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Thesis Introduction 

Food manufacturing is a massive global industry that is constantly undergoing 

research and development to create products that meet customer expectations of 

sensory traits. The success of processed products can rely on careful manipulation of 

product texture, often through the addition of long-chain, hydrophilic polymers called 

hydrocolloids. Hydrocolloids can be synthetic, semisynthetic or natural, with natural 

food hydrocolloids increasing in importance due to a need to meet consumer 

perceptions and ease of production. An important class of natural food hydrocolloids 

are mucilage polysaccharides, produced from seeds of many plant species. However, 

mucilage-producing seeds like psyllium (Plantago ovata) are orphan crops and are 

plagued by agronomic constraints that severely limit consistent supply of high-quality 

product. The production constraints of psyllium are also compounded by high amounts 

of waste during processing, where the non-mucilaginous tissues (endosperm and 

embryo) are not put to good use. Due to poor knowledge about psyllium seed 

composition, this practice is routine but it is likely that the endosperm and embryo 

contain many beneficial nutrients that are unnecessarily wasted.  

These factors raise several questions about new and/or improved sources of mucilage-

containing materials. What valuable nutrients do whole Plantago seeds contain that 

are typically wasted during manufacturing processes? Could a whole seed flour be 

used in place of purified mucilage? Are there any added health advantages of using a 

whole seed flour in this way? Can mucilage and/or flour from non-commercial, 

evolutionarily-adapted species be used in the same or different ways to commercial 

psyllium? A summary of these research questions that has shaped this thesis can be 

found in Figure 1.1. 
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Thesis Structure / Abstract 

This thesis is comprised of nine chapters: a general thesis introduction (Chapter 1), a 

review of the literature (Chapter 2), two published research articles (Chapters 3 and 

4), four unpublished research manuscripts (Chapters 5, 6, 7 and 8) and a final general 

discussion (Chapter 9). A schematic overview of the thesis structure is presented in 

Figure 1.2. 

Chapter 3 is a published research and methodology article describing a method for 

small-scale rapid fractionation of seed mucilage (Cowley et al. 2020, Plant Methods, 

16:20). Most published seed mucilage extraction techniques while simple and robust, 

were recognised early in my candidature to be less than ideal for screening natural 

variants.. Previously published methods were often incomplete, time-consuming, and 

unnecessarily wasteful of precious seed stocks.  Instead the new method described in 

Chapter 3 can be used to extract fractions of mucilage from small quantities of seed, 

which are still sufficient for chromatographic and other downstream analyses. 

Chapter 4 is a published research article describing the unique aspects of seed 

mucilage polysaccharide accumulation, storage, and release in Plantago ovata (Phan 

et al. 2020, Scientific Reports). Literature describing the polysaccharide biology of 

most mucilage-producing species is lacking and as such has led to an overreliance on 

understanding from the well-characterised model species Arabidopsis. In this 

manuscript, work by Dr Jana Phan (submitted 2018) completed during her PhD 

candidature showing that in P. ovata, mucilage polysaccharides were deposited and 

stored in a different fashion to Arabidopsis, was complemented by collaborative work 

done during my candidature where we spatiotemporally defined P. ovata mucilage 

release characteristics. This resulted in the formulation of a new model to describe 
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mucilage-related processes in this species, and will be used to guide future work on   

Australian Plantago species that share some but not all features with P. ovata.  

Chapter 5 is an unpublished research manuscript where variation in seed composition 

and structure was compared between twelve Australian Plantago species: commercial 

psyllium, three naturalised species and eight native species. In addition to an analysis 

of the functional mucilage polysaccharides, this research showed that Plantago seeds 

have a substantial endosperm that contains beneficial proteins and fats. Natural 

variation in these seed constituents is described and discussed in a biogeographic and 

evolutionary context. 

Chapters 6 and 7 explore the influence that differences in Plantago seed composition 

and properties identified in Chapter 5 have on the in-food functionality of whole seed 

flour (WSF). Chapter 6 is an unpublished research manuscript where changes to the 

cooking/gelatinisation properties of rice flour and rice starch upon a small addition of 

Plantago WSF are described. Different WSFs have different influences on the 

gelatinisation properties with similarity observed between Australian species. 

Differences were attributed to mucilage content and structure and an explanatory 

model for a novel polysaccharide-polysaccharide interaction is proposed. In a more 

applied study presented in Chapter 7, Plantago WSF was added to gluten-free doughs 

which enhanced the rheology and proofing behaviour and led to improved loaf 

structure and texture. Differences in the degree of improvement were again attributed, 

in part, to the interaction described in Chapter 6 and an adapted model is presented. 

Chapter 8 describes experiments where an aqueous extract was produced from seeds 

of four Plantago species (deemed to perform well in Chapters 6 and 7) and applied to 

two intestinal epithelial cell lines in vitro. Plantago seed extracts were found to enhance 

the viability of these cell lines which has gastrointestinal health and nutrition impacts. 
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It is likely that cell proliferation is enhanced by these extracts and based on 

characterisation of the extract, the constituents likely to be involved are discussed.  

The final chapter, Chapter 9, presents a summary and general discussion of the 

findings of this work and suggests future research directions. 

 

 

 

 

 

 

 

 

 

 

  

Music has played a significant role during my PhD candidature as both an escape and 

a tool to focus on writing. Each chapter was written to the sounds of an album, the 

details of which have been included on the cover page of each chapter. Included is a 

QR-style Spotify Code which can be imaged using the Spotify mobile app to listen to 

each album. 
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Figure 1.1. Schematic overview of the research questions that structured the thesis 

and its relevant research chapters 
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Figure 1.2. Schematic overview of the thesis structure 
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CHAPTER 2  

Strategies for producing high quality natural hydrocolloids 

like psyllium gum for improved food and nutrition: a literature 

review  
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HYDROCOLLOIDS AS FOOD ADDITIVES 

Food product manufacturing is a massive global industry, with the total revenue of 

packaged foods expected to exceed USD 3 trillion by 2020 (Allied Analytics LLP, 

2015). The industry is investing billions of dollars into innovative food production. 

Australia alone invested over AUD 900 million into research and development of 

agriculture and food manufacturing in 2015 (Chaustowski and Dolman, 2016). The 

success of many processed and manufactured foods lies in the manipulation of 

ingredients to meet customer expectations of sensory traits such as flavour and texture 

(Bourne, 2002).  

Texture is often closely controlled by ingredients that alter the basic properties of the 

food system through their gelling, thickening, structuring or stabilisation properties. 

Such ingredients are usually members of a large group of compounds called 

hydrocolloids (Funami, 2017), a heterogeneous group of long-chain, often branched 

polymers (Saha and Bhattacharya, 2010). Many of these polymers do not easily form 

entire dissolution and can be physically separated from the solvent; however, they do 

form strong hydrophilic interactions with the solvent and so cannot be classified as a 

particulate suspension. These hydrocolloid mixtures are therefore more correctly 

classified as dispersions (Milani and Maleki, 2012). Usually hydrocolloids are added to 

modify sensory properties, particularly by enhancing viscosity and texture (Izydorczyk 

et al., 2005; Saha and Bhattacharya, 2010; Funami, 2017), but hydrocolloids also have 

versatility in other roles such as structuring, stabilising, encapsulating and mimetic 

agents (Izydorczyk et al., 2005). 
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Viscosifying and thickening agents 

Viscosity refers to a material’s flow and its resistance to being deformed under force. 

In liquid materials this is commonly referred to as ‘thickness’. For example, water under 

the force of being poured deforms and spreads rapidly to fill its container, while honey 

takes far longer. This is because honey has a far greater viscosity than water 

(approximately 10 000 times more viscous) and resists deformation. Modifying a food’s 

viscosity therefore alters its sensory properties, particularly in relation to texture and 

mouthfeel as it relates to perceived ‘thickness’ (Burey et al., 2008). While viscosity can 

also be affected by interaction of concentrated solid particles in suspension (e.g. starch 

mixtures or concrete), the thickening effect of hydrocolloid-containing systems is 

caused when its free moving polymers must become sufficiently concentrated to form 

an interactive entangled network (Graessley, 1974; Heymans, 2000). In a dilute 

solution, hydrocolloids rarely form random interactions and thus viscosity remains 

unchanged but as the system becomes more concentrated, the polymers come into 

contact more frequently and the viscosity increases (Milani and Maleki, 2012). While 

the degree of viscosification or thickening effect is primarily determined by both the 

type and amount of hydrocolloid polymer present, the hydrocolloid’s exact effect is also 

influenced by the native physical properties of the food system, like its pH and 

temperature (Burey et al., 2008).  

Non-Newtonian materials can exhibit Bingham plastic, shear thickening or shear 

thinning behaviour (Figure 2.1A) with the two latter states sometimes being time-

dependent (rheopexy or thixotropy, respectively) (Figure 2.1B) (Milani and Maleki, 

2012). Special behaviours in highly viscous systems are very often exploited in food, 

pharmaceutical and cosmetic technology for both practicality and consumer 

preference. A Bingham plastic material acts as solid until stress is applied which can 

be seen in many spreadable condiments like mayonnaise or peanut butter. Due to high 
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stress when being spread across a slice of bread, peanut butter transitions from a 

solid-like state to a viscous liquid, but once applied to the bread, the peanut butter 

returns to a solid state and no longer flows (Figure 2.1C). A material that is shear-

thickening becomes more viscous under stress while a shear-thinning material 

becomes less viscous. Shear-thickening behaviour (and its time-dependent variant 

rheopexy) (Figure 2.1D) are uncommon and not often seen in food technology (Krokida 

et al., 2007), but shear-thinning behaviour, and its time-dependent variant thixotropy, 

are very commonly exploited in food manufacturing. A classic example of shear-

thinning behaviour is exhibited by the condiment ketchup. A highly viscous fluid at rest, 

ketchup is difficult to pour or squeeze from a bottle unless shaken. The stress applied 

from shaking causes the material to thin (become less viscous), becoming easier to 

dispense (Figure 2.1E). As the thinning effect increases with duration of shaking, 

ketchup more specifically exhibits time-dependent shear thinning or thixotropy. 

Gelling agents 

A gelling agent is used in food products to create a solid but soft texture (as for jelly), 

which is an attractive sensory property for consumers (Burey et al., 2008). The 

traditional model of hydrocolloid gelation is sometimes considered a furthering of a 

viscosified or thickened dispersion because the dynamic viscosifying interactions 

become exponentially less transient until the polymer chains become entangled to form 

a stiff, three-dimensional network (Burey et al., 2008) where solvent is contained within 

the interstices (Saha and Bhattacharya, 2010) (Figure 2.2). This is the typical ‘glass-

like’ gel which is highly-disordered as network forms stochastically and thus would be 

unable to reorder with their neighbours and form homogenous assemblies. However 

this model prohibits dynamic reordering of biological gel structures like in cell walls and 

thus there is increasing evidence for dynamic ‘percolating’ gels where bond exchange 
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can occur among homotypic and heterotypic neighbours to assemble homogenous, 

potentially more effective networks (Li et al., 2019). 

Emulsifiers 

Hydrocolloids are effective at emulsifying mixtures but do not employ combined 

hydrophilic and lipophilic properties (typical of commercial chemical emulsifiers) to 

combine immiscible components (Klose and Glicksman, 1972), instead generally 

relying on viscosification and/or surface activity. Some hydrocolloids are known to 

stabilise emulsions by adsorbing at interfaces, thereby isolating and electrostatically 

stabilising the interfaces between the two immiscible phases—known as a Pickering 

emulsion. Though not strictly emulsifiers (as they do not stabilise phase interfaces), 

other hydrocolloids may also stabilise immiscible mixtures simply by increasing the 

viscosity slowing droplet coalescence and subsequent phase separation (Wang et al., 

2011). The stabilisation of oil-in-water emulsions by hydrocolloid addition is particularly 

important to prevent the separation of condiments such as mayonnaise or salad 

dressing. 

Stabilisers 

In addition to emulsion stabilisation, hydrocolloids are also able to stabilise and prevent 

unwanted separation of foamed or frozen systems. The texture of frozen desserts like 

ice cream should be creamy and is often disrupted by the formation of ice crystals 

during freeze-thaw cycles. The separation of water within the system can be prevented 

by hydrophilic hydrocolloids which immobilise water molecules and prevent 

crystallisation (Regand and Goff, 2003). Ice crystal prevention is also important in a 

wide range of frozen goods as it can lead to syneresis, the separation and loss of water 
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from a frozen system, which can cause unwanted flavours and textures as well as 

freezer-burn (Ghosh and Coupland, 2008). 

Encapsulating and film-forming agents 

Hydrocolloids are used to create and/or reinforce edible films like those found on 

sausages (Klose and Glicksman, 1972; Milani and Maleki, 2012). These films are used 

to create a physical barrier that maintains the structure of foods while cooking and 

inhibits the bi-directional migration of moisture, aromas and oils (Izydorczyk et al., 

2005; Cazon et al., 2016). Artificial sausage casings are arguably the best example, 

but novel hydrocolloid-based films are being used to prolong the shelf-life of a variety 

of perishable foods like cut meats or fruits (Ahmadi et al., 2012; Jouki et al., 2014; 

Mohammadi et al., 2019). 

Fat and gluten replacement 

A facet of food technology that is becoming extremely important are the ‘free-from’ 

products. These are products that are consumed because they lack certain 

components that consumers opt out of eating for health reasons. Fat-reduced versions 

of high-fat products like mayonnaise or salad dressing rely on high viscosification by 

hydrocolloids to maintain the slippery texture that oils normally provide (Aghdaei et al., 

2014; Ladjevardi et al., 2015; Fernandes and Salas-Mellado, 2017).  

Formulations for fat-reduced products are much simpler to optimise as they often only 

require partial replacement which is much easier to achieve than making entirely fat-

free products. Due to the severity of gluten intolerances, gluten reduction is not an 

option and thus total gluten replacement is essential. However, gluten has very unique 

properties that are not easily replicated but are essential in the production of high-

quality baked goods. The hydration of a gluten-containing flour leads to the formation 
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of the three-dimensional gluten network (Shewry and Tatham, 1997). This imbues 

foods with positive chewy texture characteristics and helps to retain leavening gases 

produced during fermentation, assisting bread to rise (Figure 2.3A). A bread made from 

gluten-free flour will be unable to trap leavening gases and thus cannot effectively rise 

(Figure 2.3B). Hydrocolloids have some ability to replicate the function of gluten in 

bread by thickening gluten-free batters and preventing gas loss during bread rise. They 

can potentially create a three-dimensional network within the starch matrix, thus 

improving product structure and texture (Anton and Artfield, 2008). 

Sources of hydrocolloids 

Hydrocolloids are derived from several sources. While synthetic hydrocolloids do exist, 

biological hydrocolloids are far more common and are produced by a variety of land 

and marine plants, microbes, and animals (Table 2.1). With such a wide range of 

biological sources, hydrocolloid composition and structure is correspondingly diverse 

with many different glycan classes represented (Figure 2.4). Microbial hydrocolloids 

like xanthan gum are among the most commonly used (Garcia-Ochoa et al., 2000), but 

plant-derived hydrocolloids are increasing in significance due to their ease of 

production and preference by consumers. Plant exudate gums are extruded from a 

point of stress (usually physical injury or fungal infection) and collected (e.g. gum arabic 

or gum ghatti), and seed gums are chemically extracted from endosperm tissue (e.g. 

guar gum or locust bean gum) (Izydorczyk et al., 2005). These types of plant gums 

require extensive processing and refinement (adding to labour and production costs), 

while another class of plant hydrocolloid—seed mucilage—simply extrudes from the 

wetted seed coat of some species in a phenomenon called myxospermy (Phan and 

Burton, 2018). Currently, psyllium seed mucilage produced from milled husk is one of 

the most commercially significant seed hydrocolloids (Khaliq et al., 2015), and is 
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beginning to permeate the food and pharmaceutical industries as a novel ingredient 

with excellent thickening and swelling properties. 

PSYLLIUM 

Historically, ‘psyllium’ referred to several species in the genus Plantago. Only P. 

psyllium (French Psyllium) and P. ovata (Blonde Psyllium) have been used for the 

commercial production of psyllium husk (Sharma and Koul, 1986). However, the 

unappealing dark brown husk colour of P. psyllium has led to it being displaced from 

the world market by the lighter P. ovata (Dhar et al., 2005). P. ovata (Figure 2.5) is 

native to the Mediterranean and West Asia (Kumar, 2015), where it is called isabgol 

and ispaghula (Wiesner, 2013), though the commercial crop is usually referred to as 

psyllium. P. ovata is primarily produced for the seed husk that is milled from mature 

seeds (Figure 2.5D) (Bahrani, 1991; Van Craeyveld et al., 2008) and used in various 

applications for its ability to produce mucilage upon contact with water. This mucilage 

is composed primarily of a hydrocolloid with excellent functional properties: a highly-

branched heteroxylan (Sharma and Koul, 1986; Fischer et al., 2004). 

The majority of psyllium husk is sold as a dietary fibre supplement. Psyllium mucilage 

is poorly fermented by bacteria in the digestive system allowing it to pass through 

largely intact (Marlett et al., 2000). The swelling of the psyllium mucilage increases 

faecal bulk and softness (Prajapati et al., 2013), and acts as a lubricant, promoting 

laxation (Marlett et al., 2000). There is increasing evidence that a diet supplemented 

with dietary fibre is an effective preventative treatment for irritable bowel syndrome, 

obesity, colon cancer, constipation, diabetes, high cholesterol, ulcerative colitis, 

atherosclerosis and inflammatory conditions like asthma (Ziai et al., 2005; Van 

Craeyveld et al., 2009; Mehmood et al., 2011; Wiesner, 2013; Thorburn et al., 2015; 

Gonçalves and Romano, 2016). Psyllium husk is also a livestock health supplement 
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where it is used to prevent glycaemic conditions (Moreaux et al., 2011) and to 

flocculate ingested sand, preventing colic in horses (Landes et al., 2008). 

Psyllium mucilage is used in food technology for typical thickening and stabilisation 

properties (Milani and Maleki, 2012) but also as a fat substitute in the production of 

low-fat yoghurt and mayonnaise (Aghdaei et al., 2014; Ladjevardi et al., 2015). With 

gluten-free products now comprising a US$ 4.3 billion global industry (Research and 

Markets, 2017), great interest has now been placed in the utility of psyllium as a cost-

effective textural corrector in gluten-free products (Zandonadi et al., 2009; Cappa et 

al., 2013). As gluten imbues dough with elasticity (Wieser, 2007), its exclusion in 

gluten-free products leads to unfavourable texture characteristics. Consumer 

satisfaction is significantly improved with the addition of texture modifiers like psyllium 

mucilage to gluten-free doughs (Mariotti et al., 2009; Cappa et al., 2013). 

Industrially, psyllium husk has also been used as a disintegrant in pharmaceutical 

tablets (Pawar and Varkhade, 2014), a natural corrosion inhibitor (Mobin and Rizvi, 

2016), an inexpensive alternative to agar in culture media (Jain et al., 1997) and in the 

production of environmentally-responsible ‘green concretes’ (Minnesota Institute for 

Sustainable Transportation, 2017).  

Agronomy of psyllium production 

Plantago ovata is grown as a 120 – 130 day dry-season crop, suitable for cultivation in 

regions with well-drained, sandy soils (Dhar et al., 2005). The small, light seeds are 

usually mixed with fine sand and broadcast sown to ensure dense planting (Najafi and 

Rezvani, 2002; Dhar et al., 2005). Flood irrigation is performed as required, usually to 

a total of 4–5 irrigations over the growing season (Najafi and Rezvani, 2002; Dhar et 

al., 2005; Bannayan et al., 2008; Kumar, 2015). The understanding of P. ovata’s 



Chapter 2 – Literature Review 

18 

 

nutrient requirements is poor, but may be fairly low. For example, a crop rotation 

including a leguminous crop is usually sufficient to meet nitrogen demand (Kumar, 

2015), but a top dressing of nitrogen and phosphorus fertiliser can be used if 

continuous cropping is performed (Dhar et al., 2005; Mandal et al., 2008; Kumar, 

2015). Flowering begins two months after sowing and is completed by five months, at 

which point whole plants are harvested by hand-sickling from just above ground level. 

The harvested plants are then heaped, sun-dried, threshed and winnowed (Dhar et al., 

2005). The seeds are collected and sold whole or milled to remove the husk (Kumar, 

2015). 

Constraints in psyllium production 

There are several significant constraints in the production of P. ovata (psyllium), all of 

which can lead to significant losses in yield of seed or husk and reduction in the quality 

of mucilage produced. 

P. ovata can be subject to massive yield losses in response to biotic stress. It can be 

infected by three major fungal wilt diseases such as downy mildew (Peronospora 

plantaginis) which tends to be the most damaging (resulting in greater than 50% yield 

losses) as it is difficult to detect, often striking at inflorescence emergence, reducing 

effective response time (Elwakil and Ghoneem, 1999; Dhar et al., 2005; Mandal et al., 

2008). Cotton aphid (Aphis gossypii) is the major insect pest of P. ovata. Aphids appear 

at 50–60 days, where sap sucking during inflorescence emergence can lead to yield 

losses greater than 40% (Kumar, 2015). Competition from fast-germinating weeds is a 

significant contributing factor to poor crop establishment. If seeding is performed 

without light tillage, fast-germinating weeds will easily outcompete germinating P. 

ovata seeds. 
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Abiotic stresses and production constraints also limit supply and reduce quality. 

Climate is the most unpredictable and unavoidable constraint. Drought limits the 

availability of water from sources used for flood irrigation and unseasonable rainfall 

during vegetative growth increases transmission and severity of fungal infection 

(Kumar, 2015). Additionally, unseasonable rainfall at maturity leads to massive yield 

losses through seed shattering (Dhar et al., 2005). A lack of modernised production 

techniques prevents any significant advances in the productivity of psyllium production. 

Mechanisation is nearly non-existent with sowing, weeding, harvesting, and post-

harvest processing all traditionally done by hand (Dhar et al., 2005). Introduction of 

agrochemicals has also been limited, particularly due to cultural practices and 

regulations associated with medicinal products (Kumar, 2015).  

Commerce of psyllium production 

Psyllium is an important crop for a number of South Asian nations, particularly India 

where North Gujarat, Western Rajasthan and Madhya Pradesh provinces export more 

than 80% of the world supply (Kumar, 2015) earning India approximately US$ 185 

million in 2016 (Govt India Dept of Commerce, 2017a, 2017b). Export quantity relies 

on production in India, which in turn is affected by agronomic constraints. This leads 

to a clear supply and demand relationship (Figure 2.6). For example, between 2006/07 

and 2007/08, export quantity from India increased and thus sufficient supply to 

consumers lead to steady prices. Conversely, after export quantities dropped in 

2008/09, and again in 2009/10, the export price per tonne increased. These trends are 

likely to continue as demand for psyllium husk by the food, health and pharmaceutical 

sectors increases, highlighting the need for innovative production technologies and/or 

genetic improvement. 
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Genetic improvement of Plantago ovata (psyllium) 

Selective breeding approaches to improving yield and quality traits in P. ovata are 

lengthy and difficult processes (Sarkar and Lal, 2015). Genetic variation in germplasm 

that have previously been used for breeding efforts is low. This was possibly due to P. 

ovata’s low chromosome number and exacerbated by small chromosome size, high 

abundance of heterochomatin and low chiasmata frequency which reduces the 

opportunity for spontaneous variation (Dhar et al., 2005; Kotwal et al., 2013),  

Numerous approaches have been used to induce variability in P. ovata including 

mutagenesis and induced polyploidy. Two high-yielding commercial varieties—

Niharika and Mayuri—were produced through mutagenesis (Lal et al., 1998, 2007), but 

yield advantage over conventional varieties is minor (Kumar, 2015). Induced polyploidy 

showed promise in increasing seed weight, seed volume and tiller and inflorescence 

number, but any superiority diminished after several generations and was offset by 

reduced seed yield and germination success (Zadoo and Farooqi, 1977; Fougat, 

2011). Finally, transgenic approaches have been shown to be a powerful tool to 

increase yield, improve drought tolerance and resist disease in other crops (Phillips, 

2008) but the lack of a sequenced genome and a stable transformation technique in 

P. ovata, as well as heavy regulatory restraints have prevented a gene technology 

approach to improvement from being commercially viable. 

While not ideal, conventional breeding for desired traits has been the only effective 

method of genetic improvement in psyllium, with a small number of commercial 

varieties released (Lal et al., 1998, 2007; Kumar, 2015; Sarkar et al., 2015). Current 

commercial varieties have been developed solely for increased yield, and efforts have 

not been made to address agronomic issues that may be the most significant cause of 

poor yield (Kumar, 2015). These agronomic issues underlie an inconsistent supply of 
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high-quality psyllium husk to industrial users globally, and pressure for genetic 

solutions or advancements in innovative production is higher than ever. This presents 

an opportunity to investigate more novel approaches to circumvent agronomic issues 

in the commercial Plantago variety such as scrutinising the suitability of close relatives 

that may be naturally-adapted to have desirable traits. 

EXPLOITING NOVELTY IN THE PLANTAGO GENUS 

The genus Plantago 

The genus Plantago comprises more than 200 species with members found on all 

inhabited continents (Elliot and Jones, 1980). Plantago species are herbaceous, 

growing from a basal rosette at the root mass. Inflorescences are conspicuous, 

supported away from the vegetative mass by a peduncle and consist of many individual 

florets (Huisinga and Ayers, 1999; Tay, 2008) (Figure 2.5B) 

For a cosmopolitan genus with several applications, Plantago species have not been 

extensively studied. P. asiatica, P. lanceolata, P. major, P. maritima, P. media and P. 

ovata are the most widely reported species in the literature, as rich sources of bioactive 

extracts of pharmaceutical significance (Grubešić et al., 2005; Fons et al., 2008; Yin et 

al., 2010; Zhao et al., 2014; Gonçalves and Romano, 2016; Navarrete et al., 2016). 

Plantago species have also been used as models to study the genetics of male self-

sterility (Wolff et al., 1988; Rønsted et al., 2002), the divergence of key growth 

characteristics in relation to climate (Atkin and Day, 1990; Covey-Crump et al., 2002; 

Loveys et al., 2003), bioaccumulation and phytoremediation of heavy metals (Baroni 

et al., 2000), and the dynamics of arbuscular mycorrhizal interactions (Wang et al., 

2015; Zhang et al., 2015). 
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As the source of commercially- and medicinally-important psyllium husk, P. ovata is 

the best-studied Plantago species. It has recently become an important model system 

in biomolecular studies as its heteroxylan-rich seed coat mucilage (Fischer et al., 2004) 

is a highly amenable tissue for studying xylan synthesis. Jensen et al. (2011) were the 

first to use the integument layer of immature P. ovata seeds for transcriptional profiling 

of xylan synthesis genes, and further studies have revealed greater diversity in xylan 

biosynthesis genes than previously thought (Jensen et al., 2013; Kotwal et al., 2016). 

Recently, forward genetic analyses have been used to identify novel genes in a 

mutagenised P. ovata population (Cowley, 2016; Tucker et al., 2017; Phan, 2018). 

Studying other members of the large Plantago genus could contribute to our 

understanding of mucilage production and its industrial applications and lead to optimal 

utilisation of products from P. ovata and other Plantago species. 

Natural variation in Plantago spp.  

Natural variation is arguably the most powerful resource for crop improvement. The 

success and productivity of commercial cereal crops is owed to the careful selection 

of naturally-occurring, advantageous traits in their ancient progenitors (William et al., 

2011). Today, natural variation is an extremely useful tool for novel gene identification 

(Mitchell-Olds and Schmitt, 2006), biomolecular characterisation and improving the 

understanding of plant development, physiology and adaptation (Alonso-Blanco et al., 

2009). Investigation of natural genetic variation has allowed greater understanding of 

the synthesis and properties of pectin-rich seed mucilage in Arabidopsis (North et al., 

2014; Saez-Aguayo et al., 2014) and Linum usitatissimum (Aubert, 2014; Pavlov et al., 

2014). By contrast, few studies have been published studying natural variation in 

genera with xylan-rich seed mucilage like Plantago. 
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Natural variation in Plantago spp. has provided a unique resource for helping define 

the heteroxylan biosynthetic pathway. Recently, Phan et al. (2016) uncovered 

significant variation in seven members of the Plantago genus: P. coronopus, P. 

cunninghamii, P. debilis, P. lanceolata, P. major, P. ovata and P. varia. 

Monosaccharide and methylation linkage analysis was consistent with previous 

studies, showing that the major component of Plantago mucilage is heteroxylan 

(Samuelsen et al., 1999; Chaplin, 2004; Fischer et al., 2004; Guo et al., 2008; Saghir 

et al., 2008), however oligosaccharide mapping revealed that backbone substitution 

patterns vary substantially by species (Phan et al., 2016). In particular, P. cunninghamii 

is hypothesised to have significantly lower levels of heteroxylan backbone substitution 

than P. ovata, which has a more complex backbone substitution pattern (Figure 2.8). 

Transcript analysis revealed that P. ovata had several abundant sequences encoding 

glycosyltransferase family (GT) 61 enzymes that have been previously implicated in β-

1,2-xylosyltransferase and/or α-1,3-arabinosyltransferase activity—the attachment of 

xylose and arabinose moieties to the β-1,4-xylose backbone (Figure 2.7). 

Contrastingly, P. cunninghamii lacked an equivalent number of corresponding GT61 

orthologues possibly leading to the lesser degree of backbone substitution found on 

the heteroxylan of its mucilage. Exploring xylan synthase genes in this way can identify 

genes responsible for novel linkages found in Plantago heteroxylan 

In addition to revealing novel polysaccharide synthesis genes, natural variation in 

Plantago spp. mucilage heteroxylan structure can provide hydrocolloids with unique 

properties for use in food technology. It is known that polysaccharide structure dictates 

polymer conformation and interactivity with other polymers: factors that orchestrate the 

functional properties of the hydrocolloid. The functional properties of Plantago 

heteroxylan will therefore differ in response to the extent and chemical nature of its 

substitution. This was confirmed through rheological studies that found that differences 
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in the functional properties of separate layers of P. ovata seed mucilage arise from the 

degree of heteroxylan substitution (Yu et al., 2017, 2018, 2019; Ren et al., 2020; Zhou 

et al., 2020). It would then follow that significant differences in functional properties are 

likely to accompany the natural variation in the heteroxylan structure within and 

between Plantago spp. (Figure 2.8) as revealed by Phan et al. (2016), which can be 

exploited as a versatile resource for studying the biosynthetic mechanisms and 

functional properties of xylan-rich mucilage, ultimately leading to novel industrial 

applications. 

CONCLUSIONS 

Plantago seed mucilage is a versatile food ingredient that is increasing in use due to 

its favourable functional properties. Currently only one species—Plantago ovata—is 

produced commercially but constraints in its production have impeded optimal 

industrial utilisation. It may be possible that another improved source of Plantago 

mucilage may lie within natural variants as it is unknown if other members of the 

Plantago genus produce mucilage with similar or better functional properties as the 

genus is yet to be thoroughly interrogated.  
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Figure 2.1. Description of types of viscoelastic behaviour. A. Shear rate dependence 

of Non-Newtonian materials compared to General Newtonian Behaviour B. Time-

dependent shear thinning and shear thickening behaviour. C. Schematic examples of 

common materials exhibiting Non-Newtonian behaviour.  
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Figure 2.2. Simplified representation of traditional model of hydrocolloid gelation. Upon 

setting, the hydrocolloid molecules (HC) become entangled in junction zones (JZ) that 

form the basis of the three-dimensional structure of the gel matrix. (Adapted from de 

Vries 2004) 
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Figure 2.3. Function of gluten within leavened breads. A. Three-dimensional gluten 

network formation upon hydration traps gases produced during leavening and allows 

the bread to rise. B. A lack of gluten allows leavening gases to escape resulting in a 

poorly risen loaf.  
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Figure 2.4. Schematic structures of common food hydrocolloids showing great 

complexity and diversity. Glucan-, mannan-, galactan-, and pectin-type glycans are 

grouped. Schematic structures were prepared based on references in Table 2.1 using 

the DrawGlycan-SNFG online tool (http://www.virtualglycome.org/DrawGlycan/) 

(Cheng et al., 2017). Many specific structures (particularly those of tree gums and seed 

mucilages) have been generalised or are yet to be fully elucidated.  

Abbreviations: GM = galactomannan (with approximate percentage of galactose 

substitution on the mannose backbone); HG = homogalacturonan; RG = 

rhamnogalacturonan; AX = arabinoxylan; LCa and LCb = lateral chain a and b, specific, 

highly-complex structures found in detail in Mohnen (2008).  

http://www.virtualglycome.org/DrawGlycan/
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Figure 2.5. Plantago ovata (psyllium) is grown commercially to produce psyllium husk. 

A. Glasshouse-grown P. ovata in flower; B. P. ovata inflorescence undergoing 

anthesis; C. mature P. ovata seeds; D. milled commercial psyllium husk. 
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Figure 2.6. Trends of export quantity compared with export value of psyllium husk from 

1999 to 2019 (adapted from Govt. India, Dept. of Commerce 2019a). 
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Figure 2.7. Schematic representation of the current understanding of heteroxylan 

synthesis. Enzymes of the glycosyltransferase families 8 (GT8), 43 (GT43) and 47 

(GT47) have been implicated in the elongation of the xylan backbone (Rennie and 

Scheller, 2014) and glycosyltransferase 61 (GT61) enzymes have been implicated in 

the addition of various xylose, arabinose and oligosaccharide moieties onto the 

backbone (Anders et al., 2012; Chiniquy et al., 2012). 
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Figure 2.8. Oligosaccharide mapping reveals significant variation in heteroxylan 

structure in some Plantago species including reduced backbone substitution. (B) 

Chromatographic peaks represent oligosaccharides released by successful xylanase 

backbone digestion in P. lanceolata, P. debilis and P. cunninghamii possibly due to (A) 

reduced backbone substitution providing improved access to the xylan backbone (XA) 

by xylanase hydrolytic enzyme GH10 from Cellvibrio mixtus.  

Adapted from Phan et al. (2016) 
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Abstract 

Background: Myxospermy is a process by which the external surfaces of seeds of 

many plant species produce mucilage – a polysaccharide-rich gel with numerous 

fundamental research and industrial applications. Due to its functional properties the 

mucilage can be difficult to remove from the seed and established methods for 

mucilage extraction are often incomplete, time-consuming, and unnecessarily wasteful 

of precious seed stocks. 

Results: Here we tested the efficacy of several established protocols for seed 

mucilage extraction and then downsized and adapted the most effective elements into 

a rapid, small-scale extraction and analysis pipeline. Within four hours, three 

chemically- and functionally-distinct mucilage fractions were obtained from 

myxospermous seeds. These fractions were used to study natural variation and 

demonstrate structure-function links, to screen for known mucilage quality markers in 

a field trial, and to identify research and industry-relevant lines from a large mutant 

population. 

Conclusion: The use of this pipeline allows rapid analysis of mucilage characteristics 

from diverse myxospermous germplasm which can contribute to fundamental research 

into mucilage production and properties, quality testing for industrial manufacturing, 

and progressing breeding efforts in myxospermous crops. 

