorial analysis of variance on 26 analyzed metabolites in 

water withholding and mechanical damage experiments. P-values highlighted in bold 

indicate significance (P < 0.05). 

Variable Source Water withholding Mechanical damage 

df F P df F P 

9-O-Angelylretronencine-

N-oxide 

Replication 3   3   

Time 2 1.14 0.3454 2 0.47 0.6321 

Treatment 1 0.81 0.3814 1 0.07 0.7937 

Time*Treatment 2 2.19 0.1466 2 1.71 0.2138 

Error 15   15   

7-Angeloylretronencine-

N-oxide 

 

Replication 3   3   

Time 2 0.01 0.9879 2 0.83 0.4531 

Treatment 1 0.15 0.7057 1 0.67 0.4266 

Time*Treatment 2 2.16 0.1502 2 1.17 0.3366 

Error 15   15   

Lycopsamine-N-oxide 

 

Replication 3   3   

Time 2 1.85 0.1920 2 2.42 0.1228 

Treatment 1 0.50 0.4923 1 0.02 0.8965 

Time*Treatment 2 0.07 0.9345 2 0.11 0.8960 

Error 15   15   

Intermedine-N-oxide 

 

Replication 3   3   

Time 2 0.13 0.8752 2 0.25 0.7831 

Treatment 1 1.39 0.2573 1 0.38 0.5452 

Time*Treatment 2 0.97 0.4018 2 0.69 0.5167 

Error 15   15   

Echimiplatine-N-oxide 

 

Replication 3   3   

Time 2 3.10 0.0746 2 0.61 0.5543 

Treatment 1 1.65 0.2186 1 2.65 0.1245 

Time*Treatment 2 2.89 0.0869 2 1.00 0.3910 

Error 15   15   

Leptanthine-N-oxide Replication 3   3   

Time 2 2.49 0.1165 2 0.22 0.8081 

Treatment 1 6.27 0.0244 1 0.00 0.9689 

Time*Treatment 2 1.31 0.2997 2 1.10 0.3590 

Error 15   15   

7-O-Acetyllycopsamine 

 

Replication 3   3   

Time 2 3.11 0.0742 2 0.58 0.5710 

Treatment 1 0.16 0.6914 1 1.34 0.2660 

Time*Treatment 2 0.61 0.5556 2 2.53 0.1129 

Error 15   15   

7-O-Acetyllycopsamine-N-

oxide B 

 

Replication 3   3   

Time 2 1.62 0.2305 2 1.15 0.3416 

Treatment 1 0.12 0.7300 1 0.67 0.4275 

Time*Treatment 2 0.36 0.7064 2 1.85 0.1920 

Error 15   15   

7-O-Acetyllycopsamine-N-

oxide A 

 

Replication 3   3   

Time 2 0.57 0.5799 2 0.72 0.5027 

Treatment 1 0.57 0.4603 1 0.14 0.7146 

Time*Treatment 2 2.15 0.1516 2 2.63 0.1046 

Error 15   15   

Uplandicine-N-oxide 

 

Replication 3   3 0.05 0.9503 

Time 2 1.98 0.1730 2 4.21 0.0580 

Treatment 1 0.00 0.9528 1 0.05 0.9528 

Time*Treatment 2 3.02 0.0790 2   

Error 15   15   

Echiumine-N-oxide B Replication 3   3   

Time 2 0.31 0.7400 2 0.00 0.9954 

Treatment 1 8.00 0.0127 1 0.80 0.3862 

Time*Treatment 2 3.01 0.0797 2 2.91 0.0858 

Error 15   15   

Echiuplatine-N-oxide 

 

Replication 3   3   

Time 2 0.66 0.5319 2 0.14 0.8687 

Treatment 1 0.01 0.9231 1 0.00 0.9560 

Time*Treatment 2 2.00 0.1693 2 1.20 0.3277 

Error 15   15   

Echimidine-N-oxide B 

 

Replication 3   3   

Time 2 0.59 0.5689 2 1.18 0.3340 

Treatment 1 0.22 0.6433 1 1.68 0.2139 

Time*Treatment 2 1.83 0.1948 2 1.50 0.2557 

Error 15   15   

Echimidine-N-oxide A 

 

Replication 3   3   

Time 2 2.23 0.1420 2 0.05 0.9545 

Treatment 1 3.44 0.0839 1 0.05 0.8339 

Time*Treatment 2 0.20 0.8178 2 0.32 0.7292 

Error 15   15   

3’-O-Acetylechiumine-N-

oxide 

 

Replication 3   3   

Time 2 1.12 0.3532 2 0.03 0.9753 

Treatment 1 3.31 0.8870 1 0.48 0.4975 

Time*Treatment 2 4.74 0.2540 2 0.54 0.5928 

Error 15   15   

3’-O-Acetylechimidine-N-

oxide 

Replication 3   3   

Time 2 2.12 0.1551 2 0.03 0.9745 

Treatment 1 5.51 0.0330 1 5.63 0.0315 

Time*Treatment 2 5.89 0.0129 2 0.60 0.5607 

Error 15   15   

Echiumine-N-oxide A 

 

Replication 3   3   

Time 2 0.27 0.7674 2 1.34 0.2921 

Treatment 1 2.68 0.1222 1 0.25 0.6255 

Time*Treatment 2 5.08 0.0206 2 1.43 0.2697 
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Error 15   15   

Shikonin 

 

Replication 3   3   

Time 2 0.25 0.7853 2 1.47 0.2609 

Treatment 1 9.03 0.0089 1 0.18 0.6767 

Time*Treatment 2 0.23 0.8006 2 0.09 0.9151 

Error 15   15   

α-methylbutyrylshikonin 

 

Replication 3   3   

Time 2 0.32 0.7322 2 0.21 0.8131 

Treatment 1 0.27 0.6105 1 0.00 0.9610 

Time*Treatment 2 0.66 0.5310 2 0.28 0.7579 

Error 15   15   

β-

hydroxyisovalerylshikonin 

  

 

Replication 3   3   

Time 2 1.72 0.2122 2 0.51 0.6118 

Treatment 1 0.35 0.5631 1 0.18 0.6777 

Time*Treatment 2 0.36 0.7012 2 0.47 0.6342 

Error 15   15   

Acetylshikonin 

 

Replication 3   3   

Time 2 2.47 0.1184 2 0.12 0.8853 

Treatment 1 0.05 0.8229 1 0.34 0.5659 

Time*Treatment 2 0.32 0.7310 2 0.53 0.5967 

Error 15   15   

Propionylshikonin 

  

Replication 3   3   

Time 2 3.11 0.0744 2 0.38 0.6871 

Treatment 1 0.08 0.7808 1 0.13 0.7263 

Time*Treatment 2 0.13 0.8820 2 0.68 0.5199 

Error 15   15   

Deoxyshikonin Replication 3   3   

Time 2 1.19 0.3309 2 6.81 0.0078 

Treatment 1 16.77 0.0010 1 3.11 0.0982 

Time*Treatment 2 0.97 0.4027 2 2.43 0.1219 

Error 15   15   

Isobutyrylshikonin 

 

Replication 3   3   

Time 2 1.08 0.3631 2 1.03 0.3822 

Treatment 1 0.22 0.6450 1 0.06 0.8103 

Time*Treatment 2 1.23 0.3213 2 0.56 0.5826 

Error 15   15   

Dimethylacrylshikonin Replication 3   3   

Time 2 0.49 0.6196 2 0.62 0.5530 

Treatment 1 0.99 0.3358 1 0.03 0.8627 

Time*Treatment 2 0.96 0.4055 2 0.33 0.7207 

Error 15   15   

Isovalerylshikonin Replication 3   3   

Time 2 1.26 0.3125 2 0.31 0.7356 

Treatment 1 0.03 0.8764 1 0.48 0.4990 

Time*Treatment 2 1.94 0.1776 2 0.25 0.7827 

Error 15   15   

 

Supplementary Table 5. Latin square design analysis of variance on morphological data 

collected during temperature experiment, at each harvest. Harvest 1 – beginning of the 

treatment; Harvest 2 – 2 weeks from treatment; harvest 3 – 3 weeks from treatment and 

harvest 4 – 4 weeks from treatment. P-values highlighted in bold indicate significance (P 

< 0.05).  