Keywords: Mucilage, myxospermy, extraction, polysaccharide, Plantago ovata, flax, 

chia, psyllium.  
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Background 

In a process called myxospermy, seeds of many plants produce viscous 

polysaccharide gels called mucilage when imbibed in water. The mucilage of 

Arabidopsis thaliana has often been used as a proxy for studying cell wall biosynthesis 

(1–8). More recently other myxospermous species like Linum usitatissimum and 

Plantago ovata have also been adopted as genetic models (9–14) revealing the utility 

that novel systems can have in unravelling complex synthetic pathways. Furthermore, 

these novel model systems have the added benefit of being directly commercially-

relevant. P. ovata (psyllium) and L. usitatissimum (flaxseed) mucilage are used as 

gums with varied applications in the food and health industries. Both are used as 

natural food structuring ingredients and gluten replacements (15–18) and are rich 

sources of dietary fibre shown to prevent various gastrointestinal diseases (19–21). A 

comprehensive myxospermous model system would allow gene-structure-function 

links to be made but there remains a technical disconnect between these facets. The 

functional study of myxospermous species preceded their use as genetic models and 

the scale and precision of the extraction techniques have generally not been updated 

since. A significant number of researchers use the methods of Sharma and Koul (22), 

Balke and Diosady (23), or similar. These methods are simple, effective and robust, 

using a magnetic stirrer to heat and agitate a seed/water mixture followed by straining 

to isolate released mucilage from seeds. However, there are several technical issues 

that limit the use of these techniques in screening applications. Firstly, the techniques 

are not high-throughput, generally requiring 3–4 hours to process a single sample (per 

magnetic stirrer). Secondly, the quantity of mucilage produced is excessive for 

downstream chromatographic and yield analyses which require milligram-scale 

quantities or less. Thirdly, the techniques often offer incomplete extraction, leaving a 

significant amount of mucilage adhered to the seed. It is also important to note that 
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seed mucilage is not homogenous. Its multi-layered nature is evident simply by visual 

inspection of stained expanded mucilage in nearly all species (24). The dual-layered 

nature of Arabidopsis thaliana mucilage has been the basis of many studies on cell 

wall polysaccharide biosynthesis (25) and Yu et al. (26–28) have recently highlighted 

the importance of fractionating mucilage to effectively unravel structural differences 

that underlie polysaccharide functionality.  

Here we describe a pipeline suitable for the rapid extraction and fractionation of 

quantities of seed mucilage suitable for yield and chromatographic analyses. Within 

four hours, three chemically- and functionally-distinct fractions can be isolated from 24 

samples per shaking incubator and the use of a shaking incubator allows adjustment 

in time, temperature and fractionation profile. The utility of this pipeline is demonstrated 

through its ability to: identify intergeneric and interspecific variation in seed mucilage 

extractability, yield and composition, screen for known quality parameters in field-

grown myxospermous samples, and identify lines of interest from germplasm 

collections. 

Methods 

Materials 

Arabidopsis thaliana seeds (ecotype Columbia-0) were grown as per Tucker et al., 

(29). Flax (Linum usitatissimum) and chia (Salvia hispanica) seeds were purchased 

from Woolworths (Frewville, South Australia). Plantago ovata and Plantago 

cunninghamii seeds were obtained and bulked from sources listed in Phan et al., (30). 

P. ovata varieties were grown in field trials conducted in 2017 and 2018 in Kununurra, 

Western Australia. Gamma-irradiated P. ovata mutants used for germplasm screening 

were obtained from a glasshouse-grown population described previously (10). 



Chapter 3 – Method for rapid analysis of seed mucilage characteristics 

54 

 

Once harvested or purchased, all seeds were dried at 37 °C for at least 72 hours and 

then stored in sealed containers at room temperature until analysis.  

Reagents and Solutions 

Ruthenium red hydrate (#C075) was purchased from ProSciTech, Australia and the 

staining solution was prepared at 0.01% w/v in water following Arsovski et al., (5). To 

prevent bubble formation on the seed surfaces during imaging, the staining solution 

was sonicated for 5 min under vacuum to remove dissolved gases. KOH and HCl 

(Sigma-Aldrich) were made to a 0.2 M solution in water. 

Mucilage staining 

Expanded seed mucilage was observed in situ following Arsovski et al., (5) to compare 

and validate extraction techniques. After positioning seeds on a microscope slide 

(Rowe GM2715, Australia) staining solution was added beneath a coverglass 

(ProSciTech No. 1, Australia) and images were captured on a dissecting microscope 

(Zeiss Stemi 2000-C, Germany) equipped with a colour digital camera (Zeiss AxioCam 

ERc 5s, Germany). 

Conventional seed mucilage extraction techniques 

The effectiveness of total mucilage extraction by the fractionation pipeline described 

here was validated against previously published methods by Balke and Diosady (23), 

Yu et al., (26), Sharma and Koul, (22), and Voiniciuc et al. (4) . Balke and Diosady’s 

method (also used previously by our group, Phan et al., 2016) is simple, stirring seeds 

and water heated to 80 °C on a magnetic stirrer for 90 minutes after which the liberated 

mucilage is strained through nylon mesh to remove seeds. Yu et al.’s method uses an 

extended extraction (4 hr) with RT 0.2 M solution of KOH. Sharma and Koul’s method 

combines seeds with dilute acid (0.2 M HCl) in a conical flask, which is stirred on a 

heated magnetic stirrer until the seeds have changed colour (20 minutes). Seeds are 
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strained through nylon mesh and washed twice with hot water. Finally, Voiniciuc’s 

method uses the physical force (30 Hz for 30 min) of a tissue disruptor-type mixer mill. 

Rapid small-scale mucilage fractionation pipeline 

The rapid small scale fractionation of quantities of seed mucilage suitable for yield and 

chromatographic analyses was achieved using the following protocol incorporating 

elements of methods by Yu et al., 2017 and Voiniciuc et al. 2015. For similarly sized 

seeds, seeds can be counted or for variably sized seeds 30 mg (+/- 0.5 mg) of seeds 

(exact mass recorded) can be weighed. Once the pre-extraction mass was recorded, 

seeds were added to a 2 mL microcentrifuge tube followed by 1.5 mL of RT DI H2O 

(Figure 3.1A). Tubes were vortexed briefly to break surface tension and ensure all 

seeds are immersed. To obtain the first mucilage fraction (Figure 3.1B), tubes were 

incubated for 1.5 hr at 25 °C in a shaking incubator (Eppendorf ThermoMixer® 

Comfort, Germany) with agitation at 1300 rpm then centrifuged (Eppendorf 5424, 

Germany) for 2 min at 13,000 rpm. Ensuring that the pelleted adherent mucilage and 

seeds are not disturbed, the tubes were removed from the centrifuge and using a 1000 

μL laboratory pipette, the supernatant—the cold water extractable (CWE) mucilage 

fraction—was transferred to a clean, pre-labelled microcentrifuge tube. This transfer 

may require multiple steps based on the volume of the supernatant. The volume of the 

tube contents comprising the pelleted mucilage and seeds was returned to 

approximately 1.5 mL with RT DI H2O based on the tube markings (different samples 

may require slightly different volumes). To obtain the next mucilage fraction (Figure 

3.1C), a similar process was employed but at a warmer temperature: tubes were 

incubated for 1.5 hr at 65 °C with agitation at 1300 rpm then centrifuged for 2 min at 

13,000 rpm. Again the supernatant—the hot water extractable (HWE) mucilage 

fraction—was transferred to a clean, pre-labelled microcentrifuge tube using a 1000 

μL laboratory pipette. After removal of the HWE fraction, the volume of the pellet is 
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significantly reduced as only the most extraction-resistant mucilage remains tightly 

adhered to the seed. After adjusting the volume of tube contents to approximately 1.5 

mL with RT DI H2O, the tubes were agitated intensely at 30 Hz for 10 min on a tissue 

disruptor-type mixer mill (Retsch MM400, Germany) using a microcentrifuge tube 

adapter (Figure 3.1D). Tubes were centrifuged for 2 min at 13,000 rpm and the 

supernatant—the intense agitation extractable (IAE) mucilage fraction—was 

transferred to a clean, pre-labelled microcentrifuge tube using a 1000 μL laboratory 

pipette.  

From each sample, a cold water extractable (CWE), hot water extractable (HWE) and 

intense extraction resistant (IAE) fraction of seed mucilage has been obtained along 

with the corresponding demucilaged seeds (DMS) (Figure 3.1E). These four fractions 

were frozen at -80 °C for 24 hr and then freeze-dried (Labconco Freezone 6, US) to a 

constant weight. Freeze-dried mucilage and demucilaged seeds were transferred to a 

microbalance with 0.01 mg resolution (Shimadzu AUW220D, Japan) with fine-tip 

tweezers to calculate mucilage yield (Figure 3.1F). 

Yield of mucilage fractions can be calculated using the following equation: 

Yield (%)= (
mass of freeze dried mucilage

mass of seeds pre-extraction
)×100  

Optional - isolated fractions may be pipetted into a 2000 μL 96 well deep well plate 

(Eppendorf, Germany) in place of new microcentrifuge tubes which can become 

unwieldy when dealing with large sample numbers. The deep well plates can 

accommodate many samples and several plates will fit simultaneously into a freeze-

drier unit for bulk processing. 

Monosaccharide profiles of fractionated seed mucilage 
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Freeze-dried mucilage was dispersed in water at 2 mg/mL (w/v) and an 800 μL aliquot 

was added to 200 μL of 5M H2SO4 (final H2SO4 concentration of 1M) and hydrolysed 

at 100 °C for 3 hr as per Phan et al. (30). Monosaccharides released by acid hydrolysis 

were derivatised with 1-phenyl-3-methyl-5-pyrazoline (PMP) and then separated by 

reversed phase high performance liquid chromatography (RP-HPLC) following Comino 

et al. (31) with modifications to the column and eluents listed in Hassan et al. (32). 

Area under the peaks was compared to standard curves of mannose, ribose, 

rhamnose, glucuronic acid, galacturonic acid, glucose, galactose, xylose, arabinose 

and fucose (33). 

Water absorption assay 

After weighing 20 seeds into a 2 mL microcentrifuge tube, 1 g of water was added, and 

mucilage was allowed to expand undisturbed for 45 min at 25 °C. Using a 1 mL syringe 

without a needle, unabsorbed water was removed and weighed. Water absorption 

capacity can be calculated using the equation: 

Water absorption capacity (g/g)= 
Initial weight of water added - weight of unabsorbed water

Initial weight of seeds added
 

Results and discussion 

This protocol achieves total mucilage extraction 

Figure 3.2 shows P. ovata seed with stained expanded seed mucilage before and after 

four methods of mucilage extraction. While hot water was effective at reducing the size 

of the mucilage envelope (Figure 3.2B), mucilage in the inner layer is more densely  

packed than the removed soluble fraction and thus a large amount of the mucilage 

remains (34). Yu et al. (26) reported that an extended (4 hr) extraction with 0.2 M KOH, 

a chaotropic agent, was sufficient to remove the adherent mucilage layer by disrupting 

hydrogen bonds in the mucilage. We confirm that this treatment is effective at removing 
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the majority of seed mucilage (Figure 3.2C) although the most strongly adherent 

portion remained on all treated seeds (n = 30). Mucilage removal in acid was similarly 

effective (Figure 3.2D), however the mode of action of the acid was to hydrolyse the 

mucilage in situ which is not useful if any downstream functional or linkage analyses 

are required. An appealing alternative was the non-chemical extraction method 

devised by Voiniciuc et al. (4) who were able to efficiently extract all adherent mucilage 

from Arabidopsis seeds using intense agitation on a tissue disruptor-type mixer mill. 

The physical force of the shaking was sufficient to disrupt the mucilage-seed 

attachment and disperse the polysaccharides. We corroborate the efficacy of this 

method on P. ovata where close to 100% of seed mucilage was removed (Figure 3.2E). 

We also observed that mucilage staining of seeds that sequentially underwent a hot 

water extraction before 0.2 M KOH, 0.2 M HCl or 30 Hz agitation were no different to 

those that were not extracted with hot water as a first step (data not shown).  

The monosaccharide profiling of fractionated P. ovata mucilage shows that our small-

scale fractionation technique is directly comparable to the larger scale technique 

published by Yu et al. (26), the original study by Guo et al. (35) on which their work is 

based and a similar work published earlier by Marlett & Fischer (36) (Supplementary 

Table S3.1).  

The extraction pipeline effectively provides material for identifying variation in 

seed mucilage characteristics 

Figure 3.3 shows the appearance of the expanded seed mucilage envelope of A. 

thaliana (a–d), L. usitatissimum (flaxseed) (e–h), S. hispanica (chia) (i–l), P. ovata 

(psyllium) (m–p) and an Australian native relative of psyllium, P. cunninghamii (q–t) 

before and after each mucilage fractionation step in the pipeline described here, which 

culminates in total extraction (Figure 3.4A). After CWE and HWE extraction, the 

mucilage envelope of L. usitatissimum and A. thaliana is significantly reduced in size 
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compared to S. hispanica, P. ovata and P. cunninghamii. These changes were 

reflected in the differences between the ratios of extracted fractions (Figure 3.4B), 

where L. usitatissimum and A. thaliana were most susceptible to extraction, yielding 

the largest proportion of water extractable (CWE + HWE) components. The easy 

removal of the delicate outer layer of mucilage in A. thaliana and L. usitatissimum is 

consistent with previous findings and established fractionation techniques (4,34,37–

40). Contrastingly, Plantago and S. hispanica mucilage has been reported to require 

more effort to efficiently extract total mucilage. For S. hispanica, mucilage extraction in 

cold water is not efficient (41) while extended hot water extractions yield only slightly 

greater quantities (42–44). We corroborate these findings, reporting that only half of 

the mucilage is extractable by hot water (Figure 3.4B). Efficient mucilage extraction 

from Plantago species is also difficult, often requiring multiple physical and/or chemical 

extraction steps (26,35,36,45,46). While total yields of mucilage between P. ovata and 

P. cunninghamii were similar (Figure 3.4A), there are clear interspecific differences in 

the relative proportion of each fraction (Figure 3.4B). Changes in appearance of the 

mucilage envelope of P. ovata after CWE were more noticeable than for P. 

cunninghamii, which appears relatively unchanged and is reflected in CWE yield which 

was lower for P. cunninghamii. Yield of HWE mucilage was greater for P. cunninghamii, 

with less IAE mucilage than P. ovata. 

Some, if not all, of the differences in the relative proportion of each mucilage fraction 

of the species studied can be ascribed to mucilage polysaccharide composition and 

the associated difference in properties. Monosaccharide analysis confirmed significant 

differences in mucilage composition between genera and species and their isolated 

mucilage fractions (Figure 3.4C). Monosaccharide analysis also confirmed previous 

findings that mucilage fractions from A. thaliana and L. usitatissimum are rich in 

rhamnose and galacturonic acid (4,47–50), components of pectin, a highly water-
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soluble polysaccharide, the presence of which may contribute to overall ease of 

extraction in these species. It is the presence of minor mucilage components in the 

HWE and IAE fractions that are known to affect the mucilage properties including 

fractionality. In A. thaliana, monosaccharide profiling of the HWE and IAE fractions 

(containing the adherent mucilage) confirms previous findings of a molar reduction in 

rhamnose and galacturonic acid residues and an increase in non-cellulosic glucose, 

mannose, galactose and xylose (49,50), components of minor polysaccharides like 

xylan and glucomannan that are well-known to interact with and tether the adherent 

mucilage at the seed surface (4,7,51–53). Similarly, rhamnose and galacturonic acid 

residues were reduced in the HWE and IAE fractions of L. usitatissimum, along with 

increases in xylose and arabinose residues associated with heteroxylan, known to 

significantly alter the functional properties of RG-I (47). In P. ovata and P. 

cunninghamii, the three mucilage fractions contained high levels of xylose and 

arabinose (heteroxylan) with a smaller amount of rhamnose and galacturonic acid 

(pectin), congruent with previous findings by Phan et al. (30). Like both A. thaliana and 

L. usitatissimum, pectin-associated monosaccharides are enriched in the CWE 

fractionation and diminish with further fractions. While the presence of pectin has been 

proposed to modulate the extractability of the major heteroxylan component in 

Plantago mucilage, studies have shown that heteroxylan branching has the most 

significant influence on the mucilage properties including the extractability (26–28). In 

both P. ovata and P. cunninghamii, the ratio of arabinose to xylose residues (estimation 

of the degree of sidechain branching) increased with resistance to extraction, in line 

with those studies. However, more explicit structural characterisation will be needed to 

define the fine structure and its relationship to interspecific differences in extractability. 

The mucilage of S. hispanica is unique among the species studied in that its constituent 

polysaccharide(s) have not been found in any other genera (54). Its unique structure 
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containing xylose, glucose and glucuronic acid residues is consistent with the 

monosaccharide data (Figure 3.4C), although the molar ratios between the 

constituents varies by fraction suggesting that fine structure and/or interactions with 

minor components (from which the other monosaccharides detected are derived) 

influences the extractability.  

The pipeline has utility in quality testing of mucilaginous species 

The production of high-quality psyllium gum from P. ovata seeds is hampered by 

agronomic issues which cause poor quality, damaged seeds (55). Damaged seed coat 

allows leakage of endosperm components during extraction which alter the functional 

properties and cause significant discolouration due to phenolic browning which is 

undesirable in many applications (Cowley et al. unpublished data). As the functional 

component of psyllium gum, heteroxylan must be abundant and present at a consistent 

level to be considered good quality for industrial uses as the dilution of heteroxylan by 

the presence of contaminants will impact the functionality in optimised formulations. 

Four varieties of P. ovata were grown in three separate field trials with different times 

of sowing, a factor which, due to climatic conditions, was found to significantly affect 

seed quality (55,56). A suite of quality parameters is shown in Figure 3.5. Visual 

inspection was used to determine a baseline quality score for the four varieties at each 

trial (Figure 3.5A). Trial 2017a had the lowest damage score followed by 2017b and 

then 2017c. 2017c was deemed the poorest quality with consistently high seed 

damage. When mucilage was extracted using our pipeline, there were clear differences 

in yield, with the strongest effect related to time of sowing with only minor intervarietal 

influence (Figure 3.5B). Varieties grown at 2017b did not differ greatly in yield from the 

control, which was a high-quality field grown sample (QC). Conversely, varieties from 

2017a and 2017c had higher mass yields after extraction. Monosaccharide profiling 

showed that mucilage synthesis was not disrupted as the arabinose to xylose (AX) 
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ratio was very similar between varieties and trials and not significantly different from 

the QC (Figure 3.5D). However, the quantity of heteroxylan in the mucilage (defined 

as total AX) differed between trials (Figure 3.5C). 2017b, confirmed as the most 

successful sample, had the highest proportion of AX and was closest to the QC. 

Correspondingly, 2017a and 2017c had lower proportions of AX indicating significant 

contamination from other components. Total AX is thereby inversely proportional to 

yield as a direct result of quality.  No variety at any trial had AX as high as the QC, 

likely because seed of the QC sample was of exceptional quality.  

Furthermore, known chemical markers have been defined indicating low quality or 

damaged seed. As one example, extreme damage of P. ovata seeds causes extensive 

leakage of endosperm components including mannose monosaccharides (Cowley et 

al. unpublished data). Trial 2017a was impacted by devastating unseasonable rainfall 

which physically damaged seed before harvesting (Figure 3.5E) and subsequently led 

to microbial growth, leading to detectable quantities of mannose in the extracted 

mucilage (Figure 3.5G). Mannose was found only in trace amounts in corresponding 

2018 samples which were not weather damaged or microbially contaminated and more 

consistently high quality (Figure 3.5F). 

The pipeline can be used for rapid screening of myxospermous germplasm 

This pipeline has utility for rapid screening of mucilage yield traits in a germplasm set, 

demonstrated here using gamma-irradiated P. ovata mutants generated in a previous 

study (10). Total mucilage yield data (a pooling of CWE, HWE and IAE fractions) was 

obtained for a subset of 206 randomly-selected glasshouse-grown P. ovata mutants 

(Figure 3.6A). In 63% of mutants, mucilage yield was within a ±10% interval of WT 

yield (n = 131). Only 4% of mutants yielded 10% less mucilage than WT (n = 8), while 

33% yielded over 10% more (n = 68). To validate this screen, a subset of the three 

lowest yielding (252-7, 768-9, and 1064-5) and three highest (743-4, 1072-12, and 
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776-5) mutants were selected for further analysis. Expanded mucilage architecture has 

been used previously to visually screen for altered mucilage phenotypes in mutants of 

Arabidopsis (4,57,58) and Plantago (10). Here we show variation in expanded 

mucilage architecture between the mutants (Figure 3.6B) where some are distinctly 

different to WT (252-7, 1064-5, 743-4, and 776-5) while others are WT-like (768-9 and 

1072-12). The utility of the pipeline is proven two-fold in that it can identify highly-

distinctive mutants which would be identified through typical visual screening 

techniques (like ruthenium red staining) but also mutants with more subtle changes to 

yield that may appear as WT. The validation set of mutant lines was subjected to further 

analysis which confirmed the differences observed in total mucilage yield were 

statistically significant compared to the WT. Differences observed in the size of the 

ruthenium red-stained mucilage envelopes and the amount of mucilage extracted may 

be linked to alterations in polysaccharide macromolecular properties. This was 

examined further by comparing the relative proportion of the three mucilage fractions 

(Figure 3.6D) with the water absorption capacity of the mucilage (Figure 3.6E).  

While the total yield of mucilage was significantly decreased from WT in mutant 768-

9, the ruthenium red phenotype, the ratio of mucilage fractions and the water 

absorption capacity were not significantly different from the WT. Contrastingly, the ratio 

of the three mucilage fractions was significantly altered in mutants 252-7, 1064-5, and 

743-4 (mucilage extractable with water (mew) mutants) where the CWE and HWE 

fractions comprise most or all of the mucilage and the IAE fraction is significantly 

diminished or totally absent. In mew mutants, water absorption capacity is significantly 

reduced from the WT presumably due to a reduction in the stronger gelling, high water-

holding capacity IAE mucilage fractions (26). The striking similarities in the phenotypes 

of the mew mutants suggests that they may contain mutant alleles. Importantly, mew 

mutant 252-7 has already been identified as a putative reduced mucilage xylan mutant 
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(10) and the characterisation of this class of mutant is ongoing (11). Mutant 776-5 

represents a previously unseen class of P. ovata mucilage mutant (10,11,59). While 

this mutant has the highest total mucilage yield in the screened population, its water 

absorption capacity was unchanged from WT. Its unique compact ruthenium red 

phenotype and shift in the ratio of the three mucilage fractions suggests intrinsically 

different changes to the mucilage composition, with a novel causative mutation(s) 

compared to the mew mutants. The ease of distinguishing the mew mutants and 

mutant 776-5 within the mutant population shows that the pipeline can effectively 

identify putative mutants with perturbed seed development and/or mucilage synthesis, 

ideal for forward genetic studies. 

In contrast to the mew mutants and mutant 776-5, it was found that while the ruthenium 

red and mucilage fractionation phenotype of mutant 1072-12 did not differ substantially 

from the WT, the total yield and related water absorption capacity was significantly 

increased. Mutant 1071-12 may therefore represent an important genotype for use in 

pre-breeding efforts due to its high mucilage yield without the aberrant changes to 

mucilage composition and properties which makes other mutants less suitable. 

Conclusions 

In this study we tested the efficacy of several established protocols for seed mucilage 

extraction and downsized and adapted the most effective elements into a small-scale, 

rapid extraction and analysis pipeline. We demonstrated the utility of this pipeline for 

investigating intergeneric and interspecific differences in seed mucilage 

characteristics, as well as for quality testing and germplasm screening of 

myxospermous plants. This pipeline is already regularly used in our research group 

increasing the analysis efficiency of a range of myxospermous species. It has also 

been adopted by a leading food manufacturer who relies on consistently high-quality 
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mucilage products. The use of this pipeline in fundamental research may improve our 

understanding of mucilage production and properties, ensure quality in food 

manufacturing, and aid in pre-breeding or breeding of myxospermous species—often 

classified as orphan crops—that could benefit from improved characterisation 

methods. 
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Figure 3.1. Schematic representation of pipeline used to extract small quantities of 

seed mucilage in discrete fractions for yield and chromatographic analysis. (A) Seeds 

and water are added to a microcentrifuge tube and incubated in a thermomixer-type 

shaking incubator at 25 °C for 1.5 hr with agitation. (B) After centrifugation, the cold 

water extractable (CWE) mucilage is removed and water is added to the pellet to 

restore the working volume. (C) The sample is incubated at 65 °C for 1.5 hr with 

agitation and after centrifugation the hot water extractable (HWE) mucilage is removed. 

Water is added to the pellet to restore the working volume. (D) Intense agitation by a 

mixer mill-type tissue disrupter is used to disrupt the seed-mucilage attachment. (E) 

After centrifugation, the intense agitation extractable (IAE) mucilage is removed. The 

pellet contains the demucilaged seeds (DMS). F. All fractions can be freeze-dried for 

yield and chromatographic analysis. 
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Figure 3.2. Seed mucilage that remains attached to P. ovata seeds after the 

application of various published extraction protocols and staining with 0.1% w/v 

ruthenium red. (A) The characteristic mucilage architecture of P. ovata seed mucilage. 

(B) After extended extraction in hot water the fine structure of the outer layer (OL) of 

mucilage has been lost leaving an inner adherent layer (IL). (C) The use of a chaotropic 

agent, KOH, significantly reduces the size of the mucilage envelope leaving only a film 

of mucilage that is resistant to chemical extraction. (E) Mucilage has been hydrolysed 

in situ and only a thin feathery layer remains. (E) Extraction by intense agitation leads 

to total mucilage removal. 

Scale = 1 mm 
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Figure 3.3. Visual inspection of the ruthenium red-stained seed mucilage of five 

myxospermous species (Arabidopsis thaliana, Linum usitatissimum, Salvia hispanica, 

Plantago ovata and Plantago cunninghamii) after sequential fractionation shows that 

the size of the mucilage envelope is sequentially changed corresponding to 

removal/dispersion of constituent polysaccharides. Note that images are not taken of 

the same seed as each seed was disposed of after imaging. Scale = 1 mm 
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Figure 3.4. The extraction pipeline is effective at providing material suitable for 

identifying significant intergeneric and interspecific variation in seed mucilage yield, 

fractionation profile and composition. (A) Yield of total seed mucilage divided into 

constituent fractions. Error bars refer to standard deviation in total mucilage yield of 

five biological replicates. (B) Extractability of seed mucilage represented as the share 

of each fraction within total extracted mucilage. (C) Monosaccharide analysis of 

fractionated mucilage showing intergeneric, interspecific and intraspecific differences 

in mucilage chemical composition. Values presented are in molar ratio of quantified 

monosaccharides released by acid hydrolysis. 

Abbreviations: CWE = cold water extractable; HWE = hot water extractable; IAE = 

intense agitation extractable. 
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Figure 3.5. In field-grown samples of Plantago ovata, the extraction pipeline has utility 

in quality testing when coupled with yield and chromatographic analysis. (A) Visual 

inspection of damaged seed provides a baseline quality score. (B) Yield of total 

mucilage varied most significantly between times of sowing with a minor intervarietal 

effect. (C)  Heteroxylan content (the proportion of arabinose and xylose residues in 

extracted mucilage) inversely related to mucilage yield and seed quality. (D) The ratio 

of arabinose to xylose residues in extracted mucilage (an approximation of heteroxylan 

branching) remains unchanged indicating that seed and mucilage development were 

unperturbed. (E) Seed grown at trial sites in 2017 is unevenly coloured, with many 

blackened seeds while (F) seeds grown at the same site in 2018 are more consistent, 

with the light-coloured husk material consistently visible on seeds. (G) In the 2017 field 

trials (analysed are samples from 2017a), significant quantities of mannose were 

identified by monosaccharide analysis in extracted mucilage of each variety grown 

indicative of seed damage-related endosperm leakage. Contrastingly, only trace 

amounts (well below the limit of quantitation) were found in the same varieties grown 

in the following year, 2018. 

Dotted line in B, C, and D indicates the value of a quality control sample (QC). Error 

bars represent one standard deviation (some are small and not easily visible). 
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Figure 3.6. The extraction pipeline described here has utility in screening 

myxospermous germplasm. (A) Total seed mucilage yield of 206 Plantago ovata 

mutants screened using the extraction pipeline. (B) Mucilage architecture of a 

validation set including a wild type, three low yield and three high yield lines observed 

using ruthenium red staining (scale = 1 mm) (C) Verification of mucilage yield in the 

validation set. (D) Differences in the seed mucilage fractionation profile of the validation 

set (E) Water absorption by seed mucilage of the validation set. 
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Values in C and E are means while error bars represent one standard deviation from 

the mean. Asterisks denote statistical differences from WT (significance levels are 

included on the relevant figures) as determined by Student’s t-test.  
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Supplementary Table 3.1. Monosaccharide summary of Plantago ovata mucilage 

fractionated by the small-scale extraction pipeline in comparison with previously 

published large scale techniques.  

Fraction 
Marlett & Fischer 

2002a 
Guo et al. 2008b Yu et al. 2017c This study 

Heteroxylan-Relative Pectin Content (Rha+GalA:Xyl Ratio) 

CWE 0.679 
0.286 

0.426 0.438 

HWE trace R+G trace R+G trace R+G 

IAE - trace R+G trace R+G trace R+G 

Heteroxylan Branching (Ara:Xyl Ratio) 

CWE 0.200 
0.232 

0.211 0.222 

HWE 0.285 0.301 0.281 

IAE - 0.345 0.341 0.364 

a. From the work of Marlett and Fischer, psyllium husk fractions Fr C and Fr B are deemed comparable to CWE and 
HWE fractions, respectively. Their remaining fraction, Fr A, contained alkali insoluble husk material and thus is not 
directly comparable to the IAE fraction. 

b. From Guo et al.’s work, psyllium husk fraction WE is deemed to be similar to a pooling of CWE and HWE while AEG 
0.5 is deemed comparable to IAE 

c. From Yu et al.’s work CW, HW and KOH fractions are deemed comparable to CWE, HWE and IAE fractions, 
respectively. 
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NUMBER OF SUPPLEMENTARY TABLES AND FIGURES: 6 

Running title: 

Mucilage accumulation and release in Plantago ovata seeds. 

Highlight: 

Mucilage polysaccharide production and storage in P. ovata seeds is distinct from 

equivalent processes in Arabidopsis and mucilage is released directly by expansion 

upon seed imbibition. 

Abstract: 

Seed mucilage polysaccharide production, storage and release in Plantago ovata is 

strikingly different to that of the model plant Arabidopsis. We have used microscopy 

techniques to track the development of mucilage secretory cells and demonstrate that 

mature P. ovata seeds do not have an outer intact cell layer within which the 

polysaccharides surround internal columellae. Instead, dehydrated mucilage is spread 

in a thin homogenous layer over the entire seed surface and upon wetting expands 

directly outwards, away from the seed. Observing mucilage expansion in real time 

combined with compositional analysis allowed mucilage layer definition and the roles 

they play in mucilage release and architecture upon hydration to be explored. The first 

emergent layer of hydrated mucilage is rich in pectin, extremely hydrophilic, and forms 

an expansion front that functions to ’jumpstart’ hydration and swelling of the second 

layer. This next layer, comprising the bulk of the expanded seed mucilage, is 

predominantly composed of heteroxylan and appears to provide much of the structural 

integrity. Our results indicate that the synthesis, deposition, desiccation, and final 

storage position of mucilage polysaccharides must be carefully orchestrated, although 

many of these processes are not yet fully defined and vary widely between 

myxospermous plant species.  
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Introduction 

Upon exposure to aqueous environments, seeds from myxospermous species extrude 

a polysaccharide-rich gel from their seed surface, often called mucilage. Numerous 

species display myxospermy and there are a range of possible evolutionary 

advantages of synthesising such a carbon-rich and energy-expensive substance1. Of 

all myxospermous species, the seed mucilage system of Arabidopsis is the best 

characterised. Arabidopsis seed mucilage has been used extensively as a proxy for 

the study of plant cell wall polysaccharide biosynthesis, enabling increased molecular 

characterisation of pectin biosynthesis, its main polysaccharide component2, as well 

as the biosynthesis of cellulose3,4 and several hemicelluloses5–8, which are minor but 

integral components. Mucilage from other species can be highly diverse1 and while P. 

ovata mucilage is also a complex mixture of polymers, it is predominantly heteroxylan 

with only a minor pectin component. While the pectin component is a near-linear 

rhamnogalacturonan9–11, the P. ovata heteroxylan (accounting for around 90% of the 

mucilage polysaccharides) is highly complex with the current scientific consensus 

defining P. ovata heteroxylan comprising a β-(1,4)-linked-D-xylopyranose backbone, 

heavily substituted at O-2 and/or O-3 positions with various mono-, di- and 

oligosaccharide substitutions of α-L-arabinofuranose and β-D-xylopyranose9,11,12. It is 

likely that, as with other eudicots, the β-(1,4)-linked-D-xylopyranose backbone is 

synthesised by several members of glycosyltransferase (GT) families 43 and 47. There 

is strong evidence that GT47 protein IRX10-L, probably in concert with other GT43 and 

GT47  proteins, extends the backbone by adding UDP-xylose moieties14,15. GT61 

family members have been implicated in both α-arabinosyltransferase and β-

xylosyltransferase xylan backbone decoration activities in cereals16,17, Arabidopsis18,19 

and Plantago20, and copy number and type of GT61 was found to influence 

interspecific differences in Plantago heteroxylan fine structure11. The overall picture is 
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complicated even further in that different fractions (sometimes described as layers) of 

P. ovata mucilage contain heteroxylans of varying substitution patterns showing that, 

like Arabidopsis mucilage, it is a similarly complex but orchestrated network of 

polysaccharides9,10,13. To date, many xylan synthase genes, particularly those involved 

in backbone decoration, are still unknown.  

P. ovata mucilage also has economic relevance, in that in its dry state it constitutes the 

basis of a dietary fibre supplement, called psyllium, that is widely consumed by humans 

to assist with laxation, relieving constipation21,22, and to treat metabolic disorders like 

hypercholesterolaemia23. More recently, psyllium has become a key ingredient in 

gluten-free food, where it provides texture and structure in the absence of gluten24–27. 

Psyllium is produced by milling the dry polysaccharides off the seed surface28 and is 

often referred to as the “husk” fraction. The ratio of husk to seed is approximately 1:3, 

with the discarded non-husk seed components often being used for animal or fish 

feed29. From an economic standpoint, the ability to understand mucilage 

polysaccharide production and therefore potentially increase the valuable husk fraction 

is a viable breeding target for this plant species. 

As well as studying the biosynthesis of mucilaginous polymers, the mechanism of 

mucilage extrusion from the seed coat of Arabidopsis has also been thoroughly 

characterised. In Arabidopsis, seed mucilage polysaccharides accumulate in the 

apoplast of specialised seed coat cells called ‘mucilage secretory cells’ (MSCs). When 

the mucilage polysaccharides become hydrated, they swell and rupture the primary 

cell wall of the MSC, releasing the mucilage30. The MSCs in Arabidopsis differentiate 

from the outer-most integument cell layer of the ovule. Arabidopsis has an outer 

integument composed of two cell layers and an inner integument composed of three 

cell layers, both of maternal origin, which grow to surround the mature ovule31. After 

pollination, at approximately 7 days post-anthesis (DPA), starch granules begin to 
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accumulate in the MSCs and polysaccharide deposition starts in the peripheral 

“corners” of the cells. This pushes the protoplasm to form a central volcano-like 

structure in the cell. At 10 DPA this central column is reinforced by the deposition of 

secondary cell wall polysaccharides to form the columella. The columella is a 

prominent feature of the mature MSCs in Arabidopsis and the accumulated 

polysaccharides are deposited and stored around it, producing a doughnut-shaped 

ring. This structure results in the distinctive mature Arabidopsis seed coat patterning 

seen using SEM32–34. The details of MSC development, rupture and mucilage release 

are discussed in comprehensive reviews by Francoz et al.,30 and Voiniciuc et al.,35. An 

important developmental stage during MSC development is the weakening of the radial 

primary cell walls of the MSCs at the end of columella formation, at approximately 13 

DPA. This process enables the consequent fracturing and rupturing of the cell walls of 

the MSCs upon imbibition in an aqueous environment32. The rupturing allows the 

accumulated seed polysaccharides to be extruded almost instantaneously forming the 

distinctive mucilage envelope. Thus, MSCs of Arabidopsis are a highly-specialised 

seed coat cell with a clearly defined structure that is essential for correct seed mucilage 

extrusion. MSC development and mucilage release of Linum usitatissimum seeds, 

more commonly known as flax, has also recently been described, revealing an even 

more complex MSC structure36. The flax MSCs, embedded in the external surface of 

the seed coat were determined by Miart et al.,36 to contain four discrete, laminated 

layers in the apoplast, each containing chemically- and functionally-distinct 

polysaccharides. Each of the layers and their polysaccharide contents act in concert 

to effectively hydrate the polysaccharides, mechanically forcing the radial cell wall to 

rupture in a peeling fashion and enabling mucilage to be released. In other species 

such as Salvia hispanica (chia) and Coleus blumei, the seed mucilage polysaccharides 

are stored in  the outer epidermal cell layer(s) of a nutlet that encases the true seed 
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within37,38, making these species myxocarpous rather than myxospermous. The events 

leading to the release of mucilage in these species have not been documented in detail 

but there appears to be great diversity in the mucilage extrusion structures between 

plant types1.  

The accumulation of seed mucilage polysaccharides in P. ovata has been investigated 

previously39 and appears to be distinct from the process observed in the Arabidopsis 

MSCs. In the case of P. ovata, seed mucilage polysaccharides are deposited in the 

outer-most cell layer of a large integument. This single cell layer accumulates 

polysaccharides rapidly and the cells expand dramatically in size in a process that does 

not involve the formation of a central columella39. Beyond this, little is known about the 

precise development of these cells and so here we provide a detailed characterisation 

of the polysaccharide deposition and mucilage release processes of P. ovata, also 

enabling the formulation of a supporting model. 

Results 

Development of P. ovata mucilage secretory cells 

P. ovata takes approximately 3.5 months to grow from germination through to maturity. 

The mature plants have long slender, straggly leaves and produce many spike-type 

infloresences (Supplementary Fig. 4.1). Development of P. ovata fruit on the spike and 

length of the inflorescence (and consequently yield per plant) are strongly dependent 

on the plant’s health during growth and development. Each fruit or capsule contains 

two ovules, separated by a maternal disc and joined to the parent plant via a placenta 

(Fig. 4.1). P. ovata possesses a circumscissile capsule (also called a pyxis) that is 

firmly attached to the inflorescence at the proximal end of the fruit. When the fruit is 

mature, the seed dispersal mechanism involves dehiscence at the capsule equator 

causing the operculum to detach, enabling the seed to dislodge from the capsule. The 
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operculum, the point of attachment to the rachis, and the equator are indicated in Fig. 

4.1A. After pollination, the fruits mature in approximately one month. At two weeks 

post-anthesis, the fruit has reached its full length and the seeds continue to develop 

inside, expanding widthways and filling the fruit.  

 Following successful fertilisation, the parenchyma cells of the integument layers 

differentiate rapidly (Fig. 4.2). The mucilage secretory cells (MSCs) of P. ovata seeds 

are easily observed at 1 DPA. They develop from the outermost single cell layer of the 

integument and lengthen as they accumulate starch granules (Fig. 4.2B and C). 

Substantial growth and elongation of the MSCs is observed from 3 to 5 DPA. Although 

it is difficult to discern discrete cellular compartments, it is likely that the empty space 

at the distal end of the cells where the polysaccharides accumulate, is the apoplast 

(Fig. 4.2D). By 9 DPA, the accumulated mucilage polysaccharides are hydrophilic 

enough to rupture the MSCs when they come into contact with aqueous solutions and 

it is technically challenging to obtain intact sections from this stage onwards. At 15 

DPA all MSCs have ruptured and released their mucilage in fixed and sectioned 

developing seeds but it is possible to observe that the integument has been 

compressed to just a few cell layers between the MSCs and the seed endosperm. This 

compressed layer has disappeared almost completely by the time the seed is fully 

mature, leaving only a thin layer situated between the endosperm and the mucilage 

polysaccharide layer (Fig. 4.2H). 

Composition of developing ovule cell walls 

The cell walls of seed tissues at three key time points across early development were 

fluorescently immunolabelled with the primary antibodies LM11 (β-1,4-linked xylan 

backbone40) LM19 (un-esterified and partially esterified homogalacturonan41) and 

LM20 (methylesterified homogalacturonan41) and the carbohydrate-binding module 

CBM3a (crystalline cellulose42). At anthesis the ovule is minute but there was clear 
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binding by both LM20 (Fig. 4.3A1-3) and LM19 (Supplementary Fig. 4.2A), with the 

latter producing a strong signal in the integument tissue. There was a low level of 

CBM3a binding to the walls of both MSCs and integument cells (Fig. 4.3D1-3) and no 

binding by LM11 (Supplementary Fig. 4.2B). At 4 DPA, the MSCs are greatly 

elongated. The strongest signals are generated by LM20 in the MSC layer (Fig. 4.3B1-

3) and CBM3a in both the MSC and integument cells (Fig. 4.3E1-3) but there was no 

labelling evident for LM19 (Supplementary Fig. 4.2C) or LM11 (Supplementary Fig. 

4.2D). The final time point was at 6/7 DPA when the MSCs were becoming fragile due 

to the accumulation of mucilage polysaccharides. At this point the LM20 labelling was 

now restricted to the outside edge of the MSC layer and in cell corners bordering the 

integument tissue (Fig. 4.3C1-3). The CBM3a signal was still present in both the MSCs 

and integument though signals in the MSCs had become non-specific and amorphous 

compared to the integument where labelling of distinct walls was still present (Fig. 

4.3F1-3). By 6/7 DPA there was no labelling by LM19 (Supplementary Fig. 4.2E) and 

minimal labelling by LM11 (Supplementary Fig. 4.2F). 

Surface features of mature P. ovata seeds 

The mature seeds of P. ovata have a deep scar on the ventral side resulting in a boat-

shaped seed (Supplementary Fig. 4.3). The patterning of the dry seed surface on the 

dorsal side is polar. Where the inner surface of the fruit capsule has been pressed 

against the seed it is smoother (Fig. 4.4A). The seed surface is covered in hexagonal 

structures with a distinct wrinkled texture (Fig. 4.4B). The wrinkled patterning and 

hexagonal structures on the mature seed surface are lost once seeds have been 

imbibed in water (Fig. 4.4D). When the remaining seed mucilage is left to dry back onto 

the seed after hydration in cold water, the seed surface appears very smooth and high 

magnification SEM reveals little additional detail (Fig. 4.4E). The hexagonal structures 

are no longer visible, and the polarity observed prior to mucilage expansion (Fig. 4.4A) 
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has also been lost. This is in clear contrast to Arabidopsis where, after the same 

process, the seed surface morphology remains relatively unchanged and the columella 

is still clearly visible (Fig. 4F). Mature P. ovata seeds therefore do not have 

conventional seed coat cells and there is certainly no columella as found in Arabidopsis 

(Fig. 4.4C). Rather there is a dehydrated mucilage polysaccharide layer, underlain by 

a thin dark brown layer (which gives the seed its colour) both of which sit over the outer 

layer of the endosperm (Fig. 4.4G). The crushed integument layer is not at all visible 

in the mature seed.  

Mucilage removal from mature P. ovata seeds 

Different methods were used to remove the expanded mucilage from mature imbibed 

seeds of P. ovata. Although previous studies report no significant compositional 

differences between the different extraction methods11, some physical differences 

were observed on the exposed seed surface (Supplementary Fig. 4.4). When mature 

seeds were placed into an aqueous fixative, the sequential washing steps removed 

most of the mucilage from the seed, leaving a thin resistant layer behind, as did 

extraction with hot water or 0.2M KOH (Supplementary Fig. 4.4). In contrast, when 

0.1M HCl was used for extraction, the mild acid completely removed the mucilage layer 

from the entire seed (Supplementary Fig. 4.4D), probably hydrolysing it in situ10, and 

in some patches it has also removed the underlying intensely-stained layer 

(Supplementary Fig. 4.4F). 

Mucilage accumulation may be independent of embryo and endosperm 

development  

From the mutant P. ovata population reported in Tucker et al.,43, we selected a line, 

69-1, that produces seeds with impaired development across a range of severity: 

seeds with a thickened translucent outer layer, incomplete endosperm filling, arrested 

embryo development, or a shrivelled appearance where it was difficult to determine if 
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an embryo was present (Fig. 4.5A1-5). Ruthenium red staining solution was applied to 

representative seeds and all types produced mucilage from the seed that was released 

into the aqueous environment. While different specific architectures were observed, 

two typical mucilage layers were recognisable in all but the shrivelled phenotype. 

These seeds may have been aborted early in development rather than representing a 

developmentally delayed phenotype (Fig. 4.5B5). While only 5% of seed are WT-like 

in the 69-1 bulk sample analysed, WT-level total mucilage yields, arabinose and xylan 

content and ratio were still obtained (Fig. 4.5C1-3).  

Expansion of seed mucilage polysaccharides across time and space 

Microscopy and monosaccharide analysis techniques were used to investigate 

changes in the composition and structure of the mucilage as it expanded from the seed 

surface. In order to define temporal mucilage expansion we tried to capture and 

describe the major stages using chemical profiling. By measuring the release of 

mucilage-related monosaccharides over 14.5 hrs we found that the major stages of 

mucilage expansion occurred within 60 min of imbibition (Supplementary Fig. 4.5). 

Monosaccharide analysis of serial fractions taken during the first 60 min of mucilage 

expansion clearly demonstrated a change in the composition of the expanded seed 

mucilage over time (Fig. 4.6A). Relative to total extracted sugars, there was a shift from 

pectin-dominant to heteroxylan-dominant monosaccharide composition during the 

initial stages. A sharp increase in the number of heteroxylan-associated 

monosaccharides (xylose and arabinose) was then observed, peaking at 20 min post 

imbibition (Fig. 4.6A) while pectin-derived monosaccharides (rhamnose and 

galacturonic acid) displayed the inverse, where they were most abundant at the start 

of seed imbibition and mucilage expansion, before tapering off considerably by 20 min 

(Fig. 4.6A). 
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Mature seeds were stained as described in Yu et al.,9 and real-time mucilage 

expansion was observed dynamically using confocal microscopy (Fig. 4.6B). Two 

distinct layers of expanded mucilage were observed. A third mucilage layer adjacent 

to the seed coat reported by Yu et al.,9 was not observed. The two mucilage layers, L1 

and L2, have distinct structural features. L1 is the first to expand; it lacks clear structure 

and much of the Calcofluor White staining is associated with this layer. The expansion 

of L2 from the seed occurs soon after L1 but the sea anemone-like structures (Fig. 

4.6B) are not observed until 2 min post imbibition. By 15 min, L1 has dispersed into 

the surrounding aqueous environment and by 20 min L2 has expanded in its entirety 

(Fig. 4.6B). 

Discussion 

Mucilage polysaccharide accumulation in the MSCs of P. ovata seeds follows a 

different developmental pattern to that occurring in the MSCs of Arabidopsis. The 

mechanism by which different cell layers are converted into seed tissues and the 

possible remodelling thereafter appears to be of central importance for MSC 

development in P. ovata. At some point during mid-development and perhaps after 

polysaccharide accumulation is complete, we propose that the MSC radial cell walls 

break down and collapse in a concertina-like fashion. The collapse is potentially to be 

driven by the outward pressure of the rapidly expanding embryo and endosperm 

tissues pushing the MSC outer walls against the inner capsule surface, releasing the 

accumulated mucilage polysaccharides into an amorphous layer that becomes 

sandwiched between the remnant distal and basal MSC walls (Fig. 4.2). The process 

of radial wall remodelling and/or disintegration may already be beginning by 6/7 DPA 

where discrete labelling present earlier in development is absent or has become non-

specific and amorphous (Fig. 4.3C1-3 and 4.3F1-3). This is particularly evident for the 
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CBM3a labelling (Fig. 4.3F1-3). This is unlike the presence of the mucilage 

polysaccharides contained within intact discrete cells of the Arabidopsis (Fig. 4.4C and 

4.4F) and flax36 mature seed coats. From late development onwards it is clear that the 

MSCs of P. ovata do not contain a columella (Fig. 4.4B) and our hypothesis is that 

instead, laminated layers of dehydrated mucilage polysaccharides are present, 

following radial MSC wall disintegration, between the remnant distal MSC walls, inner 

capsule wall and the expanded endosperm tissue (Fig. 4.2 and 4.7B). At seed maturity 

when released from the dehiscent capsule, the dehydrated and highly compressed 

mucilage polysaccharides, originating from the obliterated MSC cells, (Fig. 4.2H, 4.4H 

and 4.7C) form a dense layer over the seed surface (Fig. 4.2C and 4.6C). Cross 

sections of the dry mature seed shows that the thickness of this mucilage layer ranges 

from 10–18 m compared to the 80-90m thickness of the MSCs at full elongation at 

7 DPA (Fig. 4.2). This supports the compression of the MSCs as the seed matures, 

after which point the layer is so dense that the constituent polysaccharides do not label 

with monoclonal antibodies that bind well to the seed mucilage when expanded (Phan 

et al.,11; Fig. 2H). 

 In our SEM analysis of mature seeds, we observe a stark contrast in surface 

appearance before and after hydration (Fig. 4.4). After mucilage is hydrated and 

allowed to dry without fixation, we were no longer able to observe the wrinkled surface 

or characteristic hexagonal shapes of the underlying distal MSC wall remnants (Fig. 

4.4D-E). We suggest that while the distal walls may have undergone a similar process 

of remodelling/weakening to the radial walls, they were protected from crushing as they 

lie perpendicular to the outward force of the expanding endosperm, pushed flat against 

the inner capsule surface, and thus remain present and visible in the mature seed. 

However these distal wall fragments are thin, not reinforced with cellulose (Fig. 4.3F1-

3) and appear to be rich in pectin (Fig. 4.3C1-3) suggesting that they may be highly 
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soluble. We have previously observed ‘hexagonal platelets’ that stain strongly with 

Ruthenium Red to be released from P. ovata seeds very early in the hydration cascade 

and rapidly disintegrate or dissolve (Phan et al. 11, Fig. 1H). We suggest that these 

structures are the soluble remnants of the distal MSC walls. These are different to other 

cellulose-staining  structures like the mucilage discs of the Arabidopsis mutant fly144 

or plate cells of other Plantago species (Phan et al. 11, Fig. 1I-P; Cowley et al. 

unpublished data) which persist through mucilage hydration. When hydrated mucilage 

is left to dry back onto the seed (Fig. 4.4D and E), the distal MSC wall fragments may 

have already dissolved/disintegrated and are thus no longer discernible, so the 

hexagonal shapes are lost, unlike similarly treated  Arabidopsis seeds which retain the 

lower portion of the ruptured MSCs (Fig. 4.4F). The still soft layer of mucilage 

polysaccharides released by the putative rupture of the P. ovata MSC radial walls in 

later development may also contribute to the polarity of striations on the dorsal side of 

the mature seed (Fig. 4.4A). This could occur as the proximal end of the seed is under 

more compression from the capsule wall, which imprints onto the surface of the 

polysaccharide layer as it dehydrates. Although the distal end of the seed also comes 

into contact with the capsule, at this end it does not adhere so tightly and is observed 

to readily detach when gently touched, thereby enabling seed dispersal. Interestingly, 

Boesewinkel45 suggests that the seed coat of Linum usitassimum is also polar and that 

the ‘slime-forming matter’ is deposited on the outer surface of the epidermal seed coat 

cells. They also suggest that the cells underneath the outer epidermal seed coat cells, 

which are on the innermost layer of the inner integument, have thickened cell walls and 

are pigmented cells. These observations are strikingly similar to what we have 

observed in P. ovata; the mucilage is the outermost layer of the seed and is underlain 

by an intensely stained layer that may be pigment-rich (Fig. 4.2H). A similar structure 

was also described for P. ovata by Madgulkar et al.,46. These observations further 
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support our proposed mechanism of MSC development and disintegration, with the 

subsequent formation of a cell-free mucilage polysaccharide layer. 

It is interesting to speculate about carbon flow through the P. ovata seed during 

development. There must be a balance between investment in maternal sporophytic 

tissue and the filial tissues i.e. the carbon supply must be split between mucilage 

polysaccharide biosynthesis and feeding the rapidly growing embryo and endosperm. 

It is possible that development of the MSCs from the outermost cell layer of the 

integument tissue, which is of maternal origin 31, could be favoured over zygotic 

development. This may explain our observation that MSC development and 

polysaccharide deposition for mucilage synthesis may occur independently of seed 

development since even developmentally-stalled and aborted seeds still make 

mucilage when imbibed (Fig. 4.5B1-5). While the specific architectures were different, 

two typical mucilage layers were recognisable and known P. ovata quality indicators10, 

mucilage yield (Fig. 4.5C1) and heteroxylan content (Fig. 4.5C2) and composition (Fig. 

4.5C3) were not significantly different to the wild-type (p > 0.05) showing that mucilage 

synthesis was uninterrupted. Garcia et al.,47 demonstrated that development of the 

maternally-derived integument and the zygotic embryo and endosperm are 

coordinated to determine final Arabidopsis seed size. Of the various developmentally-

impaired P. ovata seeds analysed here, none of them reached the same size as the 

wild-type, suggesting that although integument development and mucilage 

polysaccharide biosynthesis can occur independently of embryo and endosperm 

development, some coordination is needed in order to establish the correct size of the 

mature seed. It is possible that without outward pressure from the growing endosperm 

not only will the seed not reach mature size, but the MSC contents may not be correctly 

arranged and/or pressurised causing the diminished mucilage expansion shown here. 

Unlike Arabidopsis, several Plantago species are reported to contain specialised 



Chapter 4 — Plantago ovata seed mucilage accumulation, storage and release 

115 

 

nutrient transfer structures called haustoria that develop from the embryo sac. 

Haustoria have been characterised in the seeds of P. lanceolata48, P. major49, and P. 

coronopus, while those in P. pumila (also known as P. exigua) and P. lagopus are 

described briefly by Johri et al.,50. Cooper48 observed haustoria “penetrating and 

digesting the outer portion of the ovule adjacent to the developing endosperm”, in P. 

lanceolata, and this corresponds to  the layer we have designated integument in P. 

ovata. Haustoria may function to directly connect the embryo and endosperm to 

surrounding integument cells, allowing a networked supply of carbon for growth and 

development. Eventually, the growing endosperm of P. lanceolata absorbs most of the 

surrounding integument and leaves only a few cell layers that lose most of their 

cytoplasmic contents and are squashed thin at maturity. Although Cooper48 did not 

specifically state what this papery-thin layer could be, it is likely that they were 

describing the mucilage polysaccharide layer. Haustoria have not yet been reported in 

P. ovata, and we were unable to confirm their presence or absence in the 

developmental sections presented here. Thus, it remains unclear what mechanisms 

control the fate of the integument cells and this will be informative to investigate in the 

future. 

The microscopy images of the developing MSCs (Fig. 4.2) raise questions regarding 

gene expression and regulation during the different developmental stages. During the 

early stages of MSC development at 3–5 DPA where rapid cell expansion is observed, 

the enzymes that are present may be synthesising the backbone of the immature 

pectin polymer i.e. one that still requires post-synthesis modification to become 

hydrophilic, as observed in Arabidopsis51–53 and early stages of heteroxylan synthesis 

may also be occurring. The shift in the esterification status of the pectin in both the 

MSCs and the integument cell walls is clearly demonstrated in Figure 4.3 and 

Supplementary Figure 4.2, where tissues at anthesis label differently when compared 
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to four days later. However, at this magnification it is not possible to unequivocally 

define the location of the pectin – whether it is in the actual wall of the MSCs or in the 

apoplast and just pushed tightly against it will require detailed examination at the TEM 

level. There is a clear increase in the amount of crystalline cellulose in the walls of both 

the MSCs and the integument cells when tissues at anthesis and later at 4 and 7 DPA 

are compared. At these early stages there is minimal binding by the LM11 antibody 

which detects xylan suggesting there is no xylan present yet, even in the cell walls 

rather than the apoplast (Supplementary Fig. 4.2B, D and F). This lack of signal is 

consistent with our previous analyses, where later in development (13 DPA)  many of 

the genes involved in xylan biosynthesis are transcriptionally active, such as the GT61, 

UXS, and UAM genes11 which is only two days before the 15 DPA stage when the 

MSCs appear misshapen and possibly on the verge of extensive disintegration (Fig. 

4.2G). It is possible that at 13 DPA these genes are more involved in polysaccharide 

post-synthesis modification, modifying the sidechain density and/or length in xylan and 

pectic polymers to enable correct mucilage expansion and final architecture upon 

imbibition in aqueous environments, but at this stage details are unknown. Future 

experiments are aimed at establishing the transcript abundance of gene sub-sets 

involved in synthesis of the pectic backbone including GT8, GAUT1 and GAUT754 

members, the addition of minor substituents onto the pectin backbone and the 

biosynthesis of nascent and mature heteroxylan types. A precise temporal series 

employing laser capture microdissection of the developing MSCs, followed by RNAseq 

analysis will prove invaluable in this context. 

Our microscopy analyses reveal that, in contrast to Arabidopsis, the seed 

mucilage release mechanism of P. ovata may be a physical process not dependent on 

cellular rupture followed by extrusion (Fig. 4.6B). Hence, for this species we suggest 

that it is more appropriate to describe the mechanism as an expansion rather than an 
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extrusion, similar to the extension of a concertina, where the mucilage starts to expand 

into the aqueous environment as it hydrates from the wrinkled appressed 

polysaccharide layer on the seed surface. Data demonstrating the change in mucilage 

composition and structure over time (Fig. 4.6) support this type of expansion process. 

The driving forces behind expansion of P. ovata seed mucilage could be derived from 

the differential hydrophilicity of the constituent mucilaginous polysaccharides. Pectin is 

most abundant in the first layer of mucilage to expand, L1 (Fig. 4.6B) and previous 

studies have described the outermost layer of the expanded seed mucilage to be a 

highly soluble, pectin-rich fraction9,12,55. In P. ovata, this seed mucilage fraction was 

easily extracted using cold water9,10 and we propose that its function is to act as a 

primer, initiating mucilage expansion, and providing a hydration cascade triggering the 

swelling of the more gel-like and structurally-complex heteroxylan polymers located in 

subsequent fractions/layers (Supplementary Fig. 4.6). Compositional data supporting 

such patterns of polymer release have been reported previously9,10,13, and now a 

model to illustrate this process, driven by polarised deposition and then expansion, is 

presented in Figure 7. To fulfil such a role the pectin-enriched fraction must be 

synthesised and/or deposited first into the distal end of the MSC, anchoring the 

mucilage to the seed to form L1, after which the structural polymers, including 

heteroxylan, are synthesised and/or deposited into the basal end of the cell to make 

L2 (Fig. 6A). A similar spatio-temporal pattern of polysaccharide synthesis and 

deposition was recently described by Miart et al.36 who showed that RG-I (pectin) was 

synthesised in the two outermost layers of L. usitatissimum MSCs prior to synthesis of 

other polysaccharides in the layers beneath. The authors hypothesised that the 

arabinoxylan, xyloglucan and cellulose polysaccharides synthesised later in the inner 

layers provided a structural element that pressurised the outermost contents, enabling 

efficient mucilage release and anchoring the mucilage to the seed. Similarly, the 
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heterotypic interactions of various polymers including branched xylan, cellulose and 

arabinogalactan proteins are important for effective mucilage release and adherence 

in Arabidopsis3,5,6,8,56,57. In support of this temporal sequence of events, real-time 

qPCR analysis of cDNA from developing L. usitatissimum integument tissue shows 

that genes involved in pectin biosynthesis are transcriptionally active prior to those 

associated with xylan biosynthesis (M. Aubert, M. Tucker, R. Burton, University of 

Adelaide, unpublished data). The mucilage component of P. ovata, and likely many 

other species, is a complex network of heterogeneously distributed polysaccharides. 

Each polymer must be synthesised, deposited, and potentially modified, in a specific 

sequence and location during seed development to be able to fulfil the required 

mechanical functions enabling mucilage release, and supporting the structural 

functions of the material once it extends from the seed surface. The process of 

mucilage polysaccharide biosynthesis and deposition into the MSCs must therefore be 

a tightly regulated process, about which we have much to learn. 

In future work, it would be valuable to characterise the MSCs of Plantago 

species such as  P. cunninghamii that we have already confirmed to possess a similar 

seed surface arrangement to P. ovata, but that has a different expanded mucilage 

architecture11. Our preliminary characterisation of the MSCs of P. ovata has generated 

further questions regarding the biosynthesis and deposition of mucilaginous 

polysaccharides: how, where, and in what order are these polymers transported and 

deposited into the MSCs? What genes and regulatory elements are controlling this 

highly complex process? And what drives the fate of the integument cells? Should we 

be looking for signs of programmed cell death or a suite of cell wall degrading enzymes 

in this tissue? Combining further histological analysis of the developing seeds, with a 

focus on the MSCs and the integument tissue, with characterisation of the temporal 

regulation of mucilage biosynthetic transcripts may begin to answer some of these 
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questions. Our whole mount immunolabelling data suggests that hydrated heteroxylan 

is distributed in a specific digit-like pattern whilst immunolabelling of seed sections 

show that the heteroxylan and pectin are homogenously distributed throughout the 

expanded seed mucilage (Phan et al. 2016). It remains unclear how these polymers 

are deposited and distributed in both the developing MSCs, the mature mucilage 

polysaccharide layer, and the final expanded material. Thorough investigation of the 

developing MSCs in P. ovata may begin to shed some light upon these questions and 

allow us to fine tune our hypothetical model, whilst eventually providing tools to allow 

manipulation of the mucilage quantity and quality that could directly impact 

downstream applications and economics of psyllium use. 

Materials and Methods 

Plant materials and growth 

Wild-type Plantago ovata and gamma-irradiated P. ovata mutant 69-1 were obtained 

from a population previously generated by Tucker et al.,43. Three 69-1 sister lines at 

M4 were tested to show that >95% of the seeds in each sister line displayed a 

developmentally delayed phenotype. The mutant line has not yet been backcrossed to 

wild type. 

Plants were grown as per Phan et al.,11. To stage wild-type fruit development, fruits 

with freshly emerged anthers (erect and bright-yellow in colour) were marked and 

tagged with the date in order to harvest at the relevant day post-anthesis (DPA). 

Observing P. ovata expanded seed mucilage 

Ruthenium red: Mature P. ovata seeds were individually placed onto microscopy slides 

in a ruthenium red solution at a concentration of 0.01% (w/v) (ProSciTech, C075, 

Australia). Seeds were observed under a Zeiss Stemi 2000-C dissecting microscope 
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with an attached AxioCam ERc 5s camera. Seeds with impaired development were 

selected from the mutant line 69-143 

Time-lapse: Mature P. ovata seeds were prepared as per Yu et al.,9. In brief, dry mature 

P. ovata seeds were soaked overnight in stain solution comprised of 0.1% w/v 

Calcofluor White (Fluorescent Brightener 28, Sigma-Aldrich) and 0.4% w/v Direct Red 

23 (Sigma-Aldrich) diluted in 80% ethanol. The seeds were removed from the staining 

solution and allowed to air dry before being adhered with a cyanoacrylate adhesive to 

the centre of a Petri dish. The Petri dish was mounted onto the stage of a Nikon A1R 

Laser Scanning Confocal with DS-Ri1 CCD camera and imaged prior to the addition 

of deionised water onto the seed at time = 0. Images were captured for 20 min in total 

at 1 min intervals.  

Fixation, embedding, and sectioning of P. ovata developing fruit 

Samples requiring fixation, embedding, and sectioning were processed as per Burton 

et al.,58 and embedded tissue was sectioned at 1m on an Ultramicrotome (Leica, EM 

UC6) using a diamond knife (DiATOME, Nidau, Switzerland). For non-aqueous 

fixation, PBS was replaced with an 80% ethanol solution. Sections were stained with 

Toluidine Blue (epoxy tissue stain, used undiluted, ProSciTech, C149, Australia). 

Sections were imaged under transmitted light differential interference contrast (DIC) 

using a Zeiss Axio Imager M2 (Carl Zeiss, Germany) fitted with a AxioCam MRm3 

monochrome camera. 

For fluorescence images, samples were fixed, embedded, and sectioned as above for 

non-aqueous fixation. Survey sections were stained with epoxy tissue stain (used 

undiluted, ProSciTech, Australia). For immunofluorescence, sections were incubated 

with monoclonal antibodies raised against pectin (LM19 and LM20) and arabinoxylan 

(LM11) (PlantProbes Leeds, UK) followed by an appropriate AlexaFluor 555 secondary 
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antibody (Invitrogen, USA). The His-tagged carbohydrate-binding module CBM3a 

(PlantProbes, Leeds, UK) was used with a triple indirect immunofluorescence labelling 

procedure as described previously11,59. Sections were counterstained using Calcofluor 

White (Fluorescent Brightener 28; Sigma-Aldrich) and mounted in glycerol. Images 

were obtained using an AxioCam 105 color camera fitted to a Zeiss fluorescence 

microscope (Axio Imager M2, Carl Zeiss, Germany) with 254/432 nm 

excitation/emission wavelength for Calcofluor White and 553/568 nm 

excitation/emission wavelength for LM11/LM19/LM20/CBM3a. 

Scanning Electron Microscopy 

Mature seeds of P. ovata and Arabidopsis thaliana ecotype Columbia-0 were air-dried 

before and after mucilage hydration then sputter-coated with platinum at a thickness 

of 5 nm. Seeds were imaged at a working distance of 7.5 mm with an accelerating 

voltage of 3 kV using a Philips XL20 Scanning Electron Microscope (SEM) following 

Phan et al.,11.  

Mucilage extraction and compositional analysis 

For temporal mucilage analysis, mucilage was collected by placing 1 g mature seeds 

into a wide-mouth sieve, placed in a water bath containing 40 mL of deionised water 

at room temperature with intermittent stirring. Fractions were collected at 5 min 

intervals by transferring the sieve and seeds into a fresh batch of deionised water. 

Mucilage extracted were freeze-dried to a constant weight and compositional analysis 

was conducted as per Hassan et al.60 

For comparison of mutant 69-1 with the wild-type, mucilage was extracted from 40 

seeds for 3 hr in 20 mL of deionised water heated to 80 °C and stirred vigorously on a 

heated magnetic stirrer. While still hot, the mucilage and seeds were transferred into a 

50 mL tube and centrifuged for 10 min at 4000 rpm. The mucilage supernatant was 
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decanted into a new tube and freeze-dried to a constant weight. Yield per seed was 

calculated by dividing the freeze-dried mucilage mass by 40. Compositional analysis 

was conducted as per Hassan et al.60 

Data availability 

The datasets generated and/or analysed in this study are available from the 

corresponding author on reasonable request. 
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Figure 4.1. (A) The fruit development of P. ovata. Each fruit contains two ovules 

separated by placental tissue. Plantago species have a circumscissile capsule, also 

known as a pyxis. The arrow indicates the equator, where the zone of dehiscence is 

visible, the square bracket highlights the operculum, which detaches during 

dehiscence, and * indicates the end that joins the fruit to the rachis. Bar = 1 mm. (B) A 

dissected fruit at 13 DPA, showing two immature seeds and in (C) one of the seeds 

has been further dissected to show the mucilage polysaccharide layer, which has been 

peeled off the seed and is the remnant of the integument tissue. Longitudinal (D) and 

transverse (E) cross sections of a developing fruit at 7 DPA, stained with toluidine blue. 

em = embryo sac, MSC = mucilage secretory cells, in = integument.  
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Figure 4.2. Toluidine blue-stained transverse sections of the developing integument of 

P. ovata. The sections show the tissues and components that are the: endosperm (en); 

integument (in); mucilage polysaccharides (); mucilage secretory cells (MSCs); 

mucilage polysaccharide layer (ML); intensely stained layer (ISL); and starch granules 

(s) at days post-anthesis (DPA). Scale bar = 50 μm. 
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Figure 4.3. Fluorescence micrographs of transverse sections of developing P. ovata 

seeds labelled with LM20 and CBM3a (red/pink) at anthesis (A and D), at 4 DPA (B 

and E) and at 6/7 DPA (C and F).  MSC cell walls show strong labelling of highly 

methylesterified HG (LM20) and crystalline cellulose (CBM3a) that diminishes in 

intensity and organisation as development/mucilage polysaccharide accumulation 

continues and/or as MSC cell walls disintegrate. Samples are counter-stained with 

calcofluor white (blue). Scale = 20 μm. DPA = days post anthesis 

; HG = homogalacturonan; MSC = mucilage secretory cell; in = integument; pl = 

placenta; cap = capsule. 
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Figure 4.4. Scanning electron micrographs show that P. ovata does not contain a 

columella (A and B). Inset (C) shows a scanning electron micrograph of the seed 

surface of Arabidopsis with the columella structure indicated with an arrowhead. In P. 

ovata, the wrinkled texture of the dry mucilage polysaccharide layer (ML) and 

hexagonal shapes of the distal MSC wall remnants disappear after mucilage is 

hydrated and allowed to dry back onto the seed surface, unfixed (D and E), leaving it 

extremely smooth. This contrasts with Arabidopsis where the distinct columella 

structure persists and remains clearly visible after the same process (F). Toluidine 

blue-stained cross sections of the mature seeds fixed in aqueous fixative (G) reveal 

that the seed mucilage (ESM) expands from the ML, which sits on top of an intensely 

stained layer (ISL) that separates the mucilage polysaccharide layer from the 

endosperm. en = endosperm. Scales = A, D, G = 500 μm; B, E, H = 50 μm; C, F = 30 

μm. 
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Figure 4.5. (A) Seeds were selected from developmentally-impaired gamma-irradiated 

P. ovata mutant 69-1 generated previously by Tucker et al. (2017). When these seeds 

were imbibed in a ruthenium red solution (0.01% w/v) for 10 min at room temperature 

(B) mucilage expanded from all seeds with different architectures but two typical 

mucilage layers (L1 and L2) were present. em = embryo; en = endosperm; ML = 

mucilage layer; WT = wild-type. Scale bar = 1 mm. (C) Analysis of mucilage yield and 

composition revealed no significant difference (ns) from the wild-type (p > 0.05, 

Student’s t-test). 
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Figure 4.6. The composition and structure of seed mucilage changes over the course 

of its expansion. (A) Compositional analysis reveals pectin-associated 

monosaccharides (rhamnose and galacturonic acid) are most abundant during the 

initial expansion of mucilage and rapidly decrease in concentration thereafter. 