Variable Source Harvest 1 Harvest 2 Harvest 3 Harvest 4 

df F P df F P df F P df F P 

Diameter Temperature 2 3.551 0.036 2 7.226 0.002 2 4.345 0.018 2 1.283 0.286 

Population 6 2.572 0.290 6 0.902 0.501 6 1.237 0.303 6 0.851 0.537 

Population*Temperature 6 1.200 0.321 6 0.573 0.750 6 0.726 0.631 6 0.738 0.621 

Foliage 

fresh 

weight 

Temperature 2 1.297 0.282 2 10.788 >0.001 2 8.964 >0.001 2 5.699 0.006 

Population 6 0.676 0.716 6 0.956 0.464 6 2.764 0.021 6 1.527 0.188 

Population*Temperature 6 0.989 0.442 6 0.673 0.672 6 2.969 0.015 6 0.381 0.888 

Leaf 

number 

Temperature 2 2.403 0.100 2 0.721 0.491 2 2.887 0.065 2 5.819 0.005 

Population 6 1.912 0.096 6 1.326 0.262 6 3.950 0.003 6 1.223 0.310 

Population*Temperature 6 0.839 0.546 6 0.903 0.500 6 0.609 0.722 6 1.940 0.092 

Longest 

leaf length 

Temperature 2 3.352 0.043 2 7.538 0.001 2 6.156 0.004 2 2.554 0.088 

Population 6 2.690 0.024 6 0.962 0.460 6 0.733 0.626 6 1.258 0.293 

Population*Temperature 6 1.185 0.329 6 1.055 0.401 6 1.372 0.244 6 0.979 0.449 
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Supplementary Table 6. Latin square design analysis of variance on 26 analyzed 

metabolites in temperature experiment. Harvest 1 – beginning of the treatment; Harvest 

2 – 2 weeks from treatment; harvest 3 – 3 weeks from treatment and harvest 4 – 4 weeks 

from treatment. P-values highlighted in bold indicate significance (P < 0.05). 

Variable Source Harvest 1 Harvest 2 Harvest 3 Harvest 4 

df F P df F P df F P df F P 

9-O-Angelylretronencine-
N-oxide 

Temperature 2 0.403 0.677 2 0.193 0.827 2 0.900 0.429 2 2.915 0.087 

Population 6 1.027 0.453 6 1.196 0.364 6 0.314 0.919 6 1.599 0.220 

Population*Temperature 6 0.625 0.708 6 1.184 0.369 6 0.920 0.510 6 1.127 0.396 

7-Angeloylretronencine-

N-oxide 

Temperature 2 0.092 0.913 2 2.461 0.121 2 2.316 0.135 2 3.803 0.048 

Population 6 0.904 0.523 6 0.713 0.645 6 0.775 0.603 6 1.930 0.146 

Population*Temperature 6 0.148 0.986 6 0.911 0.515 6 1.673 0.200 6 0.417 0.856 

Lycopsamine-N-oxide Temperature 2 0.074 0.929 2 1.443 0.269 2 0.406 0.674 2 2.257 0.141 

Population 6 2.062 0.135 6 0.825 0.569 6 2.499 0.074 6 0.542 0.768 

Population*Temperature 6 0.656 0.686 6 0.258 0.948 6 0.318 0.917 6 0.225 0.962 

Intermedine-N-oxide Temperature 2 0.556 0.588 2 0.235 0.794 2 0.671 0.527 2 0.319 0.732 

Population 6 0.850 0.556 6 0.505 0.795 6 2.686 0.060 6 0.387 0.876 

Population*Temperature 6 0.841 0.562 6 0.611 0.718 6 1.367 0.294 6 1.882 0.155 

Echimiplatine-N-oxide Temperature 2 0.038 0.963 2 0.624 0.550 2 0.591 0.567 2 0.484 0.626 