Heteroxylan-associated monosaccharides (xylose and arabinose) are also present in 

the initial expansion of mucilage, in almost similar amounts to pectin. Contrasting to 

pectin, the heteroxylan-associated monosaccharides rapidly increase in concentration 

and go on to make up the bulk of total expanded mucilage. Data have been fitted with 

cubic spline curves to highlight trends. (B) The dynamics of seed mucilage expansion 

in mature P. ovata seeds were observed in real-time over a period of 20 min using 

confocal microscopy. Seeds were pre-stained with 0.4% Direct Red 23 and 0.1% 

Calcofluor White. Upon imbibition in water, a sudden “explosion” of an extremely 

hydrophilic and non-structured mucilage layer emerges (L1).  Following L1, a more 

structured and anemone-like layer of mucilage expands outwards (L2) and by 20min, 

L2 has reached its maximal expansion distance and L1 has mostly dissipated into the 

surrounding aqueous environment. Scale bar = 100 μm. S = mature seed, ML = 

mucilage polysaccharide layer on dry seed, L1 = layer 1, L2 = layer 2 N.B. time 0 min 

is a dry seed that has been pre-stained, water was added after this image was taken. 
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Figure 4.7. A proposed model of the polysaccharide deposition and mucilage 

expansion mechanism in P. ovata. (A) Mucilage polysaccharides pectin (pink) and 

heteroxylan (blue) are polarly synthesised and deposited into the outer apoplast (a) of 

mucilage secretory cells (MSCs), (B) which become compressed between the 

endosperm (en) and capsule wall (cap), obliterating the radial walls and releasing their 

contents into a (C) continuous laminated cell-free mucilage polysaccharide layer (ML) 

on the external seed surface when released from the capsule. (D) Upon exposure to 

an aqueous environment, the hydrophilic mucilage starts to expand outwards from the 

seed surface. The first layer to expand is rich in extremely hydrophilic and soluble 

pectin and is topped by fragile remnants of the distal MSC walls (arrowheads) that 

dissolve as hydration continues. This layer works to provide a hydration cascade to 

initiate and jumpstart hydration and swelling of the more gel-like, less hydrophilic 

polymers. (E) A hypothesised distribution of mucilaginous polysaccharides. The pink 

gradient is indicative of the distribution of pectin which is restricted to the periphery (or 

‘mucilage expansion front’) of the expanded seed mucilage (as per Fig. 6) whilst the 

xylan polysaccharides (blue strands) are evenly distributed (Fischer et al., 2004; Guo 

et al., 2008; Yu et al., 2017). In L1, the enrichment of pectin may proportionally 

modulate the solubility/extractability of xylan while in L2, pectin is not present and thus 

xylan polymers form a more robust, gel-like layer. in = integument; c = cytoplasm. 
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Supplementary Figure 4.1. Plantago ovata grown in a glass house. (A) shows a 2.5-

month-old plant (ruler = 30 cm) and (B) shows 3.5-month-old plants with fully set 

inflorescences where the seed heads are almost completely dry and ready for 

harvesting. (C) shows a single inflorescence at ~3 months old, scale = 1 cm. 
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Supplementary Figure 4.2. From anthesis to the beginning of mucilage secretory cell 

(MSC) disintegration, minimal labelling of un-esterified/partially esterified 

homogalacturonan (HG) (LM19) and β-1,4-linked xylan backbone (LM11) is observed 

in developing seed tissues. Scale bar = 20 m; MSC = mucilage secretory cell; in = 

integument. 
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Supplementary Figure 4.3. The mature seed of P. ovata has a deep scar on the 

proximal side, a remnant of where the seed was attached to the placental tissue and 

now forms the cymbiform shape of the seed. 
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Supplementary Figure 4.4. Toluidine blue-stained transverse sections of mature P. 

ovata seeds after different methods of mucilage extraction. The expanded seed 

mucilage has been removed from the control (A) during the sequential washing steps 

required in tissue fixation, some mucilage remains tightly adhered to the seed after hot 

water extraction (B) or treatment with 0.2M KOH (C). Treatment with 0.1M HCl 

removed all the mucilage material (D) and (E) plus some sections of the intensely 

stained layer (F). All extractions were performed at 60C for 3 hr on a magnetic stirrer. 

en = endosperm; ML = mucilage layer; ISL = intensely stained layer. Bars for whole 

seed = 200 m, and the endosperm and mucilage layer = 20 m. 
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Supplementary Figure 4.5. Extraction of mucilage up to 60 mins from the start of 

imbibition effectively captures all major stages of P. ovata mucilage release. Semi-log 

plot shows that mucilage-related monosaccharide release tapers off sharply after 60 

mins and only small quantities of monosaccharides are released in the subsequent 

14.5 hours (870 mins).  
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Supplementary Figure 4.6. While the pectin Rha:GalA ratio remains relatively 

unchanged between sequentially isolated fractions, the Ara:Xyl ratio gradually 

increases, suggesting increasing polysaccharide complexity through time. The 

monosaccharide ratio difference at an extraction time-point is calculated relative to the 

initial monosaccharide ratio at 5 min i.e. (initial ratio, 5 min / ratio at a timepoint, x min). 
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Abstract 

Background and aims 

Upon wetting, polysaccharides on the outer surface of Plantago seeds swell to form a 

gel-like coating called mucilage that has value as a food additive and bulking dietary 

fibre. However, the only commercially-relevant species, P. ovata, is plagued by many 

agronomy-related quality issues and could be more efficiently used as the non-

mucilage-producing tissues, comprising the seed embryo and endosperm, are usually 

disposed of after milling. The aim of this study was to profile whole seeds of diverse 

Plantago species to identify potential new uses in food and industrial applications and 

reduce waste. 

Methods 

Histochemical, physicochemical and chromatographic analyses were used to profile 

seed composition and morphology of commercial psyllium, P. ovata, and 11 relatives, 

(three naturalised and eight native to Australia) and phylogenetic and distribution 

analyses were used to discuss evolutionary implications and possible trait adaptation. 

Key results 

There is substantial variation in Plantago mucilage yield and its properties, mainly as 

a consequence of differences in heteroxylan and pectin composition. We report for the 

first time that Plantago seeds have a substantial mannan-rich endosperm that contains 

health-promoting fermentable sugars, protein and fats. Composition profiles differ 

interspecifically but seeds of Australian native Plantago contain higher levels of health-

promoting sugars, proteins and fats than the commercially-relevant species, P. ovata, 

plus abundant mucilage of differing compositions and properties. 

Conclusion 
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Use of a whole seed Plantago flour retains the functionality of the seed mucilage, while 

also providing additional essential nutrients. Whole seed flour, particularly from species 

adapted to harsh Australian conditions, may therefore have many enhanced 

commercial and health benefits compared to purified P. ovata mucilage. 

Keywords 

Plantago; seed mucilage; myxospermy; natural variation; endosperm; nutrition; seed 

oil; heteroxylan; mannan; dietary fibre.  
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Introduction 

Plants of the genus Plantago occur widely throughout the world. Traditionally, all parts 

of the plant are used (Samuelsen 2000; Heimler et al. 2007; Çoban et al. 2008; 

Moreno-Salazar et al. 2008; Zubair et al. 2016), but the seeds have particular 

importance as they produce a viscous gel upon wetting, called mucilage, that has many 

folk food and medicinal uses. For example, seeds of Australian Plantago species were 

pounded into a flour by Aboriginal and Torres Strait Islander peoples and combined 

with water to make a porridge thickened by the sticky mucilage (Low 1988; Gott 2006). 

Early British settlers also noted the palatability of Australian native Plantago seeds, 

exploiting the jelly-like mucilage to prepare sweetened desserts similar to sago 

pudding (Maiden 1898). More recently, Plantago seed mucilage has gained great 

industrial and medical significance. Commonly known as psyllium husk, the milled 

seed mucilage of P. ovata contains a highly-hydrophilic hemicellulose called 

heteroxylan (Phan et al. 2020), used to texturally mimic fat (Aghdaei et al. 2014) and 

gluten (Haque and Morris 1994; Cappa et al. 2013), and as a dietary fibre supplement 

to aid laxation (McRorie et al. 1998), treat hypercholesterolemia (Anderson et al. 2000), 

diabetes (Anderson et al. 1999), and irritable bowel syndrome (Bijkerk et al. 2009). 

While the clinical benefits of psyllium husk are generally attributed to the high viscosity 

of the heteroxylan, pre-clinical and in vitro studies showing free radical scavenging (Ye 

et al. 2011; Harput et al. 2012; Zhou et al. 2013; Gong et al. 2015; Han et al. 2016; 

Behbahani, Tabatabaei Yazdi, et al. 2017), immunomodulation (Huang et al. 2009, 

2014; Jiang et al. 2014), and treatment of metabolic disorders (Romero et al. 2002; 

Galisteo et al. 2005; Samout et al. 2016; Yang et al. 2017) by extracts of whole 

Plantago seeds demonstrates that the non-husk/non-mucilage seed components 

(typically disposed of in commercial production) may have further beneficial effects. 

The concept of using whole seed Plantago flour as a less wasteful, more nutritious 
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alternative to psyllium husk is gaining interest and just recently unhusked P. ovata and 

P. psyllium flour were shown to be a useful hydrocolloid replacement in baking (Pejcz 

et al. 2018; Ziemichód et al. 2018). However, remarkably little is known about whole 

Plantago seed composition, particularly from a nutritional perspective, and how each 

component differs between species. The natural variation in such a diverse, 

cosmopolitan genus has already been a valuable resource to study polysaccharide 

biosynthesis (Jensen et al. 2013; Phan et al. 2016) and to obtain polymers with unique 

functional properties for industry (Saeedi et al. 2010, 2013; Yin et al. 2016; Behbahani, 

Shahidi, et al. 2017; Behbahani, Tabatabaei Yazdi, et al. 2017; Benaoun et al. 2017; 

Addoun et al. 2020). Since Australia is such a large, environmentally-diverse continent, 

it may boast species that are currently an untapped resource, perhaps even providing 

an alternative to P. ovata. Australian species would have the added advantage of being 

already adapted to demanding climatic conditions, and may be useful in overcoming 

production constraints of the current orphan crop (Kumar 2015). 

Here we have compared the composition and morphology of seeds of commercial 

psyllium, P. ovata, to eleven related species naturalised or native to Australia. This has 

revealed great diversity in mucilage properties and composition and has provided the 

first comprehensive overview of Plantago seed composition, showing them to be rich 

in beneficial sugars, fats and protein, suggesting potentially valuable health effects 

from whole seed flour consumption. We also discuss the ecophysiological context of 

the natural variation described here.  
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Materials and methods 

Diversity and distribution analysis 

Distribution records of Plantago species were accessed in July 2020 from the Atlas of 

Living Australia (ALA) database at http://www.ala.org.au and spatial analysis and 

mapping were conducted using the ALA Spatial Portal. Distribution records were 

filtered for the following criteria: (1) Human observations, living and preserved 

specimens only; (2) Observations with both genus and species listed; (3) Observations 

with geographic coordinates; (4) New Zealand endemic species excluded; (5) 

Subspecies were combined with associated species records. Colour-coded 30 year 

(1960-1990) average annual rainfall data was obtained from the Bureau of 

Meteorology (Commonwealth of Australia) under use of the Creative Commons 

Attribution Australia Licence (CC BY 3.0 AU) 

(https://creativecommons.org/licenses/by/3.0/au/legalcode). 

Plant growth 

Seeds of twelve Plantago species were obtained from the sources listed in 

Supplementary Table 5.1. Seeds were vernalised dry for 48 hours at -20 °C prior to 

germination then imbibed in filtered (0.22 µm) sterilisation agent (50:50, 50% 

ethanol:4% bleach with 0.05% Triton X-100) for 1 min before replacing the sterilisation 

agent and incubating for another minute. This was repeated until the seeds had been 

imbibed in fresh sterilisation agent 5 times, after which the seeds were washed 5 times 

with filter-sterilised (0.22 µm) Milli-Q water. Seeds were spread onto pre-wetted 

autoclaved Whatman No. 1 paper in a sterile petri dish. Dishes were sealed, aluminium 

foil-wrapped and vernalised for another 48 hours at 4 °C. After vernalisation, plates 

were moved to a glasshouse with a day/night temperature of 23 °C/18 °C. Seeds were 

germinated for 10 days (3 days dark then 7 days exposed to the glasshouse day/night 

http://www.ala.org.au/
https://creativecommons.org/licenses/by/3.0/au/legalcode
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light cycle) then transferred to coco-peat soil mixture in tall citrus pots. Plants were 

grown to maturity from June to December (Adelaide, Australia) with no supplemental 

light. 

Phylogenetic analysis 

Mature leaf tissue from Plantago plants was frozen at -80 °C and ground by stainless 

steel ball bearing for 30 sec at 30 Hz using a MM400 Mixer Mill (Retsch, Germany) 

fitted with 2 ml tube adapter. DNA was extracted from ground leaf tissue following 

Healey et al. (2014). Nuclear ribosomal internal transcribed spacer (ITS) regions were 

amplified by PCR using primers (Sun et al. 1994) and conditions listed in 

Supplementary Table 5.2. Amplified ITS regions were sequenced by AGRF (Adelaide, 

Australia). ITS sequences for other Plantago species were downloaded from Genbank 

using their accession numbers listed in Rønsted et al. (2002) and where possible, 

sequence identities were confirmed by MUSCLE nucleotide alignment with published 

sequences from Rønsted et al. (2002) and Tay et al. (2010). ITS sequences of  

Veronica glandulosa, AF313008.1 (Albach et al. 2001), and V. salicornioides, 

FJ024624.1 (Tay et al. 2010), were also downloaded from Genbank and used as 

outgroups as per Rønsted et al. (2002). 

ITS sequences were trimmed using BMGE (Criscuolo and Gribaldo 2010) and the 

neighbour-joining comparison tree constructed in Geneious v8.1.3 (Biomatters Ltd, 

NZ) with the RAxML tree builder (Stamatakis 2006) using the GTR GAMMA nucleotide 

model with 500 rapid bootstrapping replicates.  

Seed morphometric measurements 

Seed length and width measurements were determined by image analysis. Images of 

seeds were taken at 1x magnification on an AxioImager M2 (Zeiss, Germany) fitted 

with an AxioCam 105 colour camera (Zeiss, Germany). Length and width of 20 seeds 
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per species were measured using ZEN 2012 software (Zeiss, Germany). To determine 

1000 seed weight, seeds were manually counted and weighed. 

Mucilage microscopy 

Mucilage architecture was observed by whole mount immunolocalisation of 

heteroxylan using the LM11 antibody (McCartney et al. 2005) and ruthenium red 

staining following Phan et al. (2016). Ruthenium red used in this work (C075) was 

purchased from ProSciTech (Australia) and prepared as per Cowley et al. (2020). 

Whole seed thin section microscopy and immunolabelling 

Whole seeds were transversely halved with a razor blade and fixed and embedded as 

per Burton et al. (2011) modified to use the 80% ethanol fixative described in Phan et 

al. (2020). Fixed and embedded tissue was sectioned at 1 m on an Ultramicrotome 

(Leica, EM UC6) using a diamond knife (DiATOME, Nidau, Switzerland). After staining 

thin sections with toluidine blue, internal seed structures were imaged with an 

AxioImager M2 (Zeiss, Germany) fitted with an AxioCam 105 colour camera (Zeiss, 

Germany). Endosperm mannan polysaccharides were immunolocalised using a 10-

fold dilution of LM21 anti-(1,4)-β-mannan primary antibody (Kerafast, US). The 

secondary antibody, Alexa Fluor 555 goat anti-rat IgG, was applied at a 100-fold 

dilution. All fluorescent images were taken with a Zeiss M2 AxioImager with an 

AxioCam 506 mono black and white camera. Images were processed using ZEN 2012 

software (Zeiss, Germany). 

Seed mucilage fractionation and yield analysis 

Mucilage was extracted and fractionated and yield traits were determined following 

Cowley et al. (2020) with no deviation from the described procedure. Briefly, 1 mL of 

water was added to 30 mg of seed and extracted at 25 °C for 1.5 hr with agitation. After 

brief centrifugation, the supernatant was transferred to a new tube (cold water 
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extractable (CWE) mucilage fraction) and the volume of the pellet-containing tube was 

returned to 1mL. The extraction was repeated again but at 65 °C to obtain the hot water 

extractable (HWE) mucilage fraction. Finally, the pellet (seeds with the most extraction 

resistant mucilage fraction) were agitated on a tissue disruptor-type mill at 30 Hz for 

10 min to obtain the intense agitation extractable (IAE) fraction. Collected fractions 

were freeze-dried to a constant weight and compared to starting mass of seeds to 

determine the yield: 

Yield (%)=(
mass of freeze dried mucilage

mass of seeds pre-extraction
)×100 

Mucilage water absorption capacity assay 

The water absorption capacity was determined following Cowley et al. (2020) with 

modifications. As the seeds were of variable size, 30 mg were weighed into 2 mL 

microcentrifuge tubes and 1 g of deionized water was added to each tube. After briefly 

vortexing to break surface tension and submerge seeds, the seed mucilage was 

allowed to expand, undisturbed, for 45 min at room temperature (25 °C). After 45 min, 

a 1000 μL laboratory pipette was used to remove unabsorbed water, avoiding 

disturbing the seeds and their mucilage. Removed water was weighed and the water 

absorption capacity was determined using the following equation: 

Water absorption capacity (g/g)= 
Initial weight of water added - weight of unabsorbed water

Initial weight of seeds added
 

Monosaccharide analysis 

Monosaccharide profiles of fractionated mucilage (redispersed at 1 mg/mL in Milli-Q 

water) and milled whole seed flour were determined using reverse phase high 

performance liquid chromatography (RP-HPLC) of 1-phenyl-3-methyl-5-pyrazoline 

(PMP) derivatives following Cowley et al. (2020). Area under the peaks was compared 
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to standard curves of mannose, ribose, rhamnose, glucuronic acid, galacturonic acid, 

glucose, galactose, xylose, arabinose and fucose (Wood et al. 2018). 

Soluble sugar extraction and profiling 

Soluble sugars were extracted from whole seed flour following Vespreet et al. (2012) 

with modifications. Due to substantial mucilage gelling in water when attempting a 

sequential 80% ethanol and water extraction, soluble sugars were twice extracted from 

flour in 80% ethanol at 85 °C for 30 min on a mixer (700 rpm) at a final dilution of 1:40 

(w/v, mg/µl). Supernatants were combined, diluted with water to 1:25000 (w/v, mg/µl) 

and 25 µl per sample were analysed by high pH anion exchange chromatography with 

pulsed amperometric detection (HPAEC–PAD) on a Dionex ICS-5000 system using a 

DionexCarboPACTMPA-20 column (3 x 150 mm) with a guard column (3 x 50 mm) kept 

at 30 °C and operated at a flow rate of 0.5 mL min-1. The eluents used were (A) 0.1 M 

sodium hydroxide and (B) 0.1 M sodium hydroxide with 1 M sodium acetate. The 

gradient used was: 0% (B) from 0-2 min, 20% (B) from 2-35 min, 100% (B) from 35-

36.5 min, 0% (B) from 37.5-38.5 min. Detector temperature was maintained at 20 °C, 

data collection was at 2 Hz and the Gold Standard PAD waveform (std. quad. potential) 

was used.  

Data acquisition, processing, and peak integration were performed using the 

Chromeleon™ version 7.1.3.2425 software (Thermo Scientific). Compounds were 

annotated and quantified based on peaks of available analytical standards. Glucose, 

fructose, sucrose, raffinose, 1-kestose, maltose, nystose and stachyose analytical 

standards were purchased from Sigma-Aldrich, while 1,1,1-kestopentaose was 

obtained from Bio-Strategy. A standard of planteose was purified and prepared from 

Salvia hispanica seed mucilage as per Xing et al. (2017). Schematic structures were 
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prepared using the DrawGlycan-SNFG online tool ( 

http://www.virtualglycome.org/DrawGlycan/) (Cheng et al. 2017). 

Protein analysis 

Protein content of whole seed flour was determined by the Dumas method using a 

Rapid N Exceed bench top nitrogen analyser (Elementar, USA). Conversion factor was 

6.25. 

Lipid analysis 

Total lipid in whole seed flour was determined by modified Folch method (1957) and 

fatty acid profiles were determined by gas chromatography of transesterified lipids 

following Liu et al. (2014). Multivariate principle component analysis for separation was 

performed in PAST software (version 3.25) (Hammer et al. 2001). 

Energy Calculation 

Energy content of whole seeds was estimated from the energy density of protein, 

carbohydrate, dietary fibre and fat components in whole Plantago seed (Food and 

Agriculture Organisation of the United Nations 1998). Average protein, carbohydrate, 

dietary fibre, and fat contents (% w/w) were obtained from whole seed protein, soluble 

sugar, monosaccharide, and lipid profiling analyses, respectively. 

Results 

Occurrence of mucilage among Plantago species 

A neighbour-joining comparison of previously published Plantago nuclear ribosomal 

internally transcribed spacer (ITS) regions (Rønsted et al. 2002; Tay et al. 2010) and 

of the species studied here was used to produce a phylogenetic tree (Fig. 5.1). Using 

this tree, samples were ranked based on their relative genetic distance from the 

http://www.virtualglycome.org/DrawGlycan/
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outgroup and each other and this order is used in all subsequent figures to allow 

observation of trends between more distantly and more closely-related species.  

The tree includes 63 of the roughly 200 species worldwide (Rahn 1996; Dhar et al. 

2005) of which members from every continent are represented. From extensive review 

of the literature and experimental observations, 75% of species included in the tree 

have been confirmed to produce seed mucilage (n = 47), while the other 25% have not 

yet been reported in the literature but may also produce seed mucilage. It should also 

be noted that there are many other mucilage-producing Plantago species which have 

not had ITS regions sequenced (Grubert 1974). 

Distribution of naturalised and Australian native Plantago species 

In this work we have studied commercial psyllium (P. ovata) and 11 Australian 

relatives, three non-native but naturalised species (P. coronopus, P. lanceolata, and 

P. major), along with eight native species (P. cunninghamii, P. paradoxa, P. turrifera, 

P. bellidioides, P. debilis, P. triantha, P. gaudichaudii, and P. varia) which account for 

87% of all recorded observations of Plantago species in Australia and New Zealand 

(Fig. 5.2A1 and 5.2A2). Distribution data obtained through observational and survey 

recordings in the Atlas of Living Australia shows that 37 species have been recorded 

in Australia, of which 26 are native (Fig. 5.2A-4) but non-native species are far more 

wide-spread and more extensively recorded (56% of observations) (Fig. 5.2A-3). 

Owing to their invasive nature P. lanceolata, P. coronopus, and P. major account for 

over half of all Australian observations (Fig. 5.2A-1) and represent the majority of 

observations of the 12 species studied here (61%) (Fig. 5.2B). Logically, the 

distribution of the naturalised species studied here is concentrated in areas of dense 

population, particularly on the Southern and Eastern Coasts (Fig. 5.2C) which are also 

areas of higher rainfall, like their European and Asian origins. Distribution of Australian 

native species is much more varied. Closely related P. debilis, P. gaudichaudii and P. 
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varia (Fig. 5.1) have a mostly coastal distribution, like the naturalised species, although 

they extend much farther into more arid, central regions. P. cunninghamii and P. 

turrifera are not found in coastal areas and are restricted to the arid central regions of 

the Eastern states and South Australia (Fig. 5.2C). Finally, Tasmanian-endemic 

species P. triantha and P. paradoxa are isolated to the high-elevation, high-rainfall 

regions of the island (and for P. triantha also New Zealand) and P. bellidioides is 

restricted to the Northern coast (Fig. 5.2C). 

Seed mucilage characteristics 

There is significant variation in expanded seed mucilage architecture of the Plantago 

species studied here (Fig. 5.3). We corroborate the same characteristics and 

differences in ruthenium red phenotype of P. coronopus, P. lanceolata, P. ovata, P. 

major, P. cunninghamii, P. debilis and P. varia described in detail by Phan et al. (2016). 

Here we studied five additional Australian native species and found, owing to their 

relatedness (Fig. 5.1), P. turrifera and P. bellidioides to be strikingly similar to P. 

cunninghamii and P. debilis, and P. gaudichaudii to be most similar to P. varia. These 

similarities were also found when immunolabelling the mucilage (Fig. 5.3a-l). Two 

further native species, P. paradoxa and P. triantha, despite their apparent genetic 

similarity to other native species (Fig. 5.1), produced a negligible mucilage envelope 

that was poorly distinguishable with ruthenium red staining (Fig. 5.3F and 5.4J) and 

only slightly more apparent with xylan-directed immunolabelling (Fig. 5.3f and 5.4j). 

In this study we  used our previously published mucilage fractionation method (Cowley 

et al. 2020) to investigate mucilage yield and fractionation traits (Fig. 5.4). There was 

significant interspecific variation in total yield (Fig. 5.4A) and fractionation profile (Fig. 

5.4B) of seed mucilage. Total yield of mucilage was highest in P. ovata and 

comparatively lower in P. lanceolata, P. paradoxa, and P. triantha. Australian native 

species, P. cunninghamii, P. turrifera, P. bellidioides, P. debilis, P. gaudichaudii and P. 
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varia had quite similar total yield (Fig. 5.4A) and fractionation profiles (Fig. 5.4B) and 

their mucilage was poorly extractable using cold water (CWE). To complement 

mucilage extractability traits, the water absorption capacity by the mucilage of intact 

Plantago seeds was determined (Fig. 5.4C). Mucilage water absorption capacity 

(WAC) was found to vary substantially with P. turrifera and P. bellidioides having a 

significantly higher WAC than other species, while absorption by P. lanceolata, P. 

paradoxa and P. triantha was very low. A correlation study was performed to determine 

if there was a link between mucilage fractionation and yield traits and the observed 

differences in WAC (Fig. 5.4D). Logically, significant (p < 0.05) correlations between 

WAC and total mucilage content and WAC and the more gel-like extraction resistant 

mucilage fractions were found. The strongest correlation (r = 0.73, p = 0.006) with WAC 

was the proportion of hot water- and intense agitation extractable (HWE+IAE) 

mucilage. 

The chemical composition of fractionated mucilage was determined by 

monosaccharide profiling which revealed both interspecific differences and trends (Fig. 

5.5). Monosaccharide profiles were very similar between all fractions of all species, 

with xylose and arabinose comprising the majority of monosaccharides quantified 

along with rhamnose and galacturonic acid and minor quantities of glucose and 

galactose (Fig. 5.5A). Other monosaccharides for which standards were included, 

mannose, ribose, glucuronic acid, and fucose, were minute or not detected (data not 

shown). The relative abundance of each monosaccharide detected in the mucilage 

fractions, however, differed significantly. The arabinose to xylose ratio differed 

interspecifically and also between fractions. In almost all species, the arabinose to 

xylose ratio increases with extraction intensity (Fig. 5.5B). In P. paradoxa, the inverse 

was observed and in the CWE fraction of P. triantha the value was outside the 

expected range of less than 1 (1.28). These species produce minimal mucilage and 
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display poor monosaccharide recovery which explains some of the discrepancies. In 

P. triantha particularly, the CWE mucilage fraction is minute and the detected 

arabinose and xylose are likely not heteroxylan-derived. Values for HWE and IAE, 

more abundant fractions, are within the expected range (<1). The ratio of rhamnose to 

galacturonic acid was stable between fractions and differed minimally between species 

(Fig. 5.5A). Rhamnose and galacturonic acid, however, were found to be highly-

enriched in the CWE fraction of all species (Fig. 5.5C) diminishing sometimes to the 

point of absence in subsequent fractions. 

Plantago endosperm and embryo morphology and composition  

Monosaccharide profiling revealed that mannose is the major non-cellulosic 

monosaccharide in whole seeds of all species, being the most abundant in 8 of 12 

species studied here (Fig. 5.6A). Using a β-(1,4)-mannan-specific monoclonal antibody 

(Marcus et al. 2010) it was observed that Plantago species have a substantial 

endosperm with thick (grand median = 8.206 μm, Supplementary Fig. 5.1) mannan-

rich walls (Fig. 5.6C–L). Minimal amounts of mannan were detected in the embryo but 

it was completely absent in the mucilage layer of all species except P. cunninghamii 

(Fig. 5.6G). However, mannose is completely absent in P. cunninghamii mucilage, 

even that tightly adhered to the seed (Cowley et al. 2020) suggesting that this is likely 

an artefact of non-specific binding in poorly-fixed mucilage. The endosperm cells also 

all contained tightly-packed spherical bodies (Supplementary Fig. 5.2) which are likely 

to be aleurone grains and/or oil bodies, similar to those seen in seed tissues of other 

species like Cannabis sativa (Schultz et al. 2020) 

Soluble sugar profiling 

Soluble sugar profiling was used to determine the content of rapidly-mobile non-starch 

reserve carbohydrates in the internal Plantago seed tissues (Fig. 5.7). Heat mapped 
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chromatographic data (Fig. 5.7A) show that the soluble sugar profiles are similar 

between all species with common major components, with most of the interspecific 

variation coming from differing abundances of the major sugars, sucrose (β-D-

fructofuranosyl-(2→1)-α-D-glucopyranoside) and planteose (α-D-galactopyranosyl-

(1→6)-β-D-fructofuranosyl-(2→1)-α-D-glucopyranoside) which account for up to 86% 

of the soluble sugar content (Supplementary Fig. 5.3). Some variation between profiles 

was evident between 2–5 min elution times but these components are (based on 

relative peak area; Supplementary Fig. 5.3) lowly abundant, minor sugars, possibly 

random mono- or di-saccharides. Quantification of extracted soluble sugars shows that 

the trisaccharide planteose is the major soluble sugar in seeds of the Plantago species 

studied here (up to 3.2% w/w), except in P. lanceolata where sucrose dominates, 

although followed by planteose (Fig. 5.7B). P. lanceolata also had the most unique 

soluble sugar profile in other ways: the trisaccharide raffinose (β-D-fructofuranosyl-

(2→1)-α-D-glucopyranoside-(1→6)-α-D-galactopyranoside) and its higher homologue, 

the tetrasaccharide stachyose (β-D-fructofuranosyl-(2→1)-α-D-glucopyranoside-

(1→6)-α-D-galactopyranosyl-(1→6)-α-D-galactopyranoside), which, present in minute 

quantities in other species, were additional major soluble sugars in P. lanceolata. 

Currently unidentified, we also detected an additional sugar, Unknown 1 (Fig. 5.7A), 

eluting at approximately 14 mins in extracts of all species. Based on the relative 

chromatographic peak area, Unknown 1 appears to be a major soluble sugar in seven 

of the species tested, comparable to planteose amounts in P. debilis or P. triantha 

(Supplementary Fig. 5.3). Levels of other oligosaccharides included in the standard 

panel, 1-kestose, maltose, nystose, and 1,1,1-kestopentaose were tiny or not detected 

in the species studied here. 

Morphometric and nutritional characteristics of Plantago seeds 
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Plantago seeds differ significantly in length, width and 1000 grain weight (Table 5.1) 

and can be categorised as small- or large-seeded (Supplementary Fig. 5.4). Seed size 

is not origin-specific as both native and non-native species are included in the small- 

and large-seeded categories (Supplementary Fig. 5.4). 

To determine if there is any nutritional value in Plantago seeds that is normally 

overlooked, the seed nutrient (protein, carbohydrate, dietary fibre, and fat) composition 

was determined (Table 5.1). There is a significant amount of interspecific variation in 

the content of each nutrient. Compared to commercial psyllium (P. ovata) which lies at 

the extremes in three of four nutrients (Supplementary Fig. 5.5), the other species 

studied have less dietary fibre but more fat and more protein, with native species 

tending to have the highest protein content. In carbohydrate content, P. ovata is close 

to the median. P. ovata and P. lanceolata have a lower energy content than all other 

species due to their low protein and fat content (~900 kJ vs. ~1100 kJ). 

After determining that Plantago seeds contain a modest fat content, we investigated 

the fatty acid composition of the seed oil (Table 5.1). The ratio of saturated (SFA) to 

unsaturated fatty acids (UFA) is relatively similar between species (Median = 1:5.2) but 

six of eight native species were slightly higher in UFA content, up to 33% more than P. 

ovata in P. gaudichaudii (1:6.4). The saturated fatty acid profiles are very similar 

between species with palmitic (16:0) and stearic acid (18:0) accounting for at least 94% 

of SFA species. The most variation in fatty acid profiles comes from differences in the 

UFA profile. Multivariate analysis shows that 89% of variance between the species is 

due to differences in the ratio of omega-3 to omega-6 UFAs (Supplementary Fig. 5.6). 

All native species except P. triantha separate from commercial psyllium and the 

naturalised species because they contain a much higher quantity of omega-3 UFA in 

the seed oil. Commercial psyllium seed contains the least omega-3 UFA (3.2% w/w) 

of the species studied followed by the naturalised species (at most 28% w/w in P. 
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coronopus). This is in clear contrast to the native species which contain an average of 

39% omega-3 UFA (w/w), up to 54.5% in P. turrifera. When calculated as the omega-

3 to omega-6 ratio, all native species have ratios greater than 1 (1.37–4.85) except P. 

triantha which has a very low ratio similar to non-native species which are all less than 

1 (0.11–0.76). The yield of the major omega-3 UFA, alpha-linoleic acid (18:3) is 

particularly high in native species where, again, P. turrifera has the highest yield of 

6.27% (w/w). There is also a small amount of variation (8%) from differences in the 

omega-6 to omega-9 UFA ratio. The omega-6 to omega-9 ratio was fairly similar 

between native species and much greater in naturalised species (up to 2.6 times 

greater than the native species average). Transaturated fatty acids were not present 

(data not shown).  
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Discussion 

Seed mucilage is a ubiquitous, exploitable trait among Plantago species 

Here the ubiquitous presence but variable nature of seed mucilage in Plantago is 

demonstrated. The Plantago species used in this study represent a good proportion of 

the genus instances recorded in the Atlas of Living Australia (87% of observations) 

(Fig. 5.2A). Only two native species not studied here had more than 250 observations 

and thus remaining species are considered very rare. Other non-native species (n = 8) 

have fewer than 150 recorded observations which could possibly be attributed to 

unsuccessful establishments, garden escapes, or misidentifications. The species 

studied in this work have different distributions and are found in a wide variety of 

environments and thus represent suitable genetic/interspecific variation in traits such 

as seed composition which have commercial value if properly scrutinised. 

Substantial variation in Plantago seed mucilage characteristics may be an 

adaptive trait to cope with variable water availability in arid Australian 

environments  

For such a high carbon-cost material, the evolutionary function of seed mucilage is 

largely unknown. Seed mucilage is a homoplastic trait with each occurrence having a 

unique and probably specific function that is often difficult to decipher. Numerous roles 

have been suggested including seed dispersal via animal hosts, seed retention via soil 

adherence, and protection against abiotic and biotic stresses (reviewed in Phan and 

Burton (2018)). The most commonly suggested role of seed mucilage, tolerating water 

deficit stress, was suggested by Grubert (1974) who noted that many mucilage-

producing species were found in arid environments. However, in Plantago, mucilage-

producing species are present in and adapted to a wide variety of habitats of varying 

water availability. In Arabidopsis, mucilage was not found to hasten the rate of water 
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uptake in the internal tissues of the seed, but rather acted as a reservoir for water at 

the seed surface while water uptake occurred (Saez-Aguayo et al. 2014). It is therefore 

likely that seed mucilage content and properties, rather than presence or absence, is 

key for tolerating a range of environments with variable water availability. This exact 

concept was recently studied using Plantago species as a model, where it was found 

that there is a significant relationship between seed mucilage content and seedling 

success under high levels of water deficit stress (Teixeira et al. 2019). It is likely that 

this relationship is found amongst the Australian Plantago species studied here and 

suggests that seed mucilage composition and properties also contribute to successful 

germination. Natural variation in Plantago mucilage properties is apparent even in the 

expanded mucilage architecture (Fig. 5.3). Species with the smallest mucilage 

envelope (relative to seed area) are those with low mucilage yield (Supplementary Fig. 

5.7) and P. lanceolata, P. paradoxa and P. triantha, are species native to the wettest 

environments (Supplementary Fig. 5.8). P. lanceolata was introduced from the British 

Isles where average annual rainfall is over twice that of Australia (Smith 2004) and P. 

paradoxa and P. triantha are native to high-elevation regions of Tasmania (and P. 

triantha is also found in New Zealand) (Brown 1991) (Fig. 5.2C), some of the highest 

rainfall areas in the country.  Six additional Australian Plantago species were used for 

ruthenium red mucilage staining to estimate mucilage quantity (Supplementary Fig. 

5.9). Although seed availability was too low for mucilage extraction and subsequent 

analyses, this showed that these, like other Australian species from high-rainfall 

environments, also have minimal or very fragile mucilage envelopes.  

Significant compositional variation may also explain differences in mucilage properties. 

The most easily-extracted Plantago seed fraction (CWE) contains abundant pectic 

monosaccharides, rhamnose and galacturonic acid, which are minimal in subsequent 

fractions (Fig. 5.5C). This is in line with our previous findings which suggest that the 
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pectin in highly hydrophilic first mucilage fractions acts to ‘prime’ and initiate mucilage 

expansion (Phan et al. 2020). Subsequent mucilage fractions which require more 

intense extraction conditions to obtain contain mostly xylose and arabinose, 

constituents of heteroxylan, in varying molar ratios. Yu et al. (2017) showed that the 

innermost layer(s) of mucilage in P. ovata was most gel-like as a result of high 

heteroxylan substitution complexity, corroborated in our previous publication (Phan et 

al. 2020) and by others (Ren et al. 2020; Zhou et al. 2020). Here, we show the same 

trends in other Plantago species where the second and third (HWE and IAE) mucilage 

fractions (akin to the inner layers described by Yu et al. (2017)) had the highest AX 

ratios, an indication of heteroxylan substitution complexity. Similarly, the HWE and IAE 

mucilage fractions of P. cunninghamii, P. turrifera, P. bellidioides, P. debilis, P. 

gaudichaudii and P. varia had particularly high AX ratios suggesting even more 

complex heteroxylan substitution (Fig. 5.5B), as indicated by minimal immunolabelling 

by LM11 because the unsubstituted/lowly-substituted backbone epitope is not present 

(Fig. 5.3c, g, h, k and l). The inner mucilage fractions in these species also represented 

a large proportion of the total mucilage (Fig. 5.4B) and analysis of the water absorption 

capacity (WAC) of mucilage on intact seeds (Fig. 5.4C) found WAC to be strongly 

correlated with both HWE (r = 0.62, p = 0.032) and IAE content (r = 0.69, p = 0.013) 

but the strongest correlation was a combination of the two (r = 0.73, p = 0.006) (Fig. 

5.4D). Furthermore, the mucilage of these species is still apparent as retained, swollen 

envelopes even after extraction (compared to P. lanceolata, for example) 

(Supplementary Fig. 5.10) showing that the robustness of seed mucilage in Australian 

Plantago species is due, at least in part, to heteroxylan structure and resultant 

intermolecular bonds. 

The data suggest that in Australian native Plantago species, the complexity of 

heteroxylan substitution leads to more complex intermolecular interactions. This 
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creates mucilage envelopes with differing properties, including resistance to removal 

and water absorption capacity that, in line with recent findings from Teixeira et al. 

(2019), is an adaptive trait to cope with variable water availability in arid Australian 

environments. 

Plantago seeds contain abundant non-starch reserve carbohydrates 

Agreeing with previous reports (Ahmed et al. 1965), soluble sugars are abundant in 

Plantago seeds (Fig. 5.7) with planteose and sucrose being the major sugars detected.  

Planteose (originally isolated from Plantago and named for the genus (Wattiez and 

Hans 1943)) is the major soluble sugar in seeds of all Plantago species studied here 

except P. lanceolata where only sucrose is higher. While minute quantities of the 

oligosaccharides raffinose and stachyose were detected in all species, these sugars 

are only abundant in P. lanceolata seeds, particularly stachyose where levels were 

similar to planteose. This agrees with previous findings where in a survey of a number 

of Plantago species, these sugars were only detected in seeds of Plantago Sect. 

Arnoglossum (now revised to Sect. Lanceifolia) of which P. lanceolata is the only 

member included here (Gorenflot and Bourdu 1962).  An additional sugar, Unknown 1 

(Fig. 5.7A), was also found in all species. Based on relative chromatographic peak 

area, Unknown 1 appears to be a major soluble sugar in seven of the species tested, 

with levels even comparable to planteose in P. debilis or P. triantha (Supplementary 

Fig. 5.3). As the chromatographic method used here elutes soluble sugars roughly by 

their degree-of-polymerisation (DP), it is likely that Unknown 1 is a tetra- or 

pentasaccharide (DP4–5) as it elutes after nystose (DP4) but before 1,1,1-

kestopentaose (DP5). While the exact identity of this compound will be elucidated by 

mass spectrometry, we hypothesise that Unknown 1 is the tetrasaccharide sesamose 

(α-D-galactopyranosyl-(1→6)-α-D-galactopyranosyl-(1→6)-β-D-fructofuranosyl-(2→1)-

α-D-glucopyranoside), a higher DP homologue of planteose, which while not reported 
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previously for Plantago, is found in tandem with planteose in other species (Hatanaka 

1959).  

In most seeds, starch exists as the main source of carbon during germination, and 

while initially starch is abundant in Plantago seeds (Cooper 1942; Hyde 1970; Phan et 

al. 2020) it is rapidly depleted to biochemically- and histochemically-undetectable 

levels during development (Phan 2012). In the absence of starch, it is likely that 

planteose, the principle reserve carbohydrate of a number of species (French et al. 

1959; Jukes and Lewis 1974; Dey 1980; Wakabayashi et al. 2015), in concert with the 

other soluble sugars in Plantago seeds, including Unknown 1, is rapidly mobilised as 

a carbon source in the initial phases of germination. It is likely that at this point the 

endosperm is undergoing/beginning to undergo degradation to supply further carbon, 

but after a literature review, we found that while Plantago species are known to have 

a substantial endosperm (Youngken 1950; Bruneton 1995), its exact composition has 

not been defined. One report suggested that the hard endosperm cell walls of P. ovata 

must be comprised solely of reserve cellulose (Madgulker et al. 2014) but crystalline 

cellulose levels were found to be, at most, 4% (w/w) (Phan 2012). A clue is found in 

gene expression data where mannan synthesis genes have been found to be highly 

expressed in developing P. ovata seeds which also contain mannose 

monosaccharides (Jensen et al. 2011). Here we are the first to confirm that the 

endosperm of all Plantago species studied contains thickened cell walls that are rich 

in mannan (Fig. 5.6). The mannan-rich endosperm cell walls, like other species (Gong 

et al. 2005), gives Plantago seeds a ‘hard-seeded’ quality (Primack 1979; Miao et al. 

1991) (for example, seeds of P. ovata require over four times the specific grinding 

energy compared to wheat (Dziki and Laskowski 2006; Ziemichód et al. 2018)) that 

must be altered for successful germination. Gong et al. (2005) reported that, in most 

species, endo-β-mannanase activity is only detectable after radicle emergence, 
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providing carbon for the post-germination seedling. We note that in Plantago seeds, 

minimal seed material remains after seedling emergence is complete (data not shown) 

showing that substantial bulk endosperm degradation also occurs at some point as a 

carbon supply for the seedling. 

Based on findings in other species, we hypothesise that upon imbibition mobilisation 

of soluble sugars like planteose fuels rapid cell elongation that allows the radicle to 

puncture the micropylar endosperm, at which point hydrolases will begin/have begun 

to degrade the endosperm, further fuelling early seedling growth. The exact interplay 

and pattern of soluble sugar and endosperm polysaccharide mobilisation in Plantago 

seed germination is the subject of upcoming work. 

Exploiting the array of beneficial constituents in whole Plantago seeds may 

provide additional benefits over mucilage products alone 

India, the world’s largest psyllium (P. ovata) exporter, produced 56,000 tonnes of 

psyllium husk in 2019/2020 which equates to over 160,000 tonnes of non-husk material 

(Govt India Dept of Commerce 2017a; b), comprising the inner tissues of the seeds 

that have been demonstrated here to be nutrient-rich. While the nutritional benefits of 

consuming viscous dietary fibres like psyllium husk are not in doubt, the underutilised 

inner seed tissues could also provide valuable human health benefits if consumed. 

While the reserve carbohydrates that we report to be abundant in Plantago seeds are 

likely to be essential to germination, they also have medicinal and nutritional 

significance as fermentable dietary fibres. Fermentable dietary fibres are consumed by 

beneficial bacteria in our gut, producing short chain fatty acids like butyrate which is 

required to maintain colon health (Grady et al. 2019) and there is also mounting 

evidence that modulating the microbiome through dietary fibre supplementation has 

significant effects on a wide range of disease indications (for review see Lynch & 
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Pedersen (2016)). While P. ovata husk is not a fermentable dietary fibre and thus  

provides limited fermentation- and microbiome-related benefits (McRorie 2015), 

dehusked P. ovata seeds are reported to be fermentable, increasing faecal butyrate 

content in a clinical trial (Fernandez-Banares et al. 1999) and improving numerous 

digestibility markers compared to the husk in a pre-clinical study (Leng-Peschlow 

1991). These findings demonstrate that at least one non-husk component in Plantago 

seeds is fermentable by gut microbiota. While its exact prebiotic properties are 

currently unknown (Xing et al. 2017), planteose, along with its homologues and other 

soluble sugars in Plantago seeds are likely fermentation candidates as many 

oligosaccharides are readily fermentable by beneficial bacteria in the gastrointestinal 

tract (Alander et al. 2001; Bruno-Barcena and Azcarate-Peril 2015). Endosperm 

polysaccharides are also likely to be fermentable compared to husk as diverse 

mannans and mannooligosaccharides released from mannan digestion have been 

shown to be well-fermented by a human faecal inoculum (Asano et al. 2003; Jonathan 

et al. 2012). 

Within the endosperm cells are large aleurone grains and oil bodies which house the 

protein and fat content of the Plantago seeds. Protein levels are generally similar to 

previous reports of Plantago species (10–20% w/w) (Davison 1982; Romero-Baranzini 

et al. 2006; Mohamed et al. 2011; Ziemichód et al. 2018), but Australian Plantago 

species are generally higher compared to these reports and all are higher than 

commercial psyllium (P. ovata) (Table 1). P. paradoxa and P. triantha are very high in 

protein content, over 30% (w/w), which is higher than important grain legumes like 

chickpeas or lentil (24% and 26.1%, respectively) (Iqbal et al. 2006). Plantago protein 

has previously been reported to contain essential amino acids and is well digested 

(Romero-Baranzini et al. 2006) showing the potential of Plantago seeds as a protein 

source. Seeds of Plantago species are also rich in fats and all Australian species 
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contain more fat than commercial psyllium, P. ovata (Table 5.1). Of particular 

nutritional importance is the proportion of omega-3 and omega-6 UFAs which 

mammals are unable to synthesise and are thus essential. There is a growing body of 

evidence that omega-3 fatty acids, particularly long-chain fatty acids (LCFAs) EPA and 

DHA commonly obtained from consuming fish, are protective against cardiovascular 

diseases (Tocher et al. 2019). However many researchers conclude that the world’s 

ecosystems could not sustainably supply the population with enough fish to provide 

the recommended EPA and DHA intake (Crawford et al. 2000) and thus sufficient 

intake of plant-derived UFAs to allow endogenous LCFA production from these 

precursors is recommended as an alternative. As plant-derived omega-3 (anti-

inflammatory) and omega-6 (pro-inflammatory) (Harris and Harris 2006; Patterson et 

al. 2012) UFAs are competitively desaturated and elongated into LCFAs by the same 

pathways, it is important that the ratio of omega-3 to omega-6 is at the very least 1:1 

(Simopoulos 2002) to reduce the risk of inflammation. However an omega-3 to omega-

6 intake ratio of 4:1 is suggested to be ideal for promoting heart, liver and gut health 

(Calder 2006).  Here we show that Australian native Plantago seeds have omega-3 to 

omega-6 ratios greater than the minimum adequate ratio of 1:1 (Table 5.1) and after 

extensive review of the literature we report that P. turrifera has the highest ratio of 

omega-3 to omega-6 fatty acids reported for any seed (4.85:1). This is higher than 

benchmark species Linum usitatissimum (flax) or Salvia hispanica (chia), with 3.44:1 

and 3.08:1, respectively (Sargi et al. 2013), although total fat content was 50% and 

30% lower in P. turrifera than these species, respectively. Consumption of Plantago 

seeds, particularly those of Australian natives like P. turrifera, may therefore contribute 

to improving the undesirable omega-3 to omega-6 ratio that is common in modern, 

western diets, and the associated health risks (Simopoulos 2002; Harris and Harris 

2006).  
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Conclusions 

In this study we have provided a more complete understanding of the composition and 

morphology of seeds of twelve Plantago species that grow in Australia, how they differ 

according to phylogenetic lineage, and what implications this may have for food and 

nutritional applications. We have shown that variation in mucilage content, structure 

and properties has probably developed as an adaptive trait to cope with water-deficit 

stress in arid Australian environments and provides wide differences in hydrocolloid 

functionality that can be exploited in industry. By profiling the nutrient content of the 

inner Plantago seed tissues, we show that current commercial production of psyllium 

in particular underutilises the nutritional value of whole Plantago seeds. The use of a 

whole seed Plantago product, particularly from those species native and adapted to 

harsh Australian conditions, may provide a more nutritious but still functional 

alternative to commercial psyllium husk. The consumption of a whole seed flour may 

also confer multiple nutritional benefits: minimally-fermented polysaccharides in the 

mucilage could benefit metabolic and gastrointestinal disorders that are improved 

when the viscosity and consistency of the gut digesta is increased, while fermentable 

fibres, lipids and micronutrients derived from the internal seed tissues could contribute 

to the improvement of a wide range of microbiome-, inflammatory- and oxidative 

stress-related disorders. Future work will investigate the functionality of whole seed 

Plantago flours in food technology and gut health. 
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Figure 5.1. Neighbour-joining comparison of nuclear ribosomal DNA internally 

transcribed spacer (ITS) regions from 63 diverse Plantago species. Asterisks denote 

species sequenced and investigated in this study. Sequences of species without 

asterisks were obtained from Ronsted et al. (2002). Coloured segments in the outer 

ring denote outgroups and geographic origins with gradients denoting shared 

distribution. A pink segment in the inner circle indicates that the presence of seed 

mucilage has been confirmed in the literature (letters within the pink segment denote 

the specific reference). Species without a pink segment have not yet been examined 

rather than not producing mucilage. E = Evans et al. (1974); G = Grubert (1974); P = 

Phan et al. (2016); C = this study; U = unpublished observation by the authors. 
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Figure 5.2. A1. Proportions of recorded observations of Plantago species in Australia 

and New Zealand (excluding New Zealand endemic species) from the Atlas of Living 

Australia database 

(https://biocache.ala.org.au/occurrences/search?q=lsid%3Ahttps%3A%2F%2Fid.biod

iversity.org.au%2Fnode%2Fapni%2F7745425 accessed on Thu Jul 02 11:33:30 

AEST 2020.). The twelve species studied here are coloured while species not studied 

are grey. Non-native and/or naturalised and native species are coloured in shades of 

blue or green, respectively. A2. Species used in this study represent 87% of Plantago 

observations. A3. Proportion of native to non-native species in total Plantago 

observations. A4. Number of native species observed compared to non-native species. 

B. Proportion of non-native to native species in observations of the 12 species studied 

here. C. Distribution in Australia and New Zealand of 12 Plantago species studied here 

with colour-coded 30 year-average annual rainfall data. Species with asterisks are non-

native and/or naturalised species. Dashed line indicates where the map was cropped 

to include New Zealand and maximise figure space. P. ovata, commercial psyllium, 

has not been reported in Australia or New Zealand and can be used as a blank map 

for reference.   

  

https://biocache.ala.org.au/occurrences/search?q=lsid%3Ahttps%3A%2F%2Fid.biodiversity.org.au%2Fnode%2Fapni%2F7745425
https://biocache.ala.org.au/occurrences/search?q=lsid%3Ahttps%3A%2F%2Fid.biodiversity.org.au%2Fnode%2Fapni%2F7745425
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Figure 5.3. Expanded mucilage architecture of 12 Plantago species. Ruthenium red 

(dark pink) stains acidic polysaccharides at the mucilage periphery (A–L). Scale = 1 

mm. Anti-xylan antibody LM11 (green) probes for xylan backbone epitopes in the inner 

mucilage layers (a-l) while the seed is counterstained with propidium iodide 

(red/yellow). Scale = 500 µm. 
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Figure 5.4. Seed mucilage yield, fractionation and water absorption traits of 12 

Plantago species. A. Yield of mucilage as a share of whole seed. B. Quantity of each 

isolated mucilage fraction as share of total mucilage. Values within bars are plotted 

values rounded to the nearest integer. CWE = cold water extractable (blue); HWE = 

hot water extractable (red); IAE = intense agitation extractable (grey). C. Water 

absorption capacity of Plantago seeds. Above the plot are plotted mean values and a 

representative image of 30 mg of hydrated and swollen Plantago seeds. Samples 

sharing a letter are not significantly different to each other (p > 0.05). D. Study of 

correlations between water absorption capacity (WAC) and mucilage 

yield/fractionation traits (seed-relative traits from A.). Linear models plotted with 95% 

confidence bands. ns = not significant. Error bars in A. correspond to one standard 

deviation from the mean of total mucilage yield. 
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Figure 5.6. Profiling of the major polysaccharide in Plantago seed endosperm. A. 

Monosaccharide profiles of whole Plantago seeds (means, % w/w, with standard 

deviation). A grey scale (dark grey, highest value; white, lowest value) has been used 

to highlight the most abundant monosaccharides in a species. B. Schematic diagram 

of the orientation of thin sections taken from Plantago seeds. C–N. Immunodetection 

of mannan in Plantago endosperm cell walls by LM21 monoclonal antibody. Scale = 

50 μm. Abbreviations: en = endosperm; em = embryo; ml = mucilage layer. 
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Figure 5.7. Soluble sugar profiling of Plantago seeds. A. Chromatographic data 

presented in heatmap form to highlight differences in chromatographic profile between 

species. Chromatographic data has been cropped to an elution period that includes 

saccharides with a low degree-of-polymerisation (DP) (2–18 minutes). For simplicity, 

chromatographic data of standard runs (standard panel: a combined low DP 

saccharide suite, planteose and stachyose) were combined. B. Quantification of key 

low DP saccharides and their schematic structure. A grey scale (dark grey, highest 

value; white, lowest value) has been used to display differences in abundance of one 

type between species. Abbreviations: 1,1,1-KPE = 1,1,1-Kestopentaose 
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Supplementary Table 5.1. Sources for all Plantago species used in this study. P, 

purchased; C, private land collected; R, collected and donated by researcher; S, 

seedbank withdrawal. ALA = Atlas of Living Australia. Seedbank accession records 

can be found at https://doi.org/10.26197/5dc21fa4f3b62 

Species  Origin Seedbank 

ALA / Seedbank 

Accession 

Number 

P. ovata P Austral Herbs, NSW, Australia - - 

P. lanceolata C Panorama, SA, Australia - - 

P. coronopus C Aldinga Beach, SA, Australia - - 

P. major P 
Organics Australia,  

Australia 
- - 

P. cunninghamii R 
St. George, Queensland, 

Australia 
- - 

P. paradoxa S 
Central Plateau, Tasmania, 

Australia 

Tasmanian Seed 

Conversation Centre 
0008866-a 

P. turrifera C 
Loxton, South Australia, 

Australia 
- - 

P. bellidioides S 
Petal Point, Tasmania, 

Australia 

Tasmanian Seed 

Conversation Centre 
0008349-a 

P. debilis R 
Charlwood, Queensland, 

Australia 
- - 

P. triantha S 
Trial Harbour, Tasmania, 

Australia 

Tasmanian Seed 

Conversation Centre 
0009460-a 

P. gaudichaudii S 
Mount Meredith, Victoria, 

Australia 

Victorian 

Conservation 

Seedbank 

MEL 2356648A 

P. varia R 
Aranda Bushland, Australian 

Capital Territory, Australia 
- - 

Species used in Supplementary Figure 5.9 

P. alpestris S 
Kosciuszko National Park, 

New South Wales, Australia 

ANBG National 

Seedbank 
748569.3 

P. euryphylla S 
Kosciuszko National Park, 

New South Wales, Australia 

ANBG National 

Seedbank 
808038.3 

P. glabrata S 
Wild Dog Creek, Tasmania, 

Australia 

ANBG National 

Seedbank 
609869.1 

P. glacialis S 
Kosciuszko National Park, 

New South Wales, Australia 

ANBG National 

Seedbank 
797747.2 

P. muelleri S 
Kosciuszko National Park, 

New South Wales, Australia 

ANBG National 

Seedbank 
808184.3 

P. tasmanica S 
Central Plateau, Tasmania, 

Australia 

Tasmanian Seed 

Conversation Centre 
0004191-a 

     

https://doi.org/10.26197/5dc21fa4f3b62
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Supplementary Table 5.2. PCR parameters for amplification of nuclear ribosomal 

DNA internal transcribed spacer (ITS) regions used to produce Plantago 

phylogenetic tree. 

Primers  

Forward ITS Primer (5’→ 3’) ACGAATTCATGGTCCGGTGAAGTGTTCG 

Reverse ITS Primer (5’→ 3’) TAGAATTCCCCGGTTCGCTCGCCGTTAC 

  

PCR Conditions  

Activation 95 °C for 2 min 

Amplification Cycles 24 Cycles 

Denaturation 95 °C for 30 sec 

Annealing & Extension (Two-step 

PCR) 

72 °C for 1 min 

Final Extension 72 °C for 5 min 
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Supplementary Figure 5.1. Thickness of anticlinal Plantago endosperm cell walls. A. 

Values between x-axis tick marks and violin plots denote the median cell wall thickness 

measured in that sample. B. Dashed horizontal line denotes the grand median cell wall 

thickness from pooled measurements of each species. Cell wall thickness (n = 15–20) 

was measured using the measurement package of Adobe Photoshop CC 19.0  
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Supplementary Figure 5.2. Thin sections of mature Plantago seeds stained with 

Toluidine Blue O to show the major tissue types. Inset in D shows the spherical bodies 

typically contained within Plantago endosperm cells. These spherical bodies are 

present within endosperm cells of all species but are difficult to retain in situ when 

sectioning, positioning on slide and staining and are thus are sporadically present in 

images. Scale = 100 μm. Abbreviations: en = endosperm; em = embryo; ml = mucilage 

layer. 
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Supplementary Figure 5.3. Heatmap displaying the average relative peak area of 

soluble sugars extracted from Plantago seeds. Retention times of each peak are listed 

along with their assigned peak name. Values within each cell are the relative peak area 

of that component in that species. 
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Supplementary Figure 5.4. Seeds of the Plantago species studied here can be 

grouped as small- or large-seeded, morphometrically and by mass. Seed size is not 

determined by geographic origin as both size groups contain both native (open circles) 

and naturalised species (filled circles). Error bars denote one standard deviation. 

Abbreviations: Pbel = P. bellidioides; Pcor = P. coronopus; Pcun = P. cunninghamii; 

Pdeb = P. debilis; Pgau = P. gaudichaudii; Plan = P. lanceolata; Ppar = P. paradoxa; 

Ptri = P. triantha; Ptur = P. turrifera; Pvar = P. varia.  
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Supplementary Figure 5.5. Truncated violin plots displaying the data range of nutrient 

content in seeds of the 12 Plantago species studied here. Native species are denoted 

by black points, naturalised species are white points and the commercial species, 

Plantago ovata, is a red point. Median values (x)̃ are included above each plot. 

Abbreviations: CHO = carbohydrates; DF = dietary fibre. 
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Supplementary Figure 5.6. Principle component analysis of fatty acid (FA) profiling. 

A. PCA biplot of PC1 and PC2 showing FA factors leading to species separation. B. 

Scree plot showing that PC1 and PC2 account for 98% of variance observed. C. 

Loading plot of PC1 and D. PC2. In PC1, most separation is due to a relationship 

between omega-3 (ω3 18:3) to omega-6 FAs (ω6 18:2) (89% of variance) while in PC2 

the relationship is between omega-6 (ω6 18:2) and omega-9 FAs (ω9 18:1) (8% of 

variance). 

Abbreviations: Pbel = P. bellidioides; Pcor = P. coronopus; Pcun = P. cunninghamii; 

Pdeb = P. debilis; Pgau = P. gaudichaudii; Plan = P. lanceolata; Ppar = P. paradoxa; 

Ptri = P. triantha; Ptur = P. turrifera; Pvar = P. varia; SFA = saturated fatty acids; UFA 

= unsaturated fatty acids. 
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Supplementary Figure 5.7. There is a relationship between mucilage envelope size 

and mucilage yield in Plantago species. This is not always the case, as discussed 

previously with Salvia hispanica as an example where mucilage envelope is large with 

a proportionally low polysaccharide content (Cowley et al. 2020). 

Abbreviations: Pbel = P. bellidioides; Pcor = P. coronopus; Pcun = P. cunninghamii; 

Pdeb = P. debilis; Pgau = P. gaudichaudii; Plan = P. lanceolata; Ppar = P. paradoxa; 

Ptri = P. triantha; Ptur = P. turrifera; Pvar = P. varia  
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Supplementary Figure 5.8. Locations of Plantago sample sources based on 

coordinates supplied with seedbank-withdrawn accessions or collection sites. Map 

sourced from Google Earth earth.google.com/web. P. ovata and P. major samples 

were purchased commercially, so origin information can only be assumed. White blips 

are naturalised species sourced locally. Green blips are Australian native species 

analysed in this study. Blue blips are other Australian native species used only in 

Supplementary Figure 12.  

Abbreviations: Palp = P. alpestris; Pbel = P. bellidioides; Pcor = P. coronopus; Pcun 

= P. cunninghamii; Pdeb = P. debilis; Peur = P. euryphylla; Pgau = P. gaudichaudii; 

Pglb = P. glabrata; Pglc = P. glacialis; Plan = P. lanceolata; Pmue = P. muelleri; Ppar 

= P. paradoxa; Ptas = P. tasmanica; Ptri = P. triantha; Ptur = P. turrifera; Pvar = P. 

varia. 
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Supplementary Figure 5.9. A dense, high-energy cost mucilage envelope may not be 

advantageous in high elevation, high rainfall environments. Mucilage architecture of 

six additional native Plantago species (scale = 1mm) along with their distribution in 

South-Eastern Australia (recorded observations displayed as black dots). Heat map of 

geographic elevation is also displayed. Spatial distribution data extracted from the 

Atlas of Living Australia database in October 2019. 
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Abstract 

The seed composition of Plantago species varies substantially as a result of natural 

variation but little is known about how this influences their potential functionality as 

hydrocolloid replacements. To investigate this, changes to the pasting properties of 

rice flour (RF) and rice starch (RS) upon the addition of whole seed flour (WSF) 

prepared from eight diverse Plantago species were studied. Common structural 

characteristics of mucilage polysaccharides from four Australian native Plantago 

species promoted RF and RS granule swelling and altered pasting temperature to a 

far greater extent than those from the commercial species, P. ovata. Enhanced granule 

swelling caused more extensive leaching of amylose which appeared to interact with 

Plantago WSF polysaccharides. The hastening of gelation during retrogradation, 

reduction in syneresis and changes in heat stability-related pasting parameters upon 

a novel high heat pasting treatment suggested that polysaccharides from Australian 

native Plantago species can interact with starch exudates and form strong, viscoelastic 

gels. This could be due to the creation of a modified coupled network for which a model 

has been proposed. Clustering by genetic relatedness revealed that the influences of 

Plantago WSF on the properties of RF and RS were strongly linked by genetic similarity 

and thus putatively shared polysaccharide motifs. The data presented here clearly 

show that WSF of a number of Plantago species can be used as hydrocolloid 

replacements and that natural variation in seed composition across this genus is an 

untapped resource for selectively manipulating the quality and properties of starch-

based food systems.  
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Introduction 

Starch granules are composed of a heterogeneous mixture of linear amylose and 

highly-branched amylopectin polymers (Debet & Gidley, 2007). When heated, starch 

granules absorb water, swell and exude their contents into solution producing a 

continuous phase of water and leached polymers and a dispersed phase of swollen 

starch granules (Song et al., 2006). The transformation of starch granules into a 

continuous matrix (pasting) is the basis of the production of cooked starch-based 

foods, and this process differs significantly in response to cooking conditions, starch 

origin, granule structure, morphology and composition as well as the presence of non-

starch molecules (Buléon et al., 1998). Hydrocolloids are well-known to alter the 

pasting of starches and flours due to their unique functional properties (Bemiller, 2011). 

Hydrocolloids are often used to improve the quality of starchy products by creating 

structure, improving moisture retention, controlling water mobility, and retarding aging 

from retrogradation (Liu et al., 2019) all of which can improve shelf-life, product texture 

and consumer acceptability. Variation in pasting properties of starch-hydrocolloid 

blends have been ascribed to hydrogen bonding between hydroxyl groups of the starch 

and hydrocolloid components (Song et al., 2006), synergistic phase separation in 

starch-hydrocolloid mixtures and physical reinforcement of the starch matrix (Bemiller, 

2011; Yuris et al., 2017). In addition to manipulating starch system quality, 

hydrocolloid-related changes to the pasting properties of starch/flour may be 

demonstrative of some functional properties of the hydrocolloid itself. 

Hydrocolloids sourced from plants are becoming increasingly important food 

structuring ingredients particularly when consumers choose to avoid “non-natural” 

ingredients like derivatised celluloses  (Horstmann et al., 2018). Seeds of many plants 

become surrounded by a viscous polysaccharide layer called mucilage when they 
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come into contact with water, in a process called myxospermy (Phan & Burton, 2018). 

In food technology, the most common hydrocolloid derived from a myxospermous 

species is psyllium gum, a complex heteroxylan produced by milling husk from the 

seeds of Plantago ovata (Madgulkar et al., 2014). Psyllium gum has been proven to 

have excellent utility as a versatile food ingredient due to its water-holding and 

viscoelastic properties (Haque et al., 1993; Haque & Morris, 1994; Mariotti et al., 2009; 

Ahmadi et al., 2012; Cappa et al., 2013; Mancebo et al., 2015; Fratelli et al., 2018). 

The use of whole seed flour (WSF) prepared from myxospermous seeds has gained 

interest as replacements for hydrocolloids due to their ease of processing and 

additional nutritional benefits normally lost during hydrocolloid isolation. While the use 

of WSF for manipulating starch-based food systems is increasingly prevalent (Pruska-

Kȩdzior et al., 2008; Steffolani et al., 2014; Kumar et al., 2018), the use of psyllium 

WSF is only rarely and recently reported in the literature (Pejcz et al., 2018; Ziemichód 

et al., 2018).  

Structural complexity of P. ovata mucilage polysaccharides directly influences their 

functional properties (Yu et al., 2017, 2018b, 2019; Ren et al., 2020d; Zhou et al., 

2020). Recent research has found that there is significant variation in the structure, 

complexity and content of mucilage from near relatives of P. ovata, especially those 

native to Australia (Phan et al., 2016) (Cowley, Chapter 5). A structure-function 

relationship has not yet been made in these novel species and genetic divergence may 

have led to the synthesis of polysaccharides with novel properties that remain 

unexploited. 

The objective of this study was to assess how the diversity in seed composition of eight 

Plantago species influences their potential functionality as hydrocolloid replacements 
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by studying the influence of their addition on the pasting profiles and properties of rice 

flour (RF) and rice starch (RS) and the syneresis of RF pastes. 

Methods and materials 

Materials 

Rice flour was purchased from Doves Farms (United Kingdom) and rice starch (S7260) 

was purchased from Sigma-Aldrich (Germany). Seeds of eight Plantago species were 

grown to maturity as per Cowley, Chapter 5, to produce bulk seed. Seed was ground 

to flour using a MM400 Mixer Mill (Retsch, Germany) and graded to 0.5 mm. Flours 

were stored dry at room temperature. 

Phylogeny 

Nuclear ribosomal DNA (nrDNA) internal transcribed spacer (ITS) region sequences 

for the accessions studied here were as described in Cowley, Chapter 5. ITS 

sequences were trimmed using BMGE (Criscuolo & Gribaldo, 2010) and the maximum-

likelihood tree constructed in Geneious v8.1.3 (Biomatters Ltd, NZ) with the RAxML 

tree builder (Stamatakis, 2006) using the GTR GAMMA nucleotide model with 500 

rapid bootstrapping replicates.  

Mucilage microscopy 

Seed mucilage architecture was observed by whole mount microscopy in ruthenium 

red as per Cowley et al. (2020). After positioning seeds on a microscope slide (Rowe 

GM2715, Australia) staining solution (0.01% ruthenium red hydrate, #C075, 

ProSciTech, Australia) was added beneath a coverglass (ProSciTech No. 1, Australia) 

and images were captured on a dissecting microscope (Zeiss Stemi 2000-C, Germany) 

equipped with a colour digital camera (Zeiss AxioCam ERc 5s, Germany). 
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Total seed mucilage extraction and fractionation 

Total mucilage was extracted using a step-wise fractionation protocol following Cowley 

et al. (2020). Briefly, 30 mg of whole, unmilled seed was extracted for 1.5 h with 1.5 ml 

of deionised water at 25 °C and 1300 rpm agitation using a ThermoMixer® Comfort 

(Eppendorf, Germany). The samples were centrifuged for 2 min at 13000 rpm and the 

supernatant removed (cold water-extractable, CWE). Tube volume was made up to 

1.5 ml with water and the extraction repeated at 65 °C. Supernatant from this step was 

the hot water-extractable (HWE) fraction. Tube volume was made up to 1.5 ml with DI 

water and the samples agitated at 30 Hz for 10 min on a MM400 Mixer Mill (Retsch, 

Germany) with a 2 mL tube adapter. Tubes were centrifuged at 13000 rpm for 2 min 

and the supernatant removed. This supernatant was the intense agitation extractable 

(IAE) fraction. In this study, three mucilage fractions (CWE, HWE and IAE) were 

homogenised at 80 °C for 3 hours with periodic vortexing to produce a total seed 

mucilage extract. Total seed mucilage extracts were freeze-dried to a constant weight 

for further analysis. 

Monosaccharide analysis 

Monosaccharide profiles of fractionated mucilage (redispersed at 1 mg/ml in Milli-Q 

water) and milled whole seed flour were determined using reverse phase high 

performance liquid chromatography (RP-HPLC) of 1-phenyl-3-methyl-5-pyrazoline 

(PMP) derivatives following Hassan et al. (2017). Area under the peaks was compared 

to standard curves of mannose, ribose, rhamnose, glucuronic acid, galacturonic acid, 

glucose, galactose, xylose, arabinose and fucose. 

Preparation of rice flour/Plantago flour suspensions 
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Fifty milligrams (2% addition) or 100 mg (4% addition) of Plantago flour was blended 

with 2.5 g of rice flour or rice starch. Twenty-four grams of deionised water was added 

to the mixture and homogenised briefly by vigorous stirring. Control samples lacking 

Plantago flour were prepared following the same protocol. 

Measurement of pasting properties 

Pasting properties of rice flour-Plantago flour and rice starch-Plantago flour blends 

were determined by Rapid Visco-Analysis using an RVA Super 4 (Newport Scientific, 

Australia) for standard temperature pasting (<100 °C) or RVA 4800 (Perten 

Instruments, Sweden) for high temperature (>100 °C) based on Diaz-Calderon et al. 

(2018) with modifications. Suspensions were prepared as above in the RVA canister 

applicable to the device being used (standard or high temperature). Samples were held 

at 25 °C for 2 min before heating to 95 °C (standard temperature) or 140 °C (high 

temperature) at 12 °C/min, holding at 95/140 °C for 2.5 min before cooling to 25 °C at 

12 °C/min where they were held for a final 2 min. For the first minute, the suspension 

was homogenised at 960 RPM. The remainder of the test was performed under 

constant stirring at 160 RPM. 

The pasting parameters extracted were: pasting temperature (the temperature at which 

viscosity rapidly increases as a result of starch granule swelling upon the uptake of 

water), peak viscosity (the maximum viscosity obtained during heating), trough 

viscosity (the minimum viscosity obtained during hold at maximum temperature), 

breakdown viscosity (difference between peak and trough viscosities), final viscosity 

(viscosity at completion of the run), and setback viscosity (difference between final and 

trough viscosities). 
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Difference plot of pasting parameter (PP) values were calculated with the following 

equation: 

Difference plot values= (PP of WSF sample @ 140 °C-PP of control @ 140 °C)- 

(PP of WSF sample @ 95 °C-PP of control @ 95 °C) 

Pasting properties were measured in triplicate. 