Population 6 0.597 0.728 6 1.168 0.377 6 1.111 0.404 6 1.915 0.148 

Population*Temperature 6 0.381 0.877 6 0.742 0.625 6 1.052 0.435 6 1.608 0.217 

Leptanthine-N-oxide Temperature 2 0.064 0.938 2 0.282 0.758 2 0.762 0.485 2 1.246 0.318 

Population 6 1.251 0.348 6 0.584 0.738 6 0.795 0.589 6 1.043 0.440 

Population*Temperature 6 0.614 0.716 6 0.600 0.726 6 0.817 0.574 6 0.923 0.508 

7-O-Acetyllycopsamine Temperature 2 0.470 0.636 2 0.004 0.996 2 0.260 0.775 2 0.139 0.871 

Population 6 1.697 0.205 6 0.685 0.665 6 0.715 0.644 6 0.602 0.725 

Population*Temperature 6 1.360 0.306 6 0.744 0.624 6 0.398 0.868 6 0.603 0.724 

7-O-Acetyllycopsamine-

N-oxide B 

Temperature 2 0.308 0.741 2 0.637 0.543 2 0.650 0.537 2 1.826 0.197 

Population 6 1.1153 0.391 6 1.798 0.171 6 0.502 0.797 6 0.396 0.870 

Population*Temperature 6 1.707 0.203 6 0.430 0.847 6 2.079 0.122 6 1.134 0.393 

7-O-Acetyllycopsamine-
N-oxide A 

Temperature 2 0.476 0.632 2 2.431 0.124 2 1.467 0.264 2 2.787 0.096 

Population 6 0.665 0.679 6 0.387 0.875 6 1.095 0.412 6 4.008 0.015 

Population*Temperature 6 1.683 0.208 6 0.485 0.809 6 0.646 0.693 6 1.290 0.324 

Uplandicine-N-oxide Temperature 2 1.115 0.360 2 0.569 0.579 2 1.098 0.361 2 3.557 0.056 

Population 6 0.657 0.685 6 1.255 0.338 6 0.177 0.979 6 0.249 0.952 

Population*Temperature 6 0.562 0.753 6 0.301 0.926 6 0.851 0.552 6 0.623 0.710 

Echiumine-N-oxide B Temperature 2 0.301 0.756 2 2.636 0.107 2 1.142 0.347 2 2.563 0.113 

Population 6 1.806 0.180 6 1.082 0.419 6 2.119 0.116 6 0.462 0.825 

Population*Temperature 6 1.690 0.207 6 0.810 0.579 6 4.157 0.013 6 0.294 0.930 

Echiuplatine-N-oxide Temperature 2 0.557 0.587 2 0.180 0.838 2 2.155 0.153 2 0.149 0.863 

Population 6 1.039 0.447 6 1.486 0.253 6 0.914 0.513 6 0.956 0.488 

Population*Temperature 6 0.116 0.993 6 1.583 0.224 6 4.910 0.007 6 0.332 0.909 

Echimidine-N-oxide B Temperature 2 0.035 0.965 2 1.243 0.319 2 0.603 0.561 2 0.077 0.926 

Population 6 0.417 0.854 6 0.822 0.571 6 0.477 0.814 6 0.890 0.528 

Population*Temperature 6 0.500 0.797 6 1.020 0.452 6 0.834 0.563 6 0.776 0.602 

Echimidine-N-oxide A Temperature 2 0.870 0.444 2 1.179 0.336 2 0.704 0.511 2 0.532 0.599 