Measurement of syneresis  

The extent of syneresis was measured on rice flour/Plantago flour blends at the 4% 

addition level. Pastes were prepared as per the measurement of standard temperature 

pasting properties. Triplicate samples of 5 g were stored at 4 °C for 14 days and water 

separated from the gels was removed every two days and weighed. Syneresis was 

calculated as the ratio of mass of water removed to the mass of the stored paste.  

Statistical analysis 

Data were analysed using GenStat 15th Edition (VSNi, UK). Statistical differences, 

where indicated, were analysed by ANOVA using Tukey’s HSD post-hoc test (p < 

0.05). The neighbour-joining comparison in Figure 6.8 and correlation matrix in 

Supplementary Figure 6.1 were prepared in Past 3.26 (Hammer et al., 2001) using 

Plantago WSF-containing samples only (control omitted). 

Results & discussion 

Interspecific variation in Plantago seed composition 

Variation in architecture of the expanded seed mucilage of the Plantago species 

studied here is shown in Figure 6.1. Ruthenium red is used to stain acidic 

polysaccharides at the periphery of expanded seed mucilage and is often used as a 
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diagnostic screening technique to estimate mucilage production capacity (Western et 

al., 2000; Phan et al., 2016; Tucker et al., 2017; Cowley et al., 2020). Here we show 

similarities in seed mucilage architecture of Australian native species that are likely 

due to their genetic relatedness (Figure 6.1A) (Phan et al., 2016, Cowley, Chapter 5), 

despite their distant and varied environmental origins (Figure 6.1B). 

We previously investigated the seed composition of twelve Plantago species in detail 

which included the eight species/accessions studied here. We showed that, in 

agreement with previous work (Davison, 1982; Romero-Baranzini et al., 2006; 

Mohamed et al., 2011; Ziemichód et al., 2018), Australian Plantago species are rich in 

protein and fats and have a substantial mannan-rich endosperm, and that a great deal 

of natural variation occurs in the composition and properties of the seed mucilage 

(Cowley, Chapter 5). We described the monosaccharide composition of mucilage 

fractions obtained (Cowley, Chapter 5) using a published fractionation method 

(Cowley, Chapter 3) (Cowley et al., 2020) and discussed the potential implications for 

functionality. A summary of the fractionation profiles and arabinose to xylose ratio (AX 

ratios) of the species studied here from Cowley, Chapter 5 are summarised in Table 

6.1 along with that of the total seed mucilage extract from these species. The total yield 

of mucilage varied between species studied here, where P. lanceolata had a 

particularly low yield (7.55% w/w) and P. ovata had the highest yield (23.84% w/w) at 

over three times higher. The remaining species had a minimum of 14.62% w/w 

mucilage with a mean yield of 17.75% w/w. Plantago species also have differences in 

mucilage extractability, represented by the ratio between yields under extraction 

conditions of differing harshness (Cowley, Chapter 5). Guo et al. (2008) described that 

psyllium gum was comprised of differentially-extractable fractions and Yu et al. (2017) 

attributed this to increasing substitution complexity and subsequent stronger 

intermolecular interactions. The composition of extracted seed mucilage fractions of 
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the Plantago species studied was investigated by monosaccharide profiling where it 

was confirmed that heteroxylan comprises the major polysaccharide in mucilage of all 

species. However, the average level of backbone substitution, estimated from the AX 

ratio in total extracted mucilage, varies substantially (Table 6.1). P. ovata had an AX 

ratio of 0.27:1, close to that reported previously (Guo et al., 2008; Phan et al., 2016; 

Yu et al., 2017). The average AX ratio was lower in P. major (0.14:1) and P. lanceolata 

(0.15:1) but higher in P. bellidioides (0.28:1), P. cunninghamii (0.31:1), P. turrifera 

(0.36:1) and P. debilis (0.43:1). These data suggest that heteroxylan from these 

species are structurally different from one another and that those from P. bellidioides, 

P. cunninghamii, P. turrifera and P. debilis are more heavily substituted than P. ovata. 

These differences were further highlighted when the mucilage was differentially 

extracted which shows even greater variation in the AX ratio. This variation 

corroborates previous studies that show that heteroxylan substitution (AX Ratio) 

increases with resistance to extraction and has a strong influence on the functional 

properties of the mucilage (Guo et al., 2008; Yu et al., 2017; Cowley et al., 2020; Ren 

et al., 2020d), and by extension in the whole seed flour of which it is a fraction.. 

Pasting properties of rice flour and rice starch blended with Plantago WSF 

A pre-dispersed suspension of Plantago flour at the equivalent 4% addition level and 

in the absence of rice flour (RF) or starch (RS) showed negligible changes in viscosity 

using the starch RVA analysis settings (Figure 6.2). Demucilaged WSF flour addition 

also caused negligible changes to the pasting profile (Figure 6.2) of RF confirming that 

the mucilage is the most functional component in these experiments (Figure 6.2). The 

effect of a 2% and 4% addition of whole seed flour (WSF) of eight Plantago species 

had significant and varied effects on the pasting profile of RF (Figure 6.3 and Table 6. 

2) and RS (Figure 6.4 and Table 6.3).  
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Pasting Temperature 

No viscosity was detected in RF suspensions until after sustained heating, typical of a 

dilute starchy suspension (Tester & Morrison, 1990). Once the starch granules begin 

to swell, their effective volume is increased, and the paste viscosity increases markedly 

(pasting temperature). In this study, a temperature of 88.95 ºC was required for pasting 

to begin in RF and 91.55 °C for RS, similar to some previous findings (Wang et al., 

2000), though pasting temperature varies substantially between flours and starches 

according to factors like suspension concentration, particle size and amylose content 

(Ahmed & Thomas, 2017). The onset of pasting can also be advanced or retarded in 

various ways by the presence of hydrocolloids (Shi & BeMiller, 2002).  

The influence of Plantago mucilage polysaccharides on the pasting of RF has been 

seldom studied and where present has been limited to the commercially available 

species, P. ovata (psyllium gum). Cappa et al. (2013) studied the influence of blends 

of psyllium and sugar beet fibres on the pasting of a commercial gluten-free bread 

mixture and found that blends with a larger psyllium proportion reduced the pasting 

temperature but the effect was slight (~2 °C). Mancebo et al. (2015) reported a similarly 

small effect when studying the effect of psyllium and hydroxypropylmethylcellulose on 

RF-based gluten free bread and dough qualities. We corroborate these findings as at 

the 2% addition level, WSF of P. ovata along with P. lanceolata and P. major did not 

significantly change the pasting temperature of rice flour and at the 4% addition level 

that change was significant but only slight (<2.5 ºC) (Table 6.2). By contrast, blends 

containing both 2% and 4% additions of WSF of P. cunninghamii, P. turrifera, P. 

bellidioides and P. debilis substantially decreased the temperature at which the 

suspension viscosity markedly increased (>12 °C) (Table 6.2). The effect of these 

WSFs on the pasting onset can be described as two-stage swelling where a smaller 
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peak or shoulder precedes the primary pasting peak. Since early amylography studies 

it has been observed that hydrocolloids enhance the initial swelling of starch granules 

(Crossland & Favor, 1948; Goering & Schuh, 1967). It has been found that starches 

and flours heated in suspensions containing hydrocolloids like carboxymethylcellulose, 

xanthan gum, guar gum, or locust bean gum swell rapidly and earlier in the heating 

period due to direct hydrocolloid-starch interactions. Bean and Yamazaki (Bean & 

Yamazaki, 1978) found that carboxymethylcellulose caused an increase in first-stage 

granule swelling. Christianson et al. (1981) concluded that the initial stages of granule 

swelling were magnified in media containing xanthan gum, as viscosity was much 

higher and thus more work was required to move slightly swollen starch granules past 

one another, later corroborated by Sullo and Foster (2010). In our samples, this effect 

is likely as the magnitude of first stage swelling is mostly dependent on the addition 

level of Plantago WSF (ergo viscosity), but the time of peak initiation time remains 

constant. Studies have also since concluded that many hydrocolloids can interact 

directly with small quantities of amylose leached during the initial stages of starch 

granule swelling, further enhancing and hastening the onset of pasting (Liu et al., 2003; 

Díaz-Calderón et al., 2018). We corroborate this finding as the effect was also seen 

when blending Plantago WSF with purified RS (Figure 6.4), and the magnitude of the 

effect correlated with Plantago species, with reduced RF pasting temperature (Figure 

6.3) showing that this phenomenon was also at play. In RS, a purer and more easily 

influenced system, P. ovata did significantly reduce  pasting temperature (~14°C) but 

the effect was substantially greater for the species P. cunninghamii, P. turrifera, P. 

bellidioides and P. debilis  (~20 °C) (Table 6.3) echoing the same trend and influence 

seen on RF. Interestingly, while P. coronopus only slightly reduced the pasting 

temperature of RF compared to the four aforementioned species, the effect was 

substantially greater in RS, comparable to P. cunninghamii or P. bellidioides. We 
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suggest the two-stage pasting seen in RF, along with the significantly decreased 

pasting temperature in both RF and RS blends, with P. cunninghamii, P. turrifera, P. 

bellidioides and P. debilis WSF is synergistic based on two effects. We conclude that 

structural characteristics shared by seed mucilage of these species allow it to interact 

directly with small amounts of amylose leached during the first stages of granule 

swelling, thus hastening pasting (peak time is also reduced). This effect is further 

magnified by the excellent water holding abilities of the mucilage, viscosifying the 

continuous phase to a greater extent than other species and allowing normally 

undetectable first stages of granule swelling to become exponentially magnified.  

Peak Viscosity 

Plantago WSF significantly increased the peak viscosity of RF (Table 6.2) and RS 

(Table 6.3) to varying degrees. In RF blends containing P. ovata, P. lanceolata and P. 

major, the magnitude of the increase of peak viscosity is roughly proportional to the 

addition level (Figure 6.3), while for P. coronopus, P. cunninghamii, P. turrifera, P. 

bellidioides and P. debilis, the increase from the control is significant but there is little 

difference between addition levels (Table 6.2). However, in purified RS blends 

containing Plantago WSF the magnitude of peak viscosity increase was roughly 

proportional to the addition level in all species (Figure 6.4) suggesting that the purified 

RS is more easily influenced. It is possible that non-starch polysaccharides are still 

present in RF leading to generally more substantial changes in purified RS. P. 

lanceolata had minimal effect on either material increasing peak viscosity by 7.4% at 

most (4% addition to RS).  

For RF, the 4% addition of P. major WSF caused the greatest increase in peak 

viscosity (32% increase from control). For RS, P. major also caused a significant 

increase in peak viscosity (25% increase) but much greater effects were seen with 
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Australian native Plantago species on RS than RF. P. debilis caused the greatest 

increase in peak viscosity of RS at the 4% addition level (36% increase) with P. 

cunninghamii, P. turrifera and P. bellidioides causing ~30% increases. Increases in 

peak viscosity of starches in the presence of various hydrocolloids are consistently 

reported (Christianson et al., 1981; Bahnassey & Breene, 1994; Liu et al., 2003; Song 

et al., 2006; Mudgil et al., 2016; Díaz-Calderón et al., 2018). The peak viscosity of 

starchy gluten-free bread mixtures blended with psyllium and sugar beet fibre were 

found to be higher in blends favouring psyllium (Cappa et al., 2013). Similar but less 

significant effects were reported later when studying psyllium only (Mancebo et al., 

2015). Cappa et al. (2013) and Mancebo et al. (2015) attributed pasting viscosity 

changes of P. ovata mucilage (psyllium gum) to its strong water-binding capacity. 

Christianson et al. (1981) explained that hydrocolloids with strong water-binding (like 

psyllium) could thicken the suspension and enhance the forces exerted on the starch 

granules, increasing the paste viscosity. Sullo and Foster (2010) concluded that the 

behaviour of starch-hydrocolloid blends was not only dependent on the behaviour and 

viscosity of the starch and hydrocolloid separately, but also how they interact with one 

another. The water-holding capacity of the Plantago WSF polysaccharides will 

probably increase the effective concentration of starch granules and also promote 

starch-starch interactions (Sullo & Foster, 2010). However, this effect does not exclude 

others and it is likely that a composite effect is at play where both starch-starch and 

starch-hydrocolloid interactions contribute. It is known that interactions between 

hydrocolloids and granule-exuded amylose could hasten total amylose release and 

synergistically lead to a marked viscosity increase (Christianson et al., 1981; Rojas et 

al., 1999; Lai & Liao, 2002; Freitas et al., 2003). Liu et al. (2003) corroborated similar 

effects but also reported that yellow mustard mucilage-amylose interactions 

simultaneously delayed peak viscosity by restricting granule swelling. It was also 
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reported that peak time can be delayed by the addition of xanthan gum (Weber et al., 

2009) and pullulan (Sheng et al., 2018) as it physically restricted granule swelling. In 

our study we did not observe low pasting temperatures with delayed peak viscosity in 

RF or RS as was reported earlier. In fact, at the 4% addition level, peak time was 

advanced with most Plantago species (Figure 6.4) suggesting that the hastening of 

amylose leaching outweighed any granule swelling inhibition effect. We suggest that 

in addition to synergistic phase separation, the stimulation of granule swelling seen in 

the reduced pasting temperature and peak time of RF and RS is leading to more 

amylose being mobilised from the granule and increasing the peak viscosity. 

Trough and Breakdown Viscosity 

After peak viscosity is obtained, paste viscosity decreases due to the thixotropic 

behaviour of polymers aligning under shear stress (Fitzgerald et al., 2003). The 

minimum viscosity reached and the difference between this value and the peak 

viscosity are important indicators of the resistance of starchy networks to disintegration 

(Sun et al., 2014). In all RF and RS samples, trough viscosity was increased relatively 

linearly with addition level while a larger range of effects was seen in breakdown 

viscosities (Table 6.2 and Table 6.3). The breakdown viscosity was lowest in RF and 

RS samples containing P. cunninghamii (Table 6.2 and Table 6.3, respectively) 

indicating that these samples resisted disintegration and thixotropic viscosity loss 

(Heyman et al., 2014). Interestingly, Plantago species closely related to P. 

cunninghamii did not have the same effect and generally breakdown viscosity was 

substantially higher in these samples. We suggest that this is related to the hastened 

granule breakdown reducing the presence of granule ghosts that remain ungelatinized 

and occupy volume in the suspension (Debet & Gidley, 2007; Yuris et al., 2017). As 
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there is probably a proportional shift of granules to amylose released, samples with 

more amylose are more susceptible to thixotropic breakdown. 

Final and Setback Viscosity 

Final and setback viscosity describe retrogradation and associated gelation behaviour 

and are often used to describe the firmness and structure formation of cooked starches 

as they cool (Fitzgerald et al., 2003). A large suite of changes to the retrogradation and 

gelation behaviour of RF and RS upon the addition of Plantago WSF can be seen in 

Figure 6.3 and Figure 6.4, respectively. P. lanceolata had no significant effect on the 

final or setback viscosities of either material. For RF samples containing P. ovata and 

P. major WSF, increases in the final and setback viscosities were roughly proportional 

to the addition level. For RS blends, this effect was only carried across in P. major 

samples as P. ovata WSF showed significantly less impact on the pasting of RS 

compared to RF. When blended with both RF and RS, the remaining Plantago species 

displayed significant but reproducible noise during the final stages of cooling (<40 °C) 

obscuring the true values of final and setback viscosities. However, noise at this time 

is explained by gelation occurring. Under the shear stress of the RVA paddle, the newly 

formed gel breaks and reforms continuously leading to the significant variation in 

paddle torque obscuring the true viscosity (Lai et al., 2000). This effect has previously 

been seen when non-starch polysaccharides (mostly wheat arabinoxylan) were added 

to wheat starch (Sasaki et al., 2000) and high concentrations of psyllium gum were 

added to maize starch (Belorio et al., 2020). It was concluded that the highly swollen, 

extensively leached starch granules occupied a greater volume in these samples and 

concentrated the non-starch polysaccharides and leached exudates leading to greater 

intermolecular interactions which affected the viscoelasticity of the composite paste 

and led to gelation, also seen by Bahnassey and Breene (1994). Here, the extent and 
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intensity of noise during retrogradation of RF, and thus the extent of gelation, is both 

addition level and species dependent with similar trends seen for RS. There appears 

to be a connection between breakdown viscosity and the extent of gelation. P. 

cunninghamii samples showed breakdown resistance while other Australian natives 

were less resistant and likely enhanced the leaching of amylose into the continuous 

phase. It is likely that amylose leached from swollen granules by interaction with 

Plantago WSF polysaccharides (indicated by decreased pasting temperature, 

decreased peak time and increased peak viscosity) and changes to granule 

disintegration (shown by large breakdown values) lead to more molecules available to 

interact as the paste cooled (Weber et al., 2009). Hastened gelation has been found 

to be a function of increased amylose in the continuous phase leading to more 

synergistic amylose-amylose and hydrocolloid-amylose interactions (Huang et al., 

2007). A similar compounding effect has been reported between extensively leached 

amylose and increasing concentrations of a complex polysaccharide from Mesona 

chinensis (Yuris et al., 2017). The polysaccharide was reported to interact with exuded 

but granule-bound amylose molecules and form a dense three-dimensional interlinked 

network between the polysaccharide, amylose and granules. These concentration-

dependent strong gels are consistent with those generated during the retrogradation 

phase in the presence of Australian native Plantago WSF. Compared with changes to 

the peak, trough and breakdown viscosities of RF and RS upon the addition of P. 

cunninghamii, P. turrifera, P. bellidioides and P. debilis WSF, changes to the 

retrograding paste properties were substantial. BeMiller (2011) explained that the 

stronger influence on final and setback viscosities is due to entropic changes in the 

polymers of the continuous phase which form exponentially more and more 

interactions until a threshold passes and gelation rapidly occurs (Yuris et al., 2017). 
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Another possible mechanism for the significant change in viscoelastic properties in 

these samples is temperature-dependent phase separation. It has previously been 

reported that hydrocolloid-starch systems can phase separate in a temperature-

dependent manner and lead to hastened gelation (Kim & Yoo, 2006; Ptaszek & 

Grzesik, 2007). We suggest that this effect is also a possibility and that strong gel 

network formation and separated phases may be operating synergistically. 

Atypical peak in P. ovata  

An atypical peak appears consistently in samples (~85 °C) containing P. ovata WSF 

during cooling within the trough viscosity region prior to retrogradation (Figure 6.3). In 

a review of the literature, analysis of pasting properties of starch-psyllium blends are 

rare (Habilla et al., 2011; Cappa et al., 2013; Mancebo et al., 2015; Belorio et al., 2020), 

with very few published RVA profiles, but Cappa et al. (2013) and Ren et al. (2020a,c) 

presented RVA profiles of psyllium husk-containing gluten-free formulations that 

exhibited the same atypical peak at roughly the same temperature (~85 °C). Additional 

peaks or ‘bumps’ have been reported previously where leached amylose aligns into 

lipid-associated crystalline helices that melted near 80 °C, exposing hydroxyl groups 

which immobilise free water, increase the effective concentration of the hydrocolloid 

and lead to a spike in viscosity. As the temperature dropped, the helices could not be 

maintained, the amylose reverted to random-coil formulation, and the viscosity spike 

diminished (Xu et al., 1992). Some hydrocolloids influence or enhance this 

phenomenon (Rojas et al., 1999). We found high concentration blends of purified RS 

and purified psyllium gum (both with minimal lipid content) could still produce the 

atypical peak (data not shown) so we suggest that in place of, or in addition to, an 

amylose-lipid complex, a transient amylose-psyllium gum complex is forming. It is 

possible that within this temperature range both amylose and psyllium polysaccharides 
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become only temporarily compatible. This phenomenon is not seen in WSF of any 

other Plantago species suggesting that psyllium is unique. It is also possible that the 

psyllium polysaccharide alone transiently adopts a different helical conformation with 

more exposed hydroxyl groups that only occurs at that temperature and so briefly 

changes the viscosity. As the temperature changes that conformation may return to 

the original form, returning the RVA profile to the expected shape. 

Standard vs High Temperature Pasting Parameters. 

Until recently, pasting studies have been temperature-limited to around 95 ºC to avoid 

artefacts as the temperature approaches boiling. There is an industrial need to assess 

the performance of starches at higher temperatures to determine their functionality 

under high temperature processing and how additives can influence this. Recently a 

new type of viscometer was released, RVA 4800, which is fitted with a sealed, self-

pressurizing (~100 psi) module that allows pasting properties to be measured up to 

140 ºC without boiling (Perten Instruments, 2018).  

In the RF sample studied, pasting temperature and peak viscosity was similar between 

samples pasted to 95 °C or 140 °C as these parameters occur below 95°C and slight 

differences observed were attributed to sensitivity differences between devices used 

(Figure 6.5). The factors that differed significantly between heating ranges were the 

trough viscosity, breakdown viscosity and final viscosity which occur during continued 

heating. The trough viscosity was significantly reduced in RF heated to 140 °C (1252 

cP), attributed to thixotropic breakdown of the starch network and possibly some 

thermal degradation (Liu et al., 2019). Due to starch comprising most of the 

suspension, the trough viscosities were similarly reduced in samples containing 

Plantago WSF (Figure 6.5). The behaviours of Plantago WSF-containing suspensions 
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at high heat are therefore presented as differences (Figure 6.6) between the influence 

on RF pasted to 95 °C and RF pasted to 140 °C (for methods for calculation) 

The difference in trough viscosity upon high heat was substantial in samples containing 

P. coronopus, P. ovata and P. major (Figure 6.6). In these samples, the trough viscosity 

was not significantly increased from the control at 140 °C upon the addition of either 

level of WSF indicating minimal improvements to granule or network heat stability. By 

contrast, the trough viscosity increases from the control in P. cunninghamii, P. turrifera, 

P. bellidioides and P. debilis formulations pasted to 140 °C was similar to when pasted 

to 95 °C (Figure 6.6). After standard temperature pasting (<95 °C), starch granules 

generally persist in dispersion as a swollen, hydrated shell called a granule ‘ghost’. 

The viscosity of starch suspensions after exudation is due partly to the effective volume 

that these granule ghosts occupy within the dispersion (Hongsprabhas et al., 2007). 

Debet and Gidley (Debet & Gidley, 2007) reported that the integrity of granule ghosts 

correlated with amylose content and thus the retention of amylose within or on the 

granule has often been associated with structural reinforcement, significantly reducing 

disintegration under shear stress (Biliaderis et al., 1997; Aguirre-Cruz et al., 2005). The 

same could be said of granule stability under high heat (> 130°C), which generally 

causes total granule disintegration from the melting of amylose double-helices (Debet 

& Gidley, 2007; Zhang et al., 2020). We suggest that total granule disintegration has 

occurred in all samples (due to heat, shear and advanced swelling) but thermostable 

three-dimensional gel networks may be present in the Australian Plantago WSF-

containing samples maintaining some structure and/or viscosity at such high heat. 

Further evidence for this is that after pasting to 140 °C, these samples maintained high 

final viscosity (Figure 6.5) and evidence of gelation (though much reduced from 

samples pasted to 95 °C) (Figure 6.5) while P. major addition appeared to not be 

thermoreversible as final viscosity in either addition level was not significantly 
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increased from the control (Figure 6.5). These data indicate that in samples containing 

P. cunninghamii, P. turrifera, P. bellidioides and P. debilis, the strong viscoelastic gel 

networks (seen as noise during retrogradation) are thermoreversible and the 

polysaccharides themselves are conformationally thermostable. 

Syneresis of rice flour gels 

The effects of a 4% addition of Plantago WSF on the structuring and storage stability 

of RF pastes was estimated through syneresis over a 14 day storage period (Figure 

6.7). By storage day 4, measurable quantities of water had been ejected through 

syneresis in the control, P. coronopus, P. lanceolata, and P. ovata pastes while 

remaining samples did not begin syneresis until day 6. Rates and magnitude of 

syneresis diverged substantially during storage where by day 14 of storage, RF had 

lost substantially more mass through syneresis than samples containing Plantago 

WSF (Figure 6.7B). Samples containing P. coronopus and P. lanceolata reduced 

syneresis by ~25%, P. ovata by ~40% and the remaining samples an average of 50%. 

The samples with the lowest syneretic mass loss (~50%) were also those with a two-

day onset delay. The presence of a network in these same samples means that the 

polysaccharides might have the ability to outcompete amylose resulting in fewer 

amylose-amylose interactions in favour of amylose-hydrocolloid interactions 

(Sudhakar et al., 1996; Liu et al., 2003). Fewer amylose-amylose interactions retards 

retrogradation improving product stability (Charoenrein et al., 2011). It is likely that the 

interactions between amylose and Plantago WSF polysaccharides seen in changes in 

the pasting profile of RF (Figure 6.3) are delaying the onset and reducing the 

magnitude of syneresis by creating phase continuity through a continuous network that 

resists the settling of particles and thus the migration of water to the surface of the gel. 

Higher viscosity and higher water-holding capacity will also further reduce mass lost 
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through syneresis (Lee et al., 2002). This effect is also likely in samples containing 

Plantago WSF which have strong water-holding and viscosifying abilities. 

Proposal for a new synergistic interaction model 

Mucilage polysaccharides and differences in their composition and content contribute 

to most, if not all, of the changes to the behaviour of RF and RS reported here. As 

demucilaged WSF and low mucilage-content P. lanceolata WSF led to minimal 

changes to all parameters tested, we confirm that mucilage polysaccharides in 

Plantago WSF are the functional component that alters the pasting properties of RF 

and RS. The remaining species had comparable yields of mucilage that were 

differentially extractable, likely as a result of structure-related intermolecular 

interactivities. Comparing the properties of P. ovata and P. turrifera or P. major and P. 

debilis (pairs with comparable mucilage content but different AX ratios) we suggest 

that substitution differences allow polysaccharides from Australian Plantago to form 

different synergistic interactions with starch exudates and/or other Plantago 

polysaccharides. When changes to the pasting properties seen in this study are 

presented in heat map form and clustered by genetic relatedness, we can hypothesise 

that the differences are a result of variation in polysaccharide structure (Figure 6.8). It 

is therefore likely that structural features shared between polysaccharides of Australian 

native Plantago species allow similar interactions with starch exudates during cooking. 

However, in this study we could not statistically correlate AX ratio with the properties 

described herein (Supplementary Figure 6.1) suggesting that structural influences are 

more complicated than can be represented simply by AX ratio and/or substitution 

complexity alone.  

Yu et al. (2017; 2018; 2019) defined Plantago ovata heteroxylan interactions as ‘mucin-

like’ where comb-like sidechain substitutions could interconnect to form gel-like 
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networks where the traditional backbone-backbone junction zone model of gelation 

(Burey et al., 2008) was not possible due to extensive substitution. We now build on 

this hypothesis and suggest that heteroxylans from varied Plantago sources are indeed 

highly substituted but have ‘blocky’ backbone substitution patterns with regions of high 

complexity unpatterned substitutions and regions of regularly patterned backbone. 

Blocky polymer structure has been identified in a number of polymer types and 

evidence shows that this has a strong influence on intermolecular associations and 

related functional properties (Abbaszadeh et al., 2014; Kool et al., 2014). In 

galactomannans with blocky structures, regions of bare backbone were concluded to 

interact directly with the helix of algal polymers in binary mixtures (Cairns et al., 1987) 

and form synergistic coupled networks. Similarly, differentially-extractable fractions of 

locust bean gum (a galactomannan) were found to have a variably blocky structure 

that allows them to form correspondingly variable backbone-backbone interactions 

with helical xanthan (Lundin & Hermansson, 1995). These models have generally 

defined ‘blocks’ of unsubstituted backbone as, logically, being essential to forming 

these heterotypic backbone-backbone interactions. However, recent evidence has 

now shown that plant polysaccharides like galactoglucomannan and glucuronoxylan 

are able to interact with helical cellulose polymers despite the interactive region of 

backbone not necessarily being unsubstituted (Busse-Wicher et al., 2016; Grantham 

et al., 2017; Yu et al., 2018a). Instead, dedicated regions of backbone with regular 

substitution patterns are able to adopt a two-fold screw conformation, where all 

backbone substitutions were located in the same plane exposing the backbone to form 

backbone-backbone interactions. The same hypothesis regarding backbone-

backbone interactions in the presence of high substitution had also been arrived at 

independently (Morris et al., 1981). Morris et al.’s ‘hyperentanglement’ model 

describes the same polymer interaction and was also supported when evidence of 
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these associations were found in highly substituted galactomannans including 

fenugreek gum which is almost entirely substituted (Goycoolea et al., 1995; Doyle et 

al., 2009). Importantly, recent microscopic and rheological evidence has now been 

reported that supports the homotypic interactions between highly-substituted P. ovata 

heteroxylan fractions (Ren et al., 2020d) and also heterotypic interactions between P. 

ovata heteroxylan and fibrillated cellulose (Ren et al., 2020b), presenting an 

opportunity to speculate on the existence of, as discussed by the authors, similar fold-

dependent backbone-backbone associations in highly-substituted heteroxylan-type 

polymers. 

Combining our data, recent findings from Ren et al. (2020b,d), and these models we 

now hypothesise that Plantago mucilage heteroxylans contain backbone regions that 

are helix-compatible and helix-incompatible. Compatible regions could form 

heterotypic coupled network interactions with amylose polymers while incompatible 

regions with high substitution are free to form the mucin-like homotypic interactions 

with helix-incompatible regions of other Plantago mucilage heteroxylans and/or 

possibly heterotypic interactions with similarly complex polymers like amylopectin. This 

interaction is proposed to be a modified version of the coupled network model defined 

by Cairns et al. (1987) (Figure 6.9D) and this new model is presented in Figure 6.9E. 

The complex substitutions within the helix-incompatible regions is still hypothesised to 

form the mucin-like interactions described by Yu et al. (2017; 2018; 2019) and the 

changes to the pasting onset and viscoelastic properties of the gels formed during 

retrogradation are a direct result of these complex synergistic interactions. We suggest 

that these interactions would neatly explain all the changes to the pasting properties 

observed. Interaction with amylose during initial granule swelling acts to advance 

granule leaching reducing the pasting temperature and altering the peak, trough and 

breakdown viscosities. After total granule leaching is achieved more amylose is 
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available to interact with Plantago mucilage heteroxylan which is then able to form 

further interactions (the nature of which are dependent on the complexity and/or 

regularity of substitutions) leading to the modified coupled networks which have 

different viscoelastic properties during retrogradation. The modified coupled networks 

have some heat resistance, resulting in minimal changes to trough, breakdown and 

final viscosities upon a novel high heat treatment (highlighting their potential in high-

temperature processing like retorting, jet cooking or extrusion). Finally, the substantial 

reduction in syneresis of RF gels suggests phase continuity in the modified coupled 

network, resisting separation and water loss during storage.  

Conclusions and Future Directions 

We conclude that natural variation in the composition of mucilage-containing seeds of 

Plantago species was sufficient to cause a suite of changes to the pasting of RF and 

RS. We present a hypothesis that the properties described here are a result of 

Plantago mucilage polysaccharides forming heterotypic interactions with amylose 

helices in ways similar to other polymers (Cairns et al., 1987; Lundin & Hermansson, 

1995; Grantham et al., 2017; Yu et al., 2018a; Ren et al., 2020b), in tandem with 

homotypic interactions with other Plantago mucilage polysaccharides. The recent 

evidence of polysaccharide-helical polymer associations makes this hypothesis highly 

compelling and such combinations of heterotypic and homotypic associations may 

have important practical implications for effective network formation in binary systems 

(Foster, 1992; Díaz-Calderón et al., 2018). The hypothesis will be probed further in 

future publications by employing microscopy of pasted mixtures to assess starch 

granule morphology changes and the contribution of phase separation, as well as more 

explicit structural and functional characterisation of WSF polysaccharides, perhaps 

through discrete fractionation techniques which have yielded great insight for P. ovata 
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(Yu et al., 2017; Ren et al., 2020d). Additionally, we highlight the utility of whole seed 

flour of myxospermous species as hydrocolloid replacements and show that they may 

be an untapped resource for selectively manipulating and altering the properties of 

starch-based food systems. We prove that by scrutinising relatives of a commercially-

relevant species like P. ovata, an orphan crop plagued by agronomic constraints, we 

can identify species adapted to grow in harsh Australian conditions that also have 

significant functional food crop potential. 
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Figure 6.1. A. Maximum-likelihood tree of internal transcribed spacer regions 

estimating genetic relatedness of Plantago species studied. Trends in expanded 

mucilage architecture as seen with ruthenium red staining correspond to genetic 

relatedness. Ruthenium red scale = 1 mm. B. Geographic origin of Australian Plantago 

species studied here. P. ovata is not known to occur in Australia. While naturalised in 

many places in Eastern Australia, the P. major sample studied here was commercially 

sourced. Map sourced from Google Earth earth.google.com/web 

Abbreviations: Pcor = P. coronopus, Plan = P. lanceolata, Pcun = P. cunninghamii, 

Ptur = P. turrifera, Pbel = P. bellidioides, Pdeb = P. debilis. 
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Table 6.1.  Yield and arabinose to xylose (AX) ratio of fractionated and total mucilage 

extracts from eight Plantago species. 

CWE = cold water extractable; HWE = hot water extractable; IAE = intense agitation 

extractable 

  

 CWE Fractiona HWE Fractiona IAE Fractiona Total 

Species 
Yield 
(%) 

AX 
Ratio 

Yield 
(%) 

AX 
Ratio 

Yield 
(%) 

AX 
Ratio 

Yield 
(%)a 

AX 
Ratio 

P. coronopus 5.34 0.31 6.94 0.57 4.13 0.68 16.41 0.53 

P. lanceolata 4.07 0.06 1.32 0.10 2.16 0.28 7.55 0.15 

P. ovata 7.40 0.22 6.26 0.28 10.18 0.36 23.84 0.27 

P. major 1.14 0.12 5.02 0.18 8.46 0.12 14.62 0.14 

P. cunninghamii 3.27 0.04 9.64 0.23 6.61 0.52 19.52 0.31 

P. turrifera 2.96 0.08 6.46 0.29 8.60 0.50 18.02 0.36 

P. bellidioides 2.62 0.18 5.80 0.22 8.77 0.43 17.19 0.28 

P. debilis 1.51 0.21 4.92 0.10 8.19 0.66 14.62 0.43 

aYield and monosaccharide data for fractionated mucilage (CWE, HWE, and IAE) and yield data for total mucilage was 
obtained previously in Cowley, Chapter 5 
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Figure 6.2. RVA (Rapid Visco Analyser) profiles of 9% rice flour (RF) suspension 

(black line), 9% rice flour + 4% P. ovata flour addition suspension (red line), 9% rice 

flour + 4% demucilaged P. ovata flour addition suspension (blue line) and 0.41% 

(equivalent to a 4% addition) P. ovata suspension (orange line). 
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Figure 6.3. Changes in the RVA (Rapid Visco Analyser) profile of rice flour upon the 

addition of WSF from eight Plantago species at 2% or 4% addition levels. 
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Figure 6.4. Changes in the RVA (Rapid Visco Analyser) profile of rice starch upon the 

addition of WSF from eight Plantago species at 2% and 4% addition levels 
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Figure 6.5. Comparison of RVA (Rapid Visco Analyser) profiles of rice flour 

supplemented with WSF from eight Plantago species at two addition levels (2% or 4%) 

heated to two temperatures (95 °C or 140 °C).  
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Figure 6.6. Difference plots of heat stability-related pasting parameters of rice flour 

upon a 2% or 4% addition of WSF from eight Plantago species. Difference parameters 

for each pasting parameter were calculated between the control (0%) and each 

addition level (2% or 4%) of each species at both RVA (Rapid Visco Analyser) 

temperatures. The values plotted are the difference between the calculated difference 

parameter of each addition level at 95 °C and 140 °C. Green upward triangle = increase 

in parameter after heating to 140 °C. Red downward triangle = decrease in parameter 

after heating to 140 °C. Values plotted are averages. Lines correspond to guide-to-eye 

only. Abbreviations: Pcor = P. coronopus, Plan = P. lanceolata, Pova = P. ovata, Pmaj 

= P. major, Pcun = P. cunninghamii, Ptur = P. turrifera, Pbel = P. bellidioides, Pdeb = 

P. debilis.  
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Figure 6.7. A. The effect of a 4% addition of WSF from eight Plantago species on the 

syneresis of 9% rice flour pastes over a 14 day period when stored at 4 °C. Lines 

displayed correspond to guide-to eye only. B. Statistical differences in the final mass 

of water lost through syneresis after 14 days of storage.  