Population 6 0.629 0.705 6 0.971 0.480 6 0.803 0.584 6 1.261 0.335 

Population*Temperature 6 0.482 0.809 6 0.860 0.574 6 1.010 0.458 6 1.047 0.437 

3’-O-Acetylechiumine-N-
oxide 

Temperature 2 1.406 0.283 2 1.056 0.374 2 1.932 0.182 2 0.941 0.414 

Population 6 1.549 0.244 6 0.536 0.772 6 1.614 0.216 6 0.848 0.554 

Population*Temperature 6 2.377 0.950 6 0.685 0.665 6 0.764 0.610 6 1.160 0.351 

3’-O-Acetylechimidine-N-

oxide 

Temperature 2 0.737 0.499 2 0.240 0.790 2 0.329 0.725 2 1.224 0.324 

Population 6 0.190 0.974 6 0.285 0.935 6 1.6220 0.214 6 0.954 0.489 

Population*Temperature 6 1.263 0.343 6 1.324 0.310 6 0.481 0.811 6 1.231 0.384 

Echiumine-N-oxide A Temperature 2 0.336 0.721 2 1.887 0.188 2 0.740 0.495 2 1.516 0.253 

Population 6 0.406 0.861 6 2.125 0.155 6 1.064 0.428 6 0.289 0.933 

Population*Temperature 6 0.424 0.849 6 1.628 0.212 6 0.773 0.604 6 1.905 0.150 

Shikonin Temperature 2 1.498 0.262 2 3.681 0.052 2 10.129 0.002 2 0.039 0.962 

Population 6 0.191 0.973 6 0.713 0.645 6 0.668 0.677 6 0.574 0.745 

Population*Temperature 6 0.713 0.646 6 0.407 0.862 6 3.418 0.027 6 0.964 0.483 

α-methylbutyrylshikonin Temperature 2 0.399 0.680 2 1.348 0.291 2 1.156 0.241 2 1.483 0.260 

Population 6 1.010 0.463 6 0.625 0.708 6 0.845 0.556 6 1.128 0.396 

Population*Temperature 6 0.426 0.848 6 0.889 0.529 6 0.826 0.569 6 0.829 0.567 

β-

hydroxyisovalerylshikonin 

Temperature 2 0.571 0.580 2 2.004 0.172 2 2.000 0.172 2 4.431 0.032 

Population 6 0.309 0.920 6 0.583 0.739 6 0.328 0.911 6 1.202 0.361 

Population*Temperature 6 0.378 0.880 6 0.652 0.688 6 0.348 0.899 6 1.172 0.375 

Acetylshikonin Temperature 2 2.670 0.110 2 0.991 0.396 2 0.810 0.465 2 2.522 0.116 

Population 6 1.447 0.275 6 0.526 0.780 6 1.440 0.268 6 1.168 0.377 

Population*Temperature 6 0.705 0.652 6 0.602 0.724 6 1.550 0.233 6 1.632 0.211 

Propionylshikonin

  

Temperature 2 0.697 0.517 2 1.382 0.283 2 1.679 0.222 2 0.736 0.497 

Population 6 0.510 0.790 6 0.341 0.904 6 0.554 0.759 6 1.731 0.186 

Population*Temperature 6 0.134 0.959 6 0.921 0.509 6 0.310 0.921 6 2.393 0.084 

Deoxyshikonin Temperature 2 0.284 0.757 2 2.841 0.092 2 0.499 0.618 2 5.680 0.016 

Population 6 0.679 0.670 6 1.026 0.448 6 0.558 0.757 6 0.379 0.881 

Population*Temperature 6 1.559 0.241 6 0.511 0.790 6 7.422 0.001 6 0.517 0.786 

Isobutyrylshikonin Temperature 2 0.792 0.475 2 0.122 0.886 2 0.703 0.512 2 1.659 0.226 

Population 6 1.244 0.351 6 0.448 0.835 6 1.345 0.302 6 1.248 0.341 

Population*Temperature 6 0.749 0.622 6 0.425 0.850 6 1.321 0.311 6 1.313 0.314 

Dimethylacrylshikonin Temperature 2 0.824 0.462 2 0.101 0.905 2 0.802 0.468 2 0.338 0.719 

Population 6 1.235 0.355 6 0.363 0.890 6 1.021 0.451 6 0.646 0.693 

Population*Temperature 6 0.555 0.758 6 0.393 0.872 6 1.089 0.415 6 2.097 0.119 

Isovalerylshikonin

  

Temperature 2 0.593 0.568 2 0.160 0.853 2 0.641 0.541 2 0.480 0.629 

Population 6 0.738 0.629 6 0.355 0.895 6 1.250 0.340 6 0.358 0.894 

Population*Temperature 6 0.382 0.877 6 0.632 0.703 6 1.257 0.337 6 1.315 0.313 
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Supplementary Table 7 Completely randomized analysis of variance of naphthoquinone 

levels in competition experiment. P-values highlighted in bold indicate significance (P < 

0.05). 