Samples sharing the same letter are not significantly different (p > 0.05); values shown 

are means ± SD. 
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Figure 6.8. Clustered heat map allowing a generalised visualisation of the relationship 

between genetic relatedness and the changes to pasting-related qualities of rice flour 

upon the 2% or 4% addition of WSF from eight Plantago species. Each sample’s 

pasting parameter has been normalised to the control value (rice flour with no Plantago 

addition, a value of zero). The largest (positive or negative) change observed in a 

sample parameter was converted to its additive inverse and these positive and 

negative values were used as that parameter’s equidistant maximum and minimum 

respectively. † refers to values that were very inaccurate to the true value due to 

gelation-related noise. Dendrogram displayed is a neighbour-joining comparison of 

values in the heatmap and stratigraphically-constrained by order of genetic relatedness 

estimated from ITS sequences (Figure 6.1). Colour coding of the dendrogram 

corresponds to the geographic origin of each species.  

Abbreviations: Pcor = P. coronopus, Plan = P. lanceolata, Pova = P. ovata, Pmaj = P. 

major, Pcun = P. cunninghamii, Ptur = P. turrifera, Pbel = P. bellidioides, Pdeb = P. 

debilis. 
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Figure 6.9. Models describing five binary gel network structures that may describe the 

complex interactions between Plantago WSF polysaccharides and starch granule 

exudates that lead to changes in rice flour and rice starch pasting properties. A 

Secondary polymer-containing network B Interpenetrating networks C Phase-

separated networks D Coupled networks adapted from Cairns et al. (1987). E modified 

coupled network model proposed here.  

Abbreviations: HI = helix-incompatible region of Plantago heteroxylan. HC = helix-

compatible region of Plantago heteroxylan. 
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Supplementary Figure 6.1. Correlation study of Plantago mucilage traits (x-axis) with 

pasting qualities (y-axis). Significant correlations (p > 0.05) are denoted by dashed 

black boxes 

Abbreviations: CWE = cold water extractable mucilage; HWE = hot water extractable 

mucilage; IAE = intense agitation extractable mucilage; AX = arabinose to xylose; HT 

= high temperature RVA setting.  
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Supplementary Table 6.1.  Monosaccharide analysis of total extracted seed mucilage 

from eight Plantago species. Values are means ± standard deviation in %mol/mol. nd 

= not detected. 

 

 

 

 

  

 D-Man D-Rha D-GlcA D- GalA D-Glc D-Gal D-Xyl L-Ara 

P. coronopus nd 8.2 ± 0.5 nd 8.7 ± 0.3 7.5 ± 0.0 13.0 ± 0.1 40.8 ± 0.6 21.7 ± 0.2 

P. lanceolata 1.9 ± 0.0 5.8 ± 0.5 3.5 ± 0.0 6.6 ± 0.1 14.6 ± 0.6 10.9 ± 0.3 49.2 ± 0.2 7.4 ± 0.1 

P. ovata nd 2.9 ± 0.0 nd 3.3 ± 0.0 1.3 ± 0.3 2.9 ± 0.0 70.4 ± 0.6 19.0 ± 0.2 

P. major 0.8 ± 0.0 1.0 ± 0.0 5.3 ± 0.2 1.7 ± 0.4 10.2 ± 0.3 2.4 ± 0.0 69.3 ± 0.2 9.3 ± 0.1 

P. cunninghamii nd 8.7 ± 0.3 nd 3.7 ± 0.1 0.9 ± 0.4 0.7 ± 0.0 65.7 ± 0.6 20.3 ± 0.1 

P. turrifera nd 5.7 ± 0.0 nd 4.0 ± 0.2 1.5 ± 0.5 0.6 ± 0.1 64.9 ± 0.6 23.4 ± 0.1 

P. bellidioides nd 6.7 ± 0.4 nd 5.6 ± 0.2 0.9 ± 0.1 1.2 ± 0.5 67.1 ± 0.5 18.5 ± 0.2 

P. debilis nd 6.6 ± 0.0 nd 3.6 ± 0.1 7.0 ± 0.5 6.4 ± 0.0 53.4 ± 0.3 23.2 ± 0.1 
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CHAPTER 7 

Augmenting rice flour-based gluten-free breads with 

naturalised and Australian native Plantago seeds 
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Abstract 

The aim of this research was to assess the influence of natural variation in composition 

of mucilage-producing seeds of psyllium (Plantago ovata) and six of its relatives—three 

Australian naturalised (P. coronopus, P. lanceolata and P. major) and three Australian 

native (P. cunninghamii, P. turrifera and P. debilis) species—on the rheological, 

textural and physical properties of gluten-free (GF) dough and bread made from rice 

flour. With the exception of one species, doughs with a 4% addition of Plantago whole 

seed flour (WSF) had significantly increased elasticity (G’). Variation in dough physical 

properties were possibly due to differences in the loss tangent, relating to the dough’s 

extensibility/ability to flow, which was significantly improved in psyllium-containing 

loaves and even more so when WSF from two Australian species, P. cunninghamii and 

P. turrifera was added. Improvements to rheological properties of Plantago WSF-

containing doughs modulated the kinetics of dough growth during proofing and led to 

collapse resistance. Doughs which successfully proofed, produced GF breads with 

increased specific volume, improved crumb structure, and improved textural 

characteristics like springiness and cohesiveness which are generally lacking in GF 

formulations. Psyllium produced high quality doughs and breads but two Australian 

species, P. turrifera and P. cunninghamii, produced doughs with improved rheological 

properties and GF breads with greater volume, improved crumb structure and 

improved textural properties. Here we show the significant potential of Plantago 

species adapted to grow in the harsh Australian climate as new functional food crops.  
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Introduction 

Coeliac disease is a chronic autoimmune enteropathy triggered by ingestion of gluten 

proteins from wheat, barley and rye. Gluten-related immune responses in the digestive 

system trigger gastrointestinal irritation and inflammatory lesions, eventually leading to 

villi atrophy and associated malabsorption conditions (Green & Jabri, 2003). Currently 

the only effective treatment for the 1% to 2% of the population that suffer from coeliac 

disease and other gluten-related disorders is adherence to a strict, lifelong gluten-free 

(GF) diet (Anton and Artfield, 2008). From those following a GF diet, there is often a 

demand for GF versions of typically gluten-containing products, like baked goods, 

which must be enhanced with a suitable texture modifier to have consumer 

acceptance. As such, the market for GF products, and the texture modifiers required 

for their production, is ever-growing. 

Leavened breads are arguably the most difficult baked goods to create without gluten. 

In breadmaking, the entanglement of gluten proteins creates a mechanically-robust 

three-dimensional network (Shewry & Tatham, 1997; Tilley et al., 2001; Wieser, 2007) 

capable of trapping CO2 during leavening allowing a dough to rise effectively, giving it 

an airy yet robust texture essential to consumers (Haque et al., 1994). GF breads are 

unable to rise effectively and so have low volume,  a powdery or crumbly texture and 

high crumb hardness (Hager & Arendt, 2013). GF bread must therefore be augmented 

with ingredients and additives that can replicate the viscoelastic properties of gluten in 

order to produce products with satisfactory consumer appeal (Lazaridou et al., 2007). 

Non-gluten flours and purified starches are the most common base ingredients which 

are often combined with one or more hydrocolloids to strengthen and viscosify the 

dough (Anton & Artfield, 2008). The most commonly-used polymer for gluten 

replacement is hydroxypropylmethylcellulose (HPMC), a semi-synthetic derivative of 
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cellulose with excellent viscoelastic properties (Foschia et al., 2016). While HPMC is 

found in 40%–50% of GF breads, consumers tend to respond negatively to such 

synthetic hydrocolloids in the ingredient list (Horstmann et al., 2018), making natural 

polysaccharides, like those from plants, a more appealing alternative.  

Plant exudate gums like gum arabic are extruded from a point of stress (usually 

physical injury or fungal infection) and collected, and seed gums like guar or locust 

bean gum are chemically extracted from endosperm tissue (Izydorczyk et al., 2005; 

Pollard et al., 2008). These types of plant gums require processing and refinement, 

while another class of plant hydrocolloid—seed mucilage—simply extrudes from the 

wetted seed coat of some species in a process called myxospermy (Western, 2012). 

The most commercially significant seed mucilage is psyllium gum, which is milled from 

the seeds of Plantago ovata and used extensively as a dietary fibre supplement and 

more recently as a functional food ingredient (Madgulkar et al., 2014). Psyllium gum is 

predominantly a complex heteroxylan with a structure that has proven difficult to define, 

but the current data consensually define the polysaccharide as having a β-(1,4)-linked-

D-xylopyranose backbone, variably substituted at O-2 and/or O-3 positions with mono-

, di- and oligosaccharide substitutions of α-L-arabinofuranose and β-D-xylopyranose 

in various combinations and linkages (Fischer et al., 2004; Phan et al., 2016; Yu et al., 

2017). 

Psyllium gum is often used to replace gluten in GF baking. Haque et al. were the first 

to report that the fibrillar ‘weak gel’ network of psyllium gum (1993) was sufficient to 

support gas cell formation and facilitate proofing of GF bread (1994; 1994). This was 

later supported in work by others (Cappa et al., 2013; Mancebo et al., 2015; Fratelli et 

al., 2018). Fundamentally, the addition of psyllium improves workability of GF dough 

(Mariotti et al., 2009), likely as a result of improved rheological properties of the dough 
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that have also been reported (Collar et al., 2015; Mancebo et al., 2015). Zandonadi et 

al. (2009) showed that improved dough and bread qualities led to good acceptability 

of psyllium-containing GF breads in both coeliac and non-coeliac individuals. The 

overwhelming majority of these studies have focussed on purified psyllium gum, the 

production of which is less than optimal, as 75% of the seed is discarded after removal 

of the husk (containing the psyllium gum). Whole psyllium seeds contain 7.5 times 

more protein, less sodium, more minerals including zinc and magnesium, and 

beneficial compounds like acteoside and antioxidants - these are not present in the 

husk (Patel et al., 2016, 2019; Ziemichód et al., 2018). Plantago seeds also contain 

low molecular weight saccharides and mannan (Cowley, Chapter 5) which may have 

prebiotic and/or nutritional properties (Jonathan et al., 2012; Xing et al., 2017), and 

while nutritional studies using whole psyllium seeds are rare, one study found that 

psyllium seeds reduced serum cholesterol while the same effect not was seen with 

psyllium husk (Gelissen et al., 1994). The use of a whole seed Plantago flour, which 

contains the functional mucilage polysaccharides along with the beneficial 

phytonutrients, is a way to reduce waste, bolster a product’s nutritional profile, while 

improving its functional properties.  

Whole seed powders of myxospermous seeds are rarely seen in the literature as 

ingredients in GF bread. Flaxseed (Linum usitatissimum) and chia (Salvia hispanica) 

flour are the most reported. The incorporation of flaxseed meal has repeatedly been 

reported to increase specific volume and reduce hardness of GF baked goods (Pruska-

Kȩdzior et al., 2008; Ozkoc & Seyhun, 2015; Sung & Chai, 2017; Kumar et al., 2018; 

Ziemichód et al., 2020), while chia flour improves the mixing and thermal properties of 

GF flour (Moreira et al., 2013) subsequently improving quality and acceptability of GF 

breads (Steffolani et al., 2014; Sandri et al., 2017). To the best of our knowledge, the 

use of whole seed Plantago flour in bread has only been reported twice in the literature. 
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Pejcz et al. (2018) found that adding Plantago ovata (blond psyllium) and P. psyllium 

(dark psyllium) flour to wheat bread improved dough hydration and the antioxidant 

content but competition with gluten for water was observed. Ziemichód et al. (2018) 

reported that the addition of whole and ground P. psyllium seeds increased the specific 

volume of GF bread while P. ovata whole and ground seeds had no significant effect. 

These and all known studies using Plantago seed components—including purified 

gums—as ingredients in baking have been confined to P. ovata and occasionally, P. 

psyllium, providing an opportunity to study the suitability of the 200+ other members of 

the Plantago genus (Elliot & Jones, 1980). 

Phan et al. (2016) have reported significant diversity in the composition of seed 

mucilage of Australian native Plantago species. More recently, Yu et al. (2017, 2018) 

reported that for P. ovata, rheological differences in fractionated seed mucilage were 

a result of varied heteroxylan substitution patterns. Recently, we have studied seed 

composition in Australian Plantago species in more detail (Cowley, Chapter 5) and 

shown that differences in mucilage heteroxylan structure led to changes in the pasting 

properties of rice flour (RF) (Cowley, Chapter 6). Heteroxylan substitution-related 

rheological and starch pasting variation plausibly suggest differences in food 

functionality and thus the natural variation in heteroxylan reported by Phan et al. (Phan 

et al., 2016) and Cowley (Chapter 5) may be exploited in food technology.  

Here, we studied the impact on RF-based GF breads of the addition of whole seed 

flour (WSF) from commercial psyllium, P. ovata, and six of its relatives found in 

Australia: three naturalised, P. coronopus, P. lanceolata and P. major, and three 

Australian native species P. cunninghamii, P. turrifera and P. debilis.  
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Methods and materials 

Materials 

Rice flour (RF) was purchased from Doves Farms (United Kingdom). Caster sugar, 

table salt and sunflower oil were purchased from Sainsbury’s (UK) and yeast 

(Saccharomyces cerevisiae) was purchased from Allinson (UK). Seeds of seven 

Plantago species were grown to maturity as per Cowley (Chapter 5) to produce bulk 

seed. Seed was ground to flour using a MM400 Mixer Mill (Retsch, Germany) and 

graded to 0.5 mm. Dry ingredients and oil were stored dry at room temperature. Yeast 

was stored dry at +4 °C. 

Dough rheological properties 

Doughs used for rheological tests were prepared in triplicate at breadmaking 

formulation levels but excluding dried yeast. Viscoelastic properties of baking dough 

formulations were determined by dynamic oscillatory tests on a Physica MCR 301 

Rheometer (Anton Paar, Germany) using 25 mm serrated parallel plate geometry 

(PP25/P2) with a gap of 2 mm. Excess dough was trimmed and the newly exposed 

surface was coated in a thin layer of mineral oil to prevent moisture loss. Samples were 

rested for 500 sec. Oscillatory measurement of the storage (G’) and loss (G”) dynamic 

moduli was performed at 30°C (proofing temperature) within a frequency range of 0.6 

to 600 rad/s. The frequency sweep was performed at a constant strain of 0.02%, within 

the linear viscoelastic region which was determined previously by amplitude sweep 

(0.01–10 000% strain) (data not shown). The dynamic moduli, G’ and G”, were 

extracted at 1 Hz and the loss tangent (Tan δ) was calculated as the ratio between G” 

and G’. 

Dough proofing dynamics 
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Proofing kinetics were studied following Vidaurre-Ruiz et al. (2019) with modifications. 

Dough was moulded into a cylinder (Ø 22 mm) in the centre of a Petri dish. Cylinders 

were removed and the doughs were proofed in an incubator at 30°C for 85 min. Dishes 

were scanned (C7270i, Canon, Japan) prior to and after rest and every 10 min during 

proofing. Images were analysed using the measurement function of Photoshop CC 

2018 (Adobe, USA). Rest spread (RS) was calculated as the difference in dough 

circumference at 0 min and 10 min. Proofing changes are presented as the difference 

between the dough circumference at the time of measurement and after 10 min rest. 

Breadmaking 

The impact of additions of Plantago flour to baking quality of a RF-based GF bread 

was assessed with baking tests. The effect of Plantago flour alone was studied by a 

4% addition to a RF-based formulation based on work by Ren et al. (2020a) without 

other hydrocolloids or purified starches. The basic formulation consisted of 4 g of 

Plantago flour per 100g rice flour, 5 g caster sugar, 2 g table salt, 1.5 g dried yeast, 

120 g of water and 5 g of sunflower oil. Control breads were produced without the 

addition of Plantago flour. 

Doughs and breads were prepared at between two and four replicates (based on 

material limitations) and baking and subsequent analyses were performed within one 

day. 

Baking procedure 

Water and oil were added to the combined dry ingredients and mixed in a multi-speed 

tilt-head stand mixer (Chef Premier, Kenwood Ltd, UK) with a silicone-edged creaming 

beater (AT501, Kenwood Ltd) for 7 min at a constant speed. A 200 g amount of dough 

was transferred to a baking paper-lined multi-size (7.5 cm×7.5 cm×10 cm) anodised 
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cake pan (10034, Silverwood, UK). The pan was sealed with cling film to maintain 

humidity and doughs proofed at 30°C for 85 min in an incubator (KB115, Binder, 

Germany). Proofing of each dough formulation was monitored at the time of baking 

tests by placing a 10 g sample of dough into a measuring cylinder and proofed at 30 

°C for 85 minutes, recording the volume every 10 minutes. The change in dough 

volume is presented as the difference between the volume at the measurement time 

and the initial volume. 

Loaves were baked at 230°C for 40 min in a deck oven (Compacta, Tom Chandley, 

UK), then cooled to room temperature for 1 hr before measurements were taken.  

Bread qualities 

Bake loss 

Bake loss (water and CO2 released during baking) was recorded as the difference 

between dough weight and loaf weight. 

𝐵𝑎𝑘𝑒 𝐿𝑜𝑠𝑠 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑜𝑢𝑔ℎ − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑜𝑙𝑒𝑑 𝑙𝑜𝑎𝑓

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓𝑐𝑜𝑜𝑙𝑒𝑑 𝑙𝑜𝑎𝑓
 

Loaf volume and specific volume 

Loaf volume was measured as the displacement of a mass of rapeseeds of known 

density (Ren et al., 2020c). Specific volume was calculated as the ratio of the loaf 

volume to the loaf weight. 

Loaf imagery and crumb structure 

Loaves were sliced into 1.25 cm slices (four full slices, two crusts). The central slice 

surfaces were used for C-Cell imagery. Loaf crumb structure including cell diameter 
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and wall thickness was evaluated using the C-Cell Bread Imaging System (Calibre 

Control International Ltd., UK) as per the manufacturer’s standardised procedure. 

Crumb colour 

Crumb colour of the central slice surfaces were measured by colourimeter (ColorQuest 

XE, HunterLab, USA) as per the manufacturer’s standard procedure. To account for 

variation in darkness caused by bread porosity, five measurements were taken at 

random across the subsample and averaged for a single replicate. Values L* 

(lightness/darkness), a* (greenness/redness), and b* (yellowness/blueness) were 

obtained and the difference values between control and sample loaves (ΔL*, Δa*, and 

Δb*) and the total colour difference ΔE* (CIE 2000) were calculated using the 

ColorTools add-in for MS Excel (http://rgbcmyk.com.ar/en/xla-2/). Hue angle was 

calculated using the equation below (Fernandes & Salas-Mellado, 2017): 

Hue Angle (°) =  tan−1(
𝑏∗

𝑎∗
) 

The hue family was categorised based on the hue angle: 15 ± 7.5° = warm red; 30 ± 

7.5° = orange; 45 ± 7.5° = warm yellow; 60 ± 7.5° = mid yellow; 75 ± 7.5° = cool yellow. 

Textural properties of bread crumb 

A 30 mm cylindrical punch was used to remove a central representative subsample 

from each of the four slices for texture analysis. Crumb texture was assessed by 

texture profile analysis (TPA) using a texture analyser (TA.HDplus, Stable Micro 

Systems, UK) fitted with a 30 kg load cell and 100mm aluminium compression platen 

(P/100, Stable Micro Systems). Pre-test, test, and post-test speeds were 1 mm/s with 

a target of 65% strain. Hardness, springiness, chewiness and cohesiveness values 

were calculated by the standard TPA analytical macro. 

http://rgbcmyk.com.ar/en/xla-2/
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The TPA ratio was calculated as the ratio between all four TPA parameters. 

𝑇𝑃𝐴 𝑅𝑎𝑡𝑖𝑜 = (((𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 𝐶𝑜ℎ𝑒𝑠𝑖𝑣𝑒𝑛𝑒𝑠𝑠)/𝑆𝑝𝑟𝑖𝑛𝑔𝑖𝑛𝑒𝑠𝑠)/𝐶ℎ𝑒𝑤𝑖𝑛𝑒𝑠𝑠)⁄  

Moisture Analysis 

Moisture analysis was performed by weighing the two central crumb subsamples in an 

aluminium pan before drying at 105°C for 24 hours and weighing again. Moisture 

content was calculated as the difference between fresh weight and dry weight. 

Statistical analysis 

Data were analysed using GenStat 15th Edition (VSNi, UK). Statistical differences, 

where indicated, were analysed by ANOVA using Tukey’s HSD post-hoc test (p < 

0.05).  

Results & discussion 

Rheological properties of gluten-free doughs augmented with Plantago whole 

seed flour 

The variation in rheological dynamic moduli of GF doughs under frequency sweep are 

shown in Figure 7.1, while rheological parameters extracted at 1 Hz are shown in Table 

7.1. In all formulations, the storage modulus (G’) was greater than the loss modulus 

(G’’) regardless of frequency indicating solid-elastic behaviour (Figure 7.1). Similar 

behaviour was reported in GF formulations by others, especially those containing 

psyllium (Mariotti et al., 2009; Cappa et al., 2013; Collar et al., 2015; Mancebo et al., 

2015). At 1 Hz (Table 7.1), all species except P. lanceolata significantly increased 

dough elasticity (G’) with P. turrifera dough having the greatest increase from the 

control dough. These data correlate closely with visual appearance (data not shown) 
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where control and P. lanceolata doughs were runny with a batter-like consistency while 

the remaining formulations were elastic and dough-like. Psyllium gum may form 

synergistic interactions with starch forming a co-polymer network reinforcing the flour 

matrix (Mariotti et al., 2009; Collar et al., 2015) and significantly increasing G’ and G’’. 

We have previously reported new evidence of complex synergistic interactions 

between the mucilage of Plantago whole seed flour and RF amylose (Cowley, Chapter 

6). Species showing evidence of extensive synergistic interaction (atypical 

amylographic peaks (P. ovata) or viscoelastic gel formation during retrogradation (P. 

coronopus, P. cunninghamii, P. debilis and P. turrifera) were generally those with high 

G’ and G’’ further supporting the presence and effect of a co-polymer network on GF 

dough rheological properties. Differences in G’ between Plantago WSF-containing 

formulations were significant but moderate while differences in the loss tangent—Tan 

δ—representing the ratio between viscous (G’’) and elastic (G’) behaviour were larger. 

The loss tangent, Tan δ, was less than 1 in all formulations indicating gel-like 

behaviour. Control, P. coronopus, P. lanceolata and P. major doughs had similarly low 

values for Tan δ (<0.156), while P. cunninghamii and P. turrifera doughs had the 

highest value of Tan δ (>0.204). A loss tangent of 1 indicates a balance between solid 

and elastic behaviour. Doughs with high G’ and low G’’ (low Tan δ) are sensorially 

described as ‘stiff and snappy’ and are resistant to extension (Collar et al., 2015), often 

leading to mechanical failure under force (Weipert, 1990; Edwards et al., 1999). Dough 

extensibility is important in GF doughs as they often have low G’ giving a batter-like 

consistency, and the combination of low G’ and low Tan δ mean that dough will rise 

rapidly under the force of gas development but will succumb to shortness, lack of 

extensibility and will collapse (Weipert, 1990; Ronda et al., 2013). Therefore, a balance 

between G’ and Tan δ is likely required to ensure mechanical durability during proofing 

and baking. 
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Proofing behaviour of Plantago flour-augmented gluten-free doughs 

The behaviour of Plantago WSF-augmented doughs during proofing is shown in Figure 

7.2. Kinetic parameters of proofing were calculated by the change in dough area over 

time and the growth modelled using the Gompertz model (Tjørve & Tjørve, 2017; 

Vidaurre-Ruiz et al., 2019). The Gompertz model had good agreement with the 

experimental data (R2 = 0.983–0.999) showing it to be suitable to estimate kinetic 

parameters. 

When the mould was removed, doughs containing Plantago WSF changed in rest 

spread volume and proofed volume to different degrees (Table 2) dependent on the 

dough elasticity. Control and P. lanceolata doughs had low elasticity (low G’) and thus 

spread significantly, while in other Plantago WSF-containing doughs spread was up to 

75% less than the control. The amount of rest spread was negatively correlated with 

storage modulus (G’) (Supplementary Figure 1, r = -0.88, p = 0.003) showing that 

elasticity was impacting mechanical robustness. The maximum rate of growth (Vmax) 

estimated by the Gompertz model differs significantly between formulations. We found 

that Vmax was greatest in P. cunninghamii, P. turrifera and P. debilis and lowest in 

control and P. lanceolata doughs. These data show a strong negative correlation with 

rest spread (Supplementary Figure 1, r = -0.79, p = 0.021). This contradicts the findings 

of Viduarre-Ruiz et al. (2019) who found that their most fluid formulation (greatest rest 

spread) had the greatest Vmax. We suggest that in our doughs with high elasticity, the 

internal pressure from CO2 produced during proofing is higher in doughs that are not 

spreading so when internal pressure becomes sufficiently high, volume change is 

rapid. This also corresponded with the time to the inflection point of the growth curve 

(X) where the inflection occurred sooner as the growth rate was not dampened by the 

spread of the dough caused by the lack of elasticity. These similar effects are seen in 
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dough proofed vertically in a measuring cylinder (Supplementary Figure 7.2) where the 

volume of control and P. lanceolata doughs began to increase sooner and had a more 

gradual rate of increase compared to other formulations. 

The data obtained from the kinetic parameters agrees with data from vertically proofed 

doughs (Supplementary Figure 7.2). Many authors have concluded that if volume 

expansion was not controlled, either by controlling fermentation time or altering the 

rheological properties, the doughs will proof too rapidly and succumb to collapse under 

gravity (Lazaridou et al., 2007; Cappa et al., 2016; Mir et al., 2016; Kumar et al., 2018). 

The development of P. ovata, P. major, P. cunninghamii, P. turrifera and P. debilis 

doughs were successful with no substantial collapse during proofing, while control and 

P. lanceolata doughs had significant rapid collapse and P. coronopus had slight 

collapse.  

Plantago flour-augmented gluten-free bread quality evaluation 

The structure of GF loaves and their cellularity is shown in Figure 7.3. The control and 

P. coronopus loaves have a low, flat-topped profile indicating collapse during proofing, 

while the P. lanceolata and P. major loaves have a ‘horned’ appearance more 

characteristic of collapse during baking. P. ovata, P. cunninghamii, P. turrifera and P. 

debilis loaves all maintained high profiles with domed tops, however P. debilis loaves 

did show slight evidence of collapse-related bowing not present in P. ovata, P. 

cunninghamii or P. turrifera loaves. The high-profile loaves also had few holes and 

small alveoli, while the low profile and ‘horned’ loaves had substantial holes and large 

alveoli, particularly for P. major. Collapsed loaves also show evidence of alveolar 

coalescence having extensive alveolar border irregularity, again, particularly 

noticeable in P. major loaves. 
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The quality characteristics of Plantago WSF-augmented GF breads are presented in 

Table 7.3. Baking loss describes the dough mass lost as CO2 and water lost during 

proofing and baking and is a strong indicator of gas retention (Gan et al., 1990; Alvarez-

Jubete et al., 2009). In doughs with significant collapse, baking loss is high due to mass 

ejection of gases during the collapse event. The greatest baking loss was therefore 

seen in control, P. coronopus and P. lanceolata loaves which have evidence of 

significant collapse and low specific volume. The loaves that had no significant 

collapse, P. ovata, P. cunninghamii and P. turrifera, correspondingly had the lowest 

bake loss. Loaves containing Plantago WSF had significantly higher moisture content 

than the control, but moisture content was similar between formulations indicating that 

most of the baking loss was through ejection of CO2.  

Loaves containing Plantago WSF significantly increased the specific volume from the 

control. The increase in P. coronopus and P. lanceolata loaves was slight, while in P. 

ovata, P. debilis, P. cunninghamii, P. turrifera, and P. major loaves the increase was 

greater (Table 7.3). P. turrifera, P. cunninghamii and P. major loaves had the greatest 

specific volume, with these findings also being reflected in the actual volume of the 

loaves. It was previously reported that a 5% replacement of P. ovata did not 

significantly increase the specific volume of RF-based GF bread while P. psyllium WSF 

only slightly increased specific volume (Ziemichód et al., 2018). The differences 

reported here are attributed to formulation differences. Ziemichód et al. (2018) opted 

for replacement (5 g in 95 g of RF) compared to the addition (4 g in 100 g of RF) used 

in this study. Plantago seeds contain minimal starch (Phan, 2012) so the effect of 

reduction of starch is likely responsible. Differences in ingredients used are also 

possible. While both studies have used RF as a base ingredient, it is known that RF 

particle size differences can strongly influence the quality of GF bread (de la Hera et 

al., 2013). The differences in specific volume between Plantago species studied here 
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are likely due to structure-related differences in functional properties of the seed 

hydrocolloids. Plantago hydrocolloids are predominantly complex heteroxylan 

(Cowley, Chapter 5) (Phan et al., 2016) and functional differences in these types of 

heteroxylans are a result of physical entanglement and hydrogen bonding between 

side chains (Yu et al., 2017, 2018, 2019). We have previously reported significant 

differences in mucilage composition and content of the Plantago species studied here 

(Cowley, Chapter 5) and suggest that differences in specific volume correspond to 

dough reinforcement and network formation as a result of complex side chain 

interactions like that reported by Cowley (Chapter 6), Yu et al. (2017; 2018; 2019) and 

Ren et al. (2020d) 

Weak doughs are not only prone to gas movement out of the loaf but also within the 

loaf. Gas expansion in doughs with poor structuring can lead to coalescence of alveoli 

as the cells expand and intercalate combining their contents and wall content. This is 

a function of collapse during proofing, baking, or both and thus stronger doughs will 

resist this. Alveolar formation and coalescence can be observed through the average 

alveolar diameter of the crumb and thickness of intraalveolar walls (Table 7.3). P. 

cunninghamii and P. turrifera loaves had alveoli 29% smaller than the control while 

loaves containing P. major WSF had alveoli that were 36% larger. Coalescence leads 

to thickened walls between the already enlarged alveoli. The thickness of the 

intraalveolar walls is therefore correlated with their average diameter (Supplementary 

Figure 1, r = 0.77). The loaf with largest alveoli, P. major had the thickest walls while 

P. cunninghamii and P. turrifera with the smallest alveoli had the thinnest walls.   

Bread crumb texture 

Inconsistent or poor crumb structure leads to poor textural characteristics. The results 

of texture profile analysis (TPA) of the GF bread crumb are presented in Table 7.4. 
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Hard crumb is typical of poorly leavened GF breads and is perceived as staleness and 

thus unappealing, so low hardness is ideal. Crumb hardness was significantly 

increased from the control in all Plantago-containing loaves except P. turrifera and P. 

debilis. The moderate crumb hardness observed even in leavened loaves is likely an 

effect of the highly-hydrophilic Plantago mucilage (Cowley, Chapter 5) binding water 

and reducing the effective dough water content.  It has often been reported that GF 

formulations containing the highly-hydrophilic psyllium mucilage are particularly 

susceptible to this (Cappa et al., 2013; Mancebo et al., 2015; Fratelli et al., 2018). A 

more effective bread rise leading to dilution of crumb within the loaf area would 

ameliorate this effect creating a softer crumb even under insufficient hydration. This 

explains the non-significant change in hardness in P. turrifera bread, the loaf with the 

greatest volume (Table 7.3) and most effectively proofed structure (Figure 7.3). 

Furthermore, P. coronopus and P. major loaves exhibited the greatest hardness as a 

result of the most extensive collapse. Control and P. lanceolata loaves also had 

significant collapse but P. lanceolata WSF contains less mucilaginous polysaccharides 

than P. coronopus and P. major (Cowley, Chapter 5). P. coronopus and P. major 

loaves would therefore have a greater hydration deficit, in addition to extensive 

collapse, compounding the high hardness in comparison to P. lanceolata or control 

loaves. Furthermore, Demirkesen et al. (2014) reported a significant positive 

correlation between hardness and pore size (r = 0.87). In this study, we were unable 

to find a significant correlation between these factors (Supplementary Figure 1, r = 

0.43) but we suggest that the effects of porosity variation in collapsed loaves may have 

skewed the correlation as P. ovata and P. turrifera loaves were effectively proofed with 

small alveoli and also relatively soft texture compared to collapsed and large-pored 

loaves like P. major. 
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Gluten’s ability to form structure imbues a bread with mechanical robustness and 

subsequent positive textural traits like cohesiveness, springiness, and chewiness 

(Moore et al., 2004). As GF breads lack gluten’s internal cohesion they are prone to 

fracture and crumbliness and thus increased cohesiveness is desirable (Demirkesen 

et al., 2014). The addition of hydrocolloid(s) has the ability, to some extent, to replicate 

gluten-like structure within a GF bread (Lazaridou et al., 2007; Anton & Artfield, 2008). 

Psyllium is particularly effective as Ziemichód et al. (2018) reported that P. ovata WSF- 

and P. psyllium WSF-augmented GF breads had high cohesiveness. This agrees with 

this study where cohesiveness was significantly increased in all Plantago WSF-

containing formulations except P. coronopus, while springiness and chewiness were 

significantly increased in all Plantago WSF-containing formulations (Table 7.4). The 

greatest increases are seen in loaves containing P. major, P. cunninghamii and P. 

turrifera. The high level of cohesiveness, chewiness and springiness in P. 

cunninghamii and P. turrifera bread crumb is attributed to system structuring (Haque 

& Morris, 1994). We have previously reported that polysaccharides in P. cunninghamii 

and P. turrifera WSF have a strong gelling influence on starches during pasting due to 

their water affinity and probable synergism with granule exudates (Cowley, Chapter 6). 

In this study, we report corresponding data that P. cunninghamii and P. turrifera form 

GF doughs with high storage modulus (G’). The presence of gel-forming 

polysaccharides that reinforce the RF matrix would explain the high G’ along with the 

high cohesiveness, springiness, and chewiness in these samples. These factors follow 

effective proofing and resultant crumb structure. Demirkesen et al. (2014) reported 

significant negative correlation between pore size and cohesiveness and pore size and 

springiness in GF loaves. As a result of alveolar coalescence during rapid collapse, P. 

major loaves had large pores while effectively proofed P. cunninghamii and P. turrifera 

loaves had small pores (Figure 7.3 and Table 7.3). While we initially could not confirm 
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the strong negative correlation reported by Demirkesen et al. (2014), we suggest that 

porosity variation in P. major (large variation in pore size, Figure 7.3; large standard 

deviation, Table 7.3) was strongly influencing the correlation. Alveoli size at the top of 

the loaf is very large, while alveoli in the bottom section (where the subsamples for 

TPA were taken) are smaller and more regular. If P. major is excluded from the 

correlation study (or alveolar size from the bottom loaf half is used), we can corroborate 

Demirkesen et al. (2014)’s negative correlation between porosity and cohesiveness (r 

= -0.76) and porosity and springiness (r = -0.78). We do note that Demirkesen et al. 

(2014) used a lower strain (25% vs 65%) and thus likely had less deformation in their 

samples, however we suggest that the same principles apply and thus we agree that 

system structuring that allows gas retention during proofing and baking also imbues 

positive textural qualities to GF breads.  