Variable Source df F P 

Shikonin Treatment 1 0.03 0.8693 

Error 13   

α-methylbutyrylshikonin Treatment 1 12.01 0.0042 

Error 13   

β-hydroxyisovalerylshikonin 

 

Treatment 1 0.05 0.8325 

Error 13   

Acetylshikonin Treatment 1 6.95 0.0205 

Error 13   

Propionylshikonin Treatment 1 2.19 0.1625 

Error 13   

Deoxyshikonin Treatment 1 0.27 0.6139 

Error 13   

Isobutyrylshikonin Treatment 1 0.05 0.8327 

Error 13   

Dimethylacrylshikonin Treatment 1 0.17 0.6892 

Error 13   

Isovalerylshikonin Treatment 1 5.77 0.0320 

Error 13   
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Supplementary materials – Chapter 7 

Supplementary Figures 

 

 

Supplementary Figure 1 Distribution of E. plantagineum populations evaluated in the 

study in (a) the Iberian Peninsula and the (b) Australia and human population density 

across the regions.  
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Supplementary Figure 2 95% parsimony networks analysis of Echium plantagineum 

in southeastern Australia and the native (including Portugal, southern Spain (Cadiz 

region), Central Spain (Madrid region) and Northern Spain (Galicia region)), detected 

by three chloroplast regions (trnH-psbA, trnL intron and trnL-trnF spacer). Indels were 

included for analysis as a 5th character. Haplotype frequency is represented by the size 

of the pie chart. Lines connecting haplotypes denote a single mutation, while crossbars 

on the lines indicate additional mutations. 
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Supplementary Figure 3 The Bayesian Markov chain Monte Carlo (MCMC) tree of E. 

plantagineum collected from Australia, Portugal and southern (Cadiz region), central 

(Madrid region) and northern (Galicia region) Spain inferred by MrBayes (Ronquist & 

Huelsenbeck, 2003) using three chloroplastic regions including trnH-psbA spacer, trnL 

intron and trnL-trnF spacer. Indels were coded using simple indel coding method 

(Simmons & Ochoterena, 2000) by GapCoder (Young & Healy, 2003). The posterior 

probabilities are shown for each clade. 
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Supplementary Tables 

Supplementary Table 1 Populations of E. plantagineum used in the study. *Additional 

samples used in the analysis from central Spain (2 per location): El Casar; Guadalix de la 

Sierra; Toledo; Trescasas.  
Closest 

town/city 
Latitude Longitude 

n. roots 

collected 

n. foliage 

collected 

Richness 

[plots] 

Genetic 

samples 
Regions 

Experimental 

comparison 

Australia         

Adelong -35.197103 147.885227 9 9 0 5 Australia y 

Bandiana -36.152528 146.8795 9 9 0 2 Australia y 

Bathurst -33.447725 149.512158 9 9 0 0 Australia n 

Cowra -33.674692 148.963266 9 9 20 0 Australia y 

Evans Plains -33.462849 149.475578 9 9 0 0 Australia n 

Gillenbah -34.755983 146.523143 15 0 0 0 Australia y 

Kangaroo Flat -36.85319 144.19472 9 9 0 0 Australia n 

Leeton 
-

34.5330233 

146.408936

7 
0 0 10 0 Australia y 

Narrandra -34.754452 146.537492 9 0 0 2 Australia y 

Orange -33.244013 149.11932 9 9 20 0 Australia n 

Talbingo -35.407947 148.290573 9 9 20 8 Australia y 

Wagga Wagga -35.051878 147.348191 21 9 0 6 Australia y 

Wagga Wagga -35.107407 147.284675 6 9 10 37 Australia y 

White Cliffs -30.8503 143.08889 9 0 0 0 Australia n 

Spain         

Bologna 36.093489 -5.779527 3 3 0 1 
southern 

Spain 
y 

Cadiz 36.639438 -6.083965 15 0 0 7 
southern 

Spain 
y 

Collado 

Villalba 
40.630018 -3.992562 0 0 20 1 

central 

Spain* 
n 

El Burgo 36.805317 -4.955523 9 9 0 3 
southern 

Spain 
y 

Fresnedilla 40.22778 -4.62643 0 0 20 2 
central 

Spain* 
n 

Jerez 36.639438 -6.083965 9 9 0 0 
southern 

Spain 
y 

Melide 42.924273 -8.067304 9 9 0 4 
northern 

Spain 
n 

San Juan de la 

Nava 
40.474648 -4.690003 0 0 20 1 

central 

Spain* 
n 

Segovia 40.967951 -4.080617 0 0 20 2 
central 

Spain* 
n 

Tarifa 36.069994 -5.692507 27 27 0 1 
southern 

Spain 
y 

Vigo 42.16704 -8.686084 9 9 0 6 
northern 

Spain 
n 

Portugal         

Coimbra 40.187764 -8.401153 9 9 0 8 Portugal n 

Podentes 40.02241 -8.22104 9 9 0 3 Portugal n 
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Supplementary Table 2 Climatic data for locations in the Iberian Peninsula and 

Australia. Climatic data was provided by SPAN at Charles Sturt University. For 

Australian locations data is an average from 2004-2015. From European locations data is 

an average from 2000-2012. *-Data retrieved from www.aemet.es for 1981-2010. 

Summer months in Europe and winter in Australia: June – August. Winter months in 

Europe and summer in Australia: December – February. Temperature is presented in 

Celsius degrees; rainfall in millimeters. Red – highest temperature/rainfall; blue – lowest 

temperature/rainfall.  

Location 

Average 

Maximum 

Temperature 

Summer 

Average 

Maximum 

Temperature 

Winter  

Average 

Minimum 

Temperature 

Summer 

Average 

Minimum 

Temperature 

Winter  

Average 

Rainfall 

Winter 

Average 

Rainfall 

Summer  

Australia       

Adelong 31.29 14.42 15.26 2.55 62.54 54.69 

Bandiana 30.22 13.36 14.73 3.32 76.50 61.61 

Bathurst 28.45 13.62 13.41 1.05 40.38 74.65 

Cowra 29.51 13.38 13.77 1.81 62.66 71.41 

Evans Plains 28.45 13.62 13.41 1.05 40.38 74.65 

Gillenbah 32.59 15.63 17.40 4.22 38.71 35.85 

Kangaroo Flat 28.69 13.01 13.04 3.69 59.88 42.43 

Leeton 32.53 15.83 17.51 4.46 36.88 35.92 

Narrandera 32.59 15.59 17.39 4.17 38.92 36.37 

Orange 27.44 12.09 13.21 1.58 63.17 85.84 

Talbingo 28.78 12.73 13.54 1.54 95.24 72.91 

Wagga Wagga 1 31.85 14.11 16.60 3.98 45.44 50.80 

Wagga Wagga 2 31.83 14.36 16.77 4.10 44.69 48.91 

White Cliffs 35.53 18.54 21.11 5.69 23.26 30.73 

Spain       

Bolonia* 22.66 15.6 19.03 11.86 NA NA 

Cadiz 26.96 16.56 20.96 10.33 73 3 

Collado Villalba* 19.56 2.56 10.03 -2.56 NA NA 

El Burgo 27 8.66 12 0 NA NA 

Fresnedilla* 25.53 7.9 11.23 -0.7 NA NA 

Jerez de la Frontera 32.33 16.96 17.56 6.23 81 4 

Melide 23.73 11.86 12.53 4.4 212.66 57.33 

San Juan de la Nava* 25.53 7.9 11.23 -0.7 NA NA 

Segovia 28.3 9.13 13.83 0.9 38.33 26.66 

Tarifa 23.4 15.46 19.06 11.26 87.66 4.66 

Vigo 23.86 12.53 14.33 5.83 210.66 50.33 

Portugal       

Podentes 28.33 15 15.66 7.66 110.93 14.13 

Coimbra 27.66 14.66 14.66 6.33 135.33 26.33 
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Supplementary Table 3 Analysis of variance of leaf number, leaf length and stem height 

in selected Spanish and Australian plants. 

  

Parameter Levene’s test df Mean Square F value P value 

Leaf length 0.836 1 0.238 5.291 0.024 

Leaf number 0.041 1 0.027 0.300 0.585 

Stem height 0.081 1 0.145 4.145 0.044 

 

 

Supplementary Table 4 Analysis of variance of total mean naphthoquinone and alkaloid 

concentrations between native and invaded range.  

 

Compound 
Levene’s 

test 
df 

Mean 

Square 
F value P value 

NQs 0.2276 1 127.748 33.49 <0.0001 

PAs 0.9036 1 1.93264 12.34 0.0013 

 

Supplementary Table 5 Completely randomized analysis of variance of 

naphthoquinones abundance between Australian and European populations. 

 

Compound Levene’s test df Means Square F value P value 

Shikonin 0.1105 1 109.121 33.26 <0.0001 

α-methylbutyrylshikonin 0.2349 1 29410000 1.32 0.2558 

β-hydroxyisovalerylshikonin 0.0809 1 42388.8 5.40 0.0246 

Acetylshikonin <0.0001 1 900700000 12.27 0.0010 

Propionylshikonin 0.0242 1 214900000 4.42 0.0409 

Deoxyshikonin 0.3904 1 27550000 0.85 0.3604 

Isobutyrylshikonin 0.9889 1 146500000 1.121 0.2962 

Dimethylacrylshikonin 0.0550 1 326330 13.29 0.0007 

Isovalerylshikonin 0.1791 1 420505 18.92 0.0001 
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Supplementary Table 6 Completely randomized analysis of variance of pyrrolizidine 

alkaloids abundance between Australian and European populations. 

 

Compound Levene’s test df Means Square F value P value 

Leptanthine-N-oxide 0.8596 1 0.21780 0.06 0.8111 

Echimiplatine-N-oxide 0.1725 1 10420000 4.29 0.0463 

Uplandicine-N-oxide 0.1670 1 9539166 13.93 0.0007 

Intermedine-N-oxide 0.2239 1 4.37783 1.00 0.3249 

Lycopsamine-N-oxide 0.6518 1 13810000 6.75 0.0139 

7-Angeloylretronencine-N-oxide 0.0651 1 20760000 17.72 0.0002 

7-O-Acetyllycopsamine 0.2282 1 171684 6.67 0.0144 

7-O-Acetyllycopsamine-N-oxide A 0.7977 1 2.80259 0.69 0.4119 

7-O-Acetyllycopsamine-N-oxide B 0.1179 1 13.9301 5.99 0.0199 

9-O-Angelylretronencine-N-oxide 0.0095 1 14380000 7.58 0.0095 

Echimidine-N-oxide A 0.7276 1 3.23424 21.12 0.0001 

Echiuplatine-N-oxide 0.5149 1 13510000 14.27 0.0006 

Echimidine-N-oxide B 0.2426 1 178300000 11.41 0.0019 

3’-O-Acetylechimidine-N-oxide 0.1473 1 54770000 13.47 0.0008 

Echiumine-N-oxide A 0.9489 1 2.88065 13.41 0.0009 

Echiumine-N-oxide B 0.6822 1 1.71391 7.97 0.0080 

3’-O-Acetylechiumine-N-oxide 0.1748 1 7498860 6.05 0.0193 

 

Supplementary Table 7 Completely randomized analysis of variance of total mean 

naphthoquinone and pyrrolizidine alkaloids abundance for sampled regions in the Iberian 

Peninsula and Australia. 

Compound group Levene’s test df Mean Square F value P value 

NQs 0.1221 3 69.9807 21.24 <0.0001 

PAs 0.2527 3 0.91442 5.30 0.0028 

 

 

 

 