We propose that the trade-off between loaf hardness, a negative attribute for bread, 

and positive texture attributes can be generalised in the ratio between TPA 

parameters, dubbed the TPA ratio, and can be used as a prediction of acceptability. 

While P. major loaves did have good cohesiveness, springiness and chewiness values 

(comparable to that of P. cunninghamii and P. turrifera), the proportion of loaf hardness 

raised its TPA ratio. Owing to modest hardness values, the TPA ratio was ultimately 

lowest in loaves containing P. cunninghamii and P. turrifera. These GF breads may 

have greater consumer acceptability due to a balance between textural characteristics. 

Bread crumb colour 

Table 7.5 shows the effect that adding Plantago WSF had on the perceptible colour of 

GF bread crumb. The polished white rice flour used is bright white in colour while the 

whole grain Plantago WSFs are various shades of brown (Supplementary Figure 7.3). 

Correspondingly, the addition of Plantago WSF darkened all formulations after baking 
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(ΔL* ≠ 0), though only significantly in P. coronopus, P. major, P. cunninghamii and P. 

debilis loaves. Addition of Plantago WSF significantly reddened the crumb colour (Δa* 

> 0) with the greatest change being seen in P. debilis, P. cunninghamii and P. ovata. 

The effect of Plantago WSF addition on Δb* had a wider range of effects than Δa* with 

formulations showing both yellow and blue tones (Δb* > 0 and Δb* < 0). Pejcz et al. 

(2018) reported similar changes in crumb colour when comparing psyllium husk and 

psyllium WSF as ingredients in wheat bread. They suggested that WSF significantly 

darkened and reddened the crumb due to higher levels of phenolic compounds that 

underwent enzymatic browning during baking. This was corroborated later by 

Ziemichód et al. (2018). We propose non-enzymatic browning like the Maillard reaction 

as an alternative or additional explanation since in other unrelated experiments (data 

not presented) we observed the most significant progressive darkening at 

temperatures >70 °C, well beyond the optimal temperature of polyphenol or catechol 

oxidase (Queiroz et al., 2008). Such Maillard reactions were proposed to darken 

mixtures of psyllium husk polysaccharides and protein in a previous study (Niu et al., 

2019). 

The value of ΔE* displays the total perceptible colour difference between the samples 

and the control while the hue angle is used to interpret the hue family to broadly class 

the crumb colour (Table 7.4). The crumb colour of P. turrifera was most similar to the 

control, also a cool yellow hue, while P. debilis was starkly different, a purplish warm 

red. This is interesting given that raw P. turrifera and P. debilis WSFs are similarly light 

in colour (Supplementary Figure 7.3). The stark difference between the two may reflect 

differences in phenolic or other oxidative pigment composition or Maillard reaction 

capacity. Depending on the product, the impact of colour change is not always 

negative. GF breads made from purified starches are lighter in colour than white wheat 

bread and thus natural ‘earthy’ colours from additives can be desirable (Gallagher et 
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al., 2003). It is also known that colours, particularly those perceived as natural, 

influence expectation of sensory experience and perceived and actual nutritional value 

and this may influence consumer acceptability (Stintzing & Carle, 2004; Wei et al., 

2012). 

Conclusions & future directions 

This study shows that whole seed flour from psyllium (Plantago ovata) and its near 

relatives, particularly those adapted to Australian conditions, have untapped potential 

as replacements for hydrocolloids in GF baking.  

The results presented here show that natural variation in mucilage content and 

structure are influencing the functionality of Plantago WSF in GF breadmaking. Our 

recent publication (Cowley, Chapter 6) has discussed an interaction between Plantago 

heteroxylan and starch granule exudates that create a synergistic coupled network 

altering the pasting profiles of rice flour and rice starch, and the viscoelastic properties 

of these pastes during cooking (Cowley, Chapter 6). These effects will be present 

during breadmaking when exudates are released from the granules but does not 

explain the viscoelastic changes in doughs before cooking when granules are still 

intact. Importantly, our model for the synergistic interactions between amylose and 

Plantago heteroxylan also includes heteroxylan-heteroxylan interactions which still 

occur in uncooked doughs (Figure 7.5). We hypothesise that within the dough, particles 

of Plantago WSF become hydrated and the mucilage becomes swollen, occupying 

intergranular spaces. The mucilage heteroxylan, remaining anchored to the WSF 

particles by the mucilage envelope, may begin to interact with heteroxylan from other 

WSF particles forming the mucin-like interactions described by Yu et al. (2017) (Figure 

7.5A). These interactions, along with occupation of intergranular space by the WSF 

particles, may act to reinforce the flour matrix leading to improved rheological 
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properties and proofing dynamics. A similar hypothesis, where psyllium’s competition 

for water prior to system heating synergistically increased rheological behaviour, has 

been reported (Ren et al., 2020b,c). Discrete differences in these properties are a 

result of interspecific differences in heteroxylan substitution and content and their 

associated interactivity (Cowley, Chapter 5 and Cowley, Chapter 6). The effect of 

mucilage content is at play, as we suggest that the minimal quality improvement in P. 

lanceolata-containing loaves is due, at least in part, to P. lanceolata WSF’s low 

mucilage content, a result corroborated in our previous publication (Cowley, Chapter 

6).  However, this cannot be the case when comparing P. turrifera, P. cunninghamii or 

P. debilis loaves to the commercial species P. ovata, as these species have 

significantly less mucilage but comparable or greater viscoelasticity. This is most 

evident when comparing P. turrifera and P. ovata, where the former has ~25% less 

mucilage yet produces more rheologically-robust doughs with greater 

flow/extensibility. The improved rheological properties of these doughs leads to higher 

quality GF breads. We suggest that more intermolecular interactions through greater 

heteroxylan complexity (Average AX Ratio = P. turrifera, 0.36:1 vs P. ovata, 0.27:1; 

Cowley (Chapter 6)) akin to that described by Yu et al. (2017; 2018; 2019) and Ren et 

al. (2020d) is likely involved. This hypothesis is further supported by the comparison 

of bread and dough quality between P. major and P. debilis, where the two species 

have the same yield of mucilage but markedly different AX ratios (Cowley, Chapter 5 

and Cowley, Chapter 6). We hypothesise that a higher heteroxylan substitution rate in 

Australian Plantago species would explain greater improvements to bread and dough 

qualities as a result of more complex heteroxylan-heteroxylan interactions. The 

heteroxylan-heteroxylan interaction hypothesis also complements our model (Cowley, 

Chapter 6) where we hypothesise that regions of Plantago heteroxylan are selectively 

compatible with helical polymers like amylose. When cooking begins and the starch 
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granules in the dough begin to gelatinise, the helix-compatible regions of heteroxylan 

are still free to form coupled networks with extruded amylose, further reinforcing the 

bread matrix during and after cooking (Figure 7.5B). Similar to this, it was previously 

observed that P. ovata heteroxylan and fibrillated cellulose became 

thermodynamically-compatible after heating, forming a different type of synergistic 

interaction to that prior to heat treatment (Ren et al., 2020b).  Plantago species that 

showed the strongest evidence of coupled networks (atypical amylographic peaks and 

gelation during retrogradation) (Cowley, Chapter 6) also generally have high dough 

and bread quality showing that heteroxylan from Plantago WSF may be influencing 

breadmaking in different ways both before and during cooking.  

While we are currently unable to precisely link particular structural motifs to favourable 

mucilage properties, future efforts will focus on more explicit structural characterisation 

and in-depth rheological analysis to decipher this further. Future work could also aim 

to optimise bread quality to commercial formulations by manipulating water content 

and proofing times.  

We conclude from this research that native Plantago species adapted to grow in the 

harsh Australian climate, particularly P. turrifera, have significant potential as new 

functional food crops. Furthermore, we demonstrate the untapped potential of natural 

variation in myxospermous plants for selectively manipulating food quality. 
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Figure 7.1. Variation in storage (G’, closed symbols) and loss (G’’, open symbols) 

moduli with frequency of Plantago flour-augmented rice flour-based gluten free 

doughs. The control dough is rice flour without the addition of Plantago flour. Plots are 

averages of three replicates. 
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Figure 7.2. Representative images of changes in dough volume during proofing of 

gluten-free bread doughs augmented with the addition of whole seed Plantago flour. 
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Figure 7.4. Model showing the hypothesised interaction between rice flour and 

Plantago WSF particle exudates that augments gluten-free breadmaking. A Before 

baking Plantago WSF particles (PF) absorb water and exude mucilage 

polysaccharides (red) which form homotypic interactions (arrowheads). Mucilage 

interactions between Plantago WSF particles and subsequent swelling reinforces the 

dough before cooking. B During cooking, starch breakdown in the rice flour particles 

(RF) causes amylose (blue) to be released which is free to form heterotypic interactions 

with helix-compatible regions of the Plantago WSF polysaccharides (arrows), forming 

a more complete GF loaf matrix. 
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Supplementary Figure 7.1. Correlation matrix of dough rheological and bread quality 

parameters. Parameters are grouped by analysis type. Pearson r coefficients are only 

shown for statistically significant correlations (p < 0.05). Grey cells are insignificant 

correlations  
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Supplementary Figure 7.2. Changes in vertical dough volume during proofing of rice 

flour-based gluten-free bread doughs augmented with Plantago flour. 
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Supplementary Figure 7.3. A. Visual appearance of the samples of rice and Plantago 

flour studied. B. Perceived pixel luminance of the flour samples measured using Fiji 

ImageJ 1.51. 
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Crude aqueous extracts from novel Australian Plantago 

flours increase viability of rat IEC-6 and human Caco-2 

intestinal epithelial cells 
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Abstract 

Plants of the Plantago genus occur worldwide and their seeds are frequently used as 

food and folk medicines. We recently showed that a number of Australian native 

Plantago species produce seeds that are highly nutritious, versatile food ingredients 

though little is known about their potential health benefits and safety. Using a mild 

aqueous extraction at human body temperature (37 °C), we have produced an extract 

from seed flour to determine the safety of these novel food ingredients in addition to 

some health-promoting properties. We used fluorometry, chromatography and 

antioxidant assays to characterise extracts from commercial psyllium, P. ovata, and 

three Australian relatives P. cunninghamii, P. turrifera and P. debilis. The extracts had 

antioxidant properties, were rich in minerals and protein and particularly high in soluble 

polysaccharides and oligosaccharides extracted from the seed endosperm and 

mucilage. To determine any potential cytotoxicity associated with the Plantago seed 

flours, we performed dose-response MTT cell viability assays on rat IEC-6 and human 

Caco-2 intestinal epithelial cells after treatment with the aqueous extracts. Using this 

technique, we found no evidence of cytotoxicity, even at high doses, and instead found 

that all extracts enhanced cell viability, with the extract from P. turrifera being the most 

effective (p < 0.05). We hypothesise that cell viability is enhanced through changes in 

cell death and/or proliferation, possibly due to the bioactive polysaccharides that are 

abundant in the extract. Further work will aim to identify what extract components 

promote cell viability in the way observed here and to characterise the underlying 

mechanisms.  
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Background 

Plantago is a diverse, cosmopolitan genus of plants from the order Lamiales. Due to 

their abundance, Plantago landraces are used widely in food and folk remedies 

(Samuelsen, 2000) but compared to the only commercially-grown species, P. ovata, 

generally little is known about their potential hazards nor are there clinical data 

supporting their health benefits. In experimental terms, this is often investigated by 

treating mammalian cells in vitro with extracts from medicinal plants and measuring 

the cytotoxic effects. Many cell lines are used for this purpose, but in testing novel food 

products, the ‘gold standard’ cell lines, IEC-6 derived from rat small intestine epithelium 

and Caco-2 derived from human large intestine epithelium, are used due to their 

enterocytic characteristics particularly at high confluence (Sambruy et al., 2001). Many 

studies find cytotoxicity when applying highly purified and concentrated extracts and 

previous studies on Plantago have relied on relatively harsh physical or chemical 

extraction techniques which may produce such toxin-enriched extracts. For example, 

solvent-based extraction techniques seem to enrich potentially cytotoxic compounds 

like polyphenolic compounds, flavonoids, terpenes and phenylethanoid glycosides 

from Plantago leaves and seeds (Gálvez et al., 2003; Velasco-Lezama et al., 2006; 

Beara, Lesjak, Cetijevic-Simin, et al., 2012; Beara, Lesjak, Or, et al., 2012; Harput et 

al., 2012; Kartini et al., 2014) in great excess of human digestive system-accessible 

levels. More recently, Huh7 human hepatocarcinoma and HeLa human cervical 

adenocarcinoma cell lines exhibited only mild cytotoxicity (compared to methanolic 

extracts) when treated with crude aqueous extracts from P. ovata seeds (Patel et al., 

2019). However, this aqueous extraction was performed in very hot water (90 °C), well 

beyond human body temperature (37 °C) again possibly producing a non-biologically 

relevant extract.  
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Here we developed a technique to produce an aqueous extract under more mild 

conditions than most previously reported methods, by using water at human body 

temperature (37 °C). While the traditional use of Plantago seeds by Australian 

Aboriginal and Torres Strait Islander peoples is documented (Low, 1988; Gott, 2006), 

their potential health benefits and safety are unknown. Therefore, the aim of this study 

was to identify health-promoting properties and determine any potential cytotoxicity by 

treating rat IEC-6 and human Caco-2 intestinal epithelial cells with aqueous extracts 

from seeds of four Plantago species (commercial psyllium, P. ovata, and three 

Australian native relatives, P. cunninghamii, P. turrifera and P. debilis) that we have 

previously shown to be nutritious and versatile food ingredients (Cowley, Chapter 5; 

Cowley, Chapter 6; Cowley, Chapter 7).  

Materials and methods 

Preparation of Crude Aqueous Extracts  

Mature Plantago seeds were grown and bulked from sources listed in Cowley (Chapter 

5) and milled to flour following Cowley (Chapter 6). Four grams of Plantago flour was 

extracted in 200 mL of deionized water at 37 °C on a heated magnetic stirrer for 3 

hours with moderate agitation. While still warm, the extracted mixture was added to a 

500 mL centrifugation bottle and debris was pelleted by centrifugation at 10000 rpm 

for 5 min (Beckman J2-21, US). The supernatant was carefully decanted from the 

pellet, homogenised in a water bath at 37 °C for 30 min, then poured into trays and 

frozen at -80 °C. Crude aqueous extracts were freeze-dried to a constant weight 

(Labconco Freezone 6, US). From duplicate extractions, yield was determined as the 

percentage of freeze-dried extract mass to initial mass of flour. For further analysis, 

extracts were pooled and dispersed at a concentration of 5 mg/mL (w/v) in deionized 

water for chemical analyses or sterile PBS (Life Technologies) for cell culture assays. 
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Monosaccharide Profiling 

Freeze-dried mucilage was dispersed in water at 2 mg/mL (w/v) and an 800 μL aliquot 

was added to 200 μL of 5M H2SO4 (final H2SO4 concentration of 1M) and hydrolysed 

at 100 °C for 3 h as per Phan et al. (2016). Monosaccharides released by acid 

hydrolysis were derivatised with 1-phenyl-3-methyl-5-pyrazoline (PMP) following 

Comino et al. (2013) and then separated by reversed phase high performance liquid 

chromatography (RP-HPLC) with modifications to the column and eluents listed in 

Hassan et al. (2017). Area under the peaks was compared to standard curves of 

mannose, ribose, rhamnose, glucuronic acid, galacturonic acid, glucose, galactose, 

xylose, arabinose and fucose (Wood et al., 2018). Monosaccharide profiles were 

determined from duplicate analyses. 

Protein Content 

Extract protein contents were determined fluorometrically by Qubit Protein Assay Kit 

(Invitrogen, US) in triplicate as per the manufacturer’s instructions. 

Mineral Analysis 

Ultra-trace element analysis by inductively coupled plasma-mass spectrometry (ICP-

MS) was performed on freeze-dried extracts and their source flour following Hofstee et 

al. (2019). A routine calibration standard set was run prior to samples with a spiked 

quality control run after every 6 samples followed by a wash step. All runs were spiked 

with 45Sc, 89Y, 115In, 159Tb internal standards to ensure recovery. Analysis was 

performed fee-for-service by the Perkins Pregnancy Research Laboratory (Griffith 

University, Australia) and data presented are the average of two technical repeats with 

minimal error. 

Mineral extractability was determined with the following equation: 
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Extractability (%)=
(CF×MF)

(CE×ME)
×100 

Where CF and CE refer to the mineral concentration in mg/kg in source flour and extract, 

respectively, and MF and ME refer to the mass in grams of flour used for extraction and 

recovered extract respectively. 

Antioxidant Assays 

Antioxidant properties of extracts were determined in triplicate by Ferric Reducing 

Antioxidant Power (FRAP) (Benzie and Strain, 1996) and DPPH Scavenging (Shi et 

al., 2012) assays, and related to the phenolic content as determined by Folin-Ciocalteu 

Assay (Ainsworth and Gillespie, 2007). 

Cell Culture 

IEC-6 (ATCC CRL-1592) and Caco-2 (ATCC HTB-37) cells were cultured in Gibco 

Dulbecco’s Modified Eagle Medium (DMEM; Life Technologies, US) with 10% Fetal 

Bovine Serum (FBS; Sigma, US) and antibiotics and antimycotics (Sigma, US). The 

cells were maintained in a 37 °C incubator with 5% CO2 in 75 cm2 flasks (Greiner Bio-

One, Austria) and the cells were washed and media changed every 72 hours. Cells 

were passaged to 7080% confluence and split at a 1:3 ratio by using Trypsin (Gibco, 

US) to dissociate the cells from the bottom of the flask. Viable cell counts were 

performed by trypan blue exclusion (Gibco, US) and counted by standard procedure 

with a haemocytometer on an inverted microscope (Olympus, Japan). 

Cell Viability Assay 

A dose-response cell viability assay was performed by a method adapted from Kumar 

et al. (2019). IEC-6 or Caco-2 cells were plated in flat-bottom 96 well plates (Corning, 

US) at a concentration of 1×105 cells/well in 50μL, then left for 24 hours to adhere to 

the plasticware. Extracts (5 mg/mL) were diluted to 500 μg/mL DMEM+FBS and then 
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two-fold serial dilutions were prepared (500, 250, 125 and 62.5 μg/mL). The extract 

treatments (50 μL) were applied to triplicate wells, and the plate was left to incubate 

for another 24 hours. A solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT; Invitrogen, US) was prepared in PBS to 1 mg/mL, filter-sterilized (0.22 

μm), and 50 μL was added to each well and the plate was incubated for a further 4 

hours. A 100 μL volume of dimethyl sulfoxide (DMSO; Sigma-Aldrich, US) was added 

to each well, the plate was covered in aluminium foil and agitated slightly on an orbital 

shaker for 15 min to extract the formazan product. Absorbance was read using a 

Multiskan Spectrum (Thermo Scientific, US) microplate spectrophotometer at 570 nm. 

The cell viability was calculated as a percentage of the vehicle control value: 

Cell Viability (%)= 
𝑎𝑏𝑠570 (sample)

𝑎𝑏𝑠570 (control)
×100 

Independent cell viability assays were performed on four separate passages. 

Statistical Analysis 

Statistical differences in antioxidant capacities were determined using GraphPad Prism 

8.4.0. Statistical differences were determined by ANOVA with Tukey’s Honestly 

Significant Difference post-hoc test (p > 0.05) and EC50 of DPPH radical scavenging 

was determined using the inhibitor vs normalised response model (variable slope) 

(Chen et al., 2013) with good agreeance to the experimental data (R2 = 0.89–0.99). 

Cell viability assay data were analysed using R version 3.6.1 (R Core Team, 2012). 

Marginal models were fitted using Generalized Estimating Equations, accounting for 

repeated experiments assuming an independence working correlation structure. Cubic 

splines were used to explore the non-linear dose-response relationship of 

concentration on cell viability. Separate marginal models were fitted with categorical 

concentrations to allow for comparisons to the vehicle control.  
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Results and discussion 

Preparation and compositional analysis of crude aqueous extracts from whole 

seed Plantago flours 

To reduce the chance of enriching cytotoxic compounds as is common with typical 

hydroalcoholic or high temperature extraction techniques, we recently developed a 

mild aqueous extraction method performed at human body temperature (37 °C) to 

isolate water-extractable constituents from seed flour (Barsby et al. unpublished). This 

extraction process is presented schematically in Figure 8.1 and its use generated a 

crude aqueous body temperature extract from P. ovata, P. cunninghamii, P. turrifera 

and P. debilis flour, hereafter referred to as POE, PCE, PTE and PDE, respectively. 

The efficiency of the extraction process varied between samples but PCE had the 

highest yield (26.4%) (Figure 8.1E). Yields were significantly lower than the most 

efficient extraction reported previously for this method (~40%, Barsby et al. 

unpublished) though this high yield from flaxseed (Linum usitatissimum) was possibly 

due in part to its mucilage being readily-extractable, which we determined previously 

(Cowley et al., 2020). By contrast, yields from the Plantago flours studied here were 

more similar to that of chia (Salvia hispanica) in the same study, a species also found 

to have difficult-to-extract mucilage (Muñoz et al., 2012; Segura-Campos et al., 2014; 

Capitani et al., 2015; Fernandes and Salas-Mellado, 2017; Cowley et al., 2020). 

To characterise constituents of the extracts, we have used protein, monosaccharide, 

and mineral profiling techniques (Figure 8.2). While crude plant storage proteins are 

not known to have bioactive properties, it was important to account for as much of the 

extract as possible and solubilised proteins were detected in all extracts (Figure 8.2A). 

Due to its water solubility (Shewry et al., 1995), the vast majority of the extracted 
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protein in Plantago extracts is likely to be albumin with a small globulin component 

possible in line with previous reports (Romero-Baranzini et al., 2006). 

As sugars, both low and high molecular weight, are generally highly 

soluble/dispersable in water it was hypothesised that they would comprise a large 

proportion of the extract mass. Monosaccharide analysis was performed to determine 

the sugar content and to make assumptions on their saccharide sources based on 

previous findings. Monosaccharides were the largest quantified constituent in the 

extracts, accounting for around half of the mass (Figure 8.2B). Monosaccharides 

detected in the extracts are highly consistent with known saccharides found in seeds 

of the species studied here (Cowley, Chapter 5) (Phan et al., 2016). The major 

polysaccharides in Plantago seeds are found in seed mucilage and endosperm cell 

walls. Monosaccharides associated with seed mucilage (rhamnose and galacturonic 

acid from pectin and xylose and arabinose from heteroxylan) accounted for between 

50% and 78% of quantified monosaccharides while those from endosperm wall 

mannan (mannose) accounted for at most 8.5% of quantified monosaccharides. This 

is consistent with the physicochemical properties of these two polysaccharide types 

where the endosperm mannan is structural and possibly crystalline giving it low 

solubility while the seed mucilage is highly hydrophilic. The remaining quantified 

monosaccharides, glucose and galactose, are consistent with highly-soluble low 

molecular weight reserve sugars found in these species (Cowley, Chapter 5) (Ahmed 

et al., 1965). 

Minerals are stored in seeds often as inclusions in bodies in the endosperm and 

embryo, positioned to rapidly mobilise during germination. Minerals primed for rapid 

mobilisation should be easily extracted by the technique used here and we report 

minerals to be present in the extracts (Figure 8.2A) at similar total levels (~3.5% w/w). 

Comparing mineral content of the extracts with their source flour allows some 
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estimation of their enrichment or extraction efficiency. In terms of absolute mineral 

concentration, 8 of 14 minerals measured were more concentrated in the extracts than 

the source flour (Figure 8.3A). Na, Mg, K and Ca are highly abundant cationic minerals 

and were well extracted by the technique used here, though we do note that greater 

than 100% recovery of Na was seen in some samples. This is typical of some 

contamination in the extraction water (Na is difficult to completely remove by filtering) 

and was exacerbated by the sensitivity of the quantification technique. This was 

particularly evident in P. turrifera where Na was not present in the flour but present in 

the extract, though at lower levels than other samples (Figure 8.3A). Essential minerals 

Fe, Co, Ni and Cu were generally higher in absolute concentration in the extracts which 

may boost the benefits of these nutrients. Recovery of Fe, Co, Ni and Cu was also 

generally good, varying somewhat between samples, but was consistently more 

efficient than Cr, Mn, Zn, and Mo which were lower in absolute concentration in the 

extracts than their source flour with very poor extraction efficiency (<15% recovery) 

(Figure 8.3B). Reasons underpinning the differences in mineral extraction efficiency 

are complicated but may be due to sequestration in phytin crystals locked in intact 

vacuoles (Otegui et al., 2002) and/or poor removal of mineral inclusions from 

protein/lipid bodies in the seeds (Prego et al., 1998). 

After these analyses we found that between 27% and 48% of the extract remained 

uncharacterised (Figure 8.2B). A similar gap in extract constituent identity was 

observed in our previous study (Barsby et al., unpublished), but 

identification/quantification was more complete here. As with previous work, we 

suggest that the unaccounted mass is likely to be comprised of water-soluble 

phytochemicals like C- and B-group vitamins and polyphenolic secondary metabolites, 

intact membrane-encapsulated protein bodies that are inaccessible to the fluorometric 

quantification used here, with a portion of unpelleted insoluble particulate matter likely. 
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Future work should aim to improve this extraction technique with greater biological 

relevance by employing a simulated peptic digestion at low pH and in the presence of 

enzymes, shown to be effective as an in vitro digestion model (Glahn et al., 1998).  

Antioxidant properties of Plantago flour extracts 

To determine any potential antioxidant properties, we employed three benchmark 

antioxidant assays (Figure 8.4). Polyphenolic compounds are major water-soluble 

plant antioxidants and their relative content in the extracts was determined by Folin-

Ciocalteu assay (Figure 8.4A). Phenolic content was highest in extracts from Australian 

native species. Phenolic content of all extracts was relatively low (less than 100 mg 

GAE/g) compared to extracts from vegetative and structural tissues of many species, 

but is within a typical range for seeds (Soong and Barlow, 2004) which are richer in 

other water-extractable components that may dilute the phenolic content in the extract. 

To determine the antioxidant action of the extracts, two different radical scavenging 

assays were employed. The ferric reducing antioxidant potential (FRAP) assay showed 

low antioxidant activity compared to ascorbic acid, the positive control (<0.2 vs ~20 

mmol Fe2+/g) (Figure 8.4B), however a study of 30 aqueous plant extracts found that 

FRAP capacity was always far lower than the positive control with a median value of 

1.54 mmol Fe2+/g (Dudonné et al., 2009), much closer to the values seen in this study. 

To complement the FRAP assay we tested the capacity of the extracts to scavenge 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals (Figure 8.4C). In this dose-response 

assay, we found the extracts to be effective antioxidants with even low doses exhibiting 

scavenging activity (~20%). By estimating the EC50 values using a mathematical model 

we showed that extracts from Australian native species (PCE, PTE and PDE) are 

between 35% and 48% more effective antioxidants than POE. 

To determine why the extracts appear to scavenge ferric and DPPH radicals differently, 

we analysed data from an extensive comparative study of plant-derived antioxidants 
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and related assays and found that while phenolic content, FRAP capacity and DPPH 

scavenging activity are strongly correlated, the correlation between FRAP and DPPH 

more frequently decoupled (Dudonné et al., 2009). This would indicate that the assays 

are differentially responsive to individual antioxidants. We corroborated these 

conclusions, finding that while FRAP was strongly correlated with phenolic content (r 

= 0.77), DPPH had no correlation (r = 0.12). It is possible that the FRAP assay is 

preferentially detecting the action of phenolic compounds in the extracts while DPPH 

scavenging is a broader antioxidant measure, and thus may account for antioxidant 

activity of polysaccharides that are enriched in the extracts. This would corroborate 

previous studies that found polysaccharides isolated from Plantago seeds have 

antioxidant capacity due to the high number of hydroxyl groups on the highly 

substituted backbone (Yin et al., 2010; Han et al., 2016; Niu et al., 2017).  

Effect of Plantago flour extracts on IEC-6 and Caco-2 Cell Viability 

Widely useful in cell biology, cell viability assays are often used to determine the 

cytotoxicity of a chemical or a mixture and are required as the first toxicological 

indication when introducing novel food ingredients or drugs (Stoddart, 2011). To 

provide an indication of any potential toxicity, we treated IEC-6 and Caco-2 cell lines 

with increasing concentrations of Plantago extracts and measured their viability by 

MTT assay (Figure 8.5 and Figure 8.6, respectively). Data presented here show that 

even the highest doses of Plantago extracts do not exhibit cytotoxic effects on IEC-6 

or Caco-2 cells. Cubic spline models were used to study the non-linear relationship 

between dose and cell viability and indicated that only one treatment significantly 

reduced cell viability from the vehicle control: the lowest dose tested, 62.5 μg/mL, of 

PDE on Caco-2 cells (Figure 8.6B). However, since for higher doses the statistically 

significant effect was lost, it is likely to be an artefact of the cubic (third-order 

polynomial) modelling on what may be a linear relationship i.e. no impact of PDE (or 
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POE) on viability of Caco-2 compared to the vehicle control.  The treatment of IEC-6 

cells led to a significant increase in cell viability in the highest two doses of all four 

Plantago extracts tested here. At the highest dose, 500 μg/mL, PCE and PTE 

increased cell viability by around 30% from the vehicle control, while increases from 

POE and PDE were statistically significant but more modest at around 8%. Changes 

in the viability of Caco-2 cells were smaller and only the highest tested dose, 500 

μg/mL, of PTE led to a statistically significant increase in cell viability (17% increase 

from the vehicle control). Patterns of the effect on cells were similar between both IEC-

6 and Caco-2 where PCE and PTE both exhibited a pronounced upward curve while 

POE and PDE models were flatter. It was found that there was a strong positive 

correlation (r = 0.81) between viability effects of each extract on both cell types. The 

comparable effect on both cell lines is not unexpected due to the biomolecular similarity 

of the two cell lines (both intestine epithelium-derived and exhibiting enterocytic 

characteristics) and a similar result was also observed in our previous study (Barsby 

et al., unpublished). 

After review of the literature, we hypothesise that several factors are contributing to the 

enhancement of cell viability, which are summarised in Figure 8.7. Two main factors 

can lead to increased cell viability: a decrease in cell death or an increase in cell 

proliferation.  

Cell death/apoptosis is often reduced when cells are protected against oxidative stress. 

Protection against induced oxidative stress by Plantago seed extracts has not been 

reported for any cell line in vitro but seed extracts from several species have been 

shown to have strong antioxidant properties linked to several constituents including 

phenolic secondary metabolites, minerals and polysaccharides (Yin et al., 2010; Ye et 

al., 2011; Zhou et al., 2013; Han et al., 2016; Niu et al., 2017; Patel et al., 2019). We 

identified that antioxidant minerals are present in the extracts in varying abundance 
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with iron and copper micronutrients particularly enriched in the extracts and possibly 

providing some oxidative protection (Hercberg et al., 2006; Kilari et al., 2010). Many 

polysaccharides are also well documented to protect against induced oxidative stress 

in vitro, however those from Plantago are seldom studied. Polysaccharides purified 

from Ganoderma and Hizikia mushrooms have been shown to reduce cell death by 

protecting against induced oxidative stress in IEC-6 cells (Choi et al., 2010; G. Jiang 

et al., 2018), an effect suggested to be linked to high polysaccharide substitution like 

that in Plantago (Yu et al., 2017). Given their abundance in the extracts (Figure 8.2A), 

it is also compelling that particular motifs like rhamnose and arabinose side-chains in 

polysaccharides from Aloe and arabinose side chains in heteroxylan from rice bran 

were found to be key to the protective effect against induced oxidative stress (Kang et 

al., 2014; Mendez-Encinas et al., 2019). Given the antioxidant capacity of the extracts 

(Figure 8.4), it is possible that a reduction in oxidative stress is involved in the increase 

in cell viability observed in this study. However, as oxidative stress was not specifically 

induced, we suggest that the enhancement of cell proliferation is the more likely 

candidate.  

A higher rate of cell proliferation means that more viable cells are produced and thus 

would lead to a higher cell viability measure. Several components that we have 

identified in the extracts could enhance cell proliferation. While a compound effect of 

multiple extract components is likely to be responsible, we hypothesise that extracted 

polysaccharides, particularly those derived from mucilage, play a key role as they 

comprise the largest part of the extract, they chemically vary substantially between 

species, and there are numerous indications in the literature of several bioactive 

properties. However, despite Plantago polysaccharides being relatively common 

dietary fibre supplements, we found no previous reports in the literature of the 

cytotoxic/proliferative effects of Plantago polysaccharides on any enterocyte cell lines 
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in vitro. In lieu of this, we have based our hypothesis on indications from studies of a) 

the effects of other polysaccharides on IEC-6/Caco-2 cells or b) the effects of Plantago 

polysaccharides on other cell types. Oral ingestion of polysaccharides extracted from 

Acmella oleracea was found to induce proliferation of rat enterocytes in vivo (Maria-

Ferreira et al., 2014), complemented by a follow-up study showing that purified, 

undigested A. oleracea polysaccharides still exhibited proliferative effects in Caco-2 

cells in vitro (Maria-Ferreira et al., 2018) potentially due to the activation of Toll-like 

receptors. A role for receptor activation was found in another study where proliferation 

was enhanced in Capsosiphon fulvescens polysaccharide-treated IEC-6 cells though 

the activation of the MAPK signalling pathway, a key pathway involved in cell 

proliferation. Polysaccharides from P. ovata seeds were not found to have significant 

cytotoxic effects on Vero green monkey kidney, HEp-2 human laryngeal, HeLa human 

cervical or HaCaT human skin cells (Deters et al., 2005; Kulkarni et al., 2005), all 

epithelial cell lines like IEC-6 and Caco-2, indicating no toxicity even at very high doses, 

in line with our findings. In fact, polysaccharides purified from Plantago seeds have 

been found to have proliferative effects on cells in vitro. From RNA analysis of activated 

signal pathways, it was found that aqueous extracts of P. ovata seeds (almost entirely 

composed of mucilage polysaccharides) could initiate the signal transduction cascade 

of keratinocyte growth factor (KGF) receptors in outer membranes and significantly 

increase the proliferation of HaCaT cells (Deters et al., 2005). Additionally, 

polysaccharides isolated from P. depressa and P. asiatica seeds increase proliferation 

and maturation of dendritic cells (Huang et al., 2014; Zhao et al., 2014; Hu et al., 2016) 

with this effect enhanced when the polysaccharides were modified by 

carboxymethylation (Jiang et al., 2014) or acetylation (L. Jiang et al., 2018) indicating 

that sidechains may be specifically interacting. Another study supported this by 

showing that the proliferation-enhancing effects of heteroxylan on a human enterocyte 
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line were masked when the polysaccharides were cross-linked, rendering the 

sidechains inaccessible (Mendez-Encinas et al., 2019). A specific role for 

polysaccharide sidechains may explain the differential effects on cell viability between 

the different extracts as the polysaccharides extracted vary most based on sidechain 

substitution patterns (Cowley, Chapter 5) (Phan et al., 2016; Cowley et al., 2020). This 

could indicate that motifs influencing cell viability are more abundant or more effectual 

in PCE and PTE polysaccharides (which enhance cell viability to a greater degree than 

POE or PDE) and future diagnostic purification and hydrolysis could aid in the 

investigation of this hypothesis. 

Conclusions and future directions 

By treating two intestinal epithelial cell lines in vitro with mild aqueous extracts from 

seeds of four Plantago species we show that the seeds are unlikely to be toxic and 

may in fact provide gastrointestinal health-promoting benefits. Extracts from P. 

cunninghamii and P. turrifera flour were found to significantly increase cell viability of 

IEC-6 cells by around 30% and Caco-2 cells by around 15%. We hypothesise that 

several components in the extracts may have combined or even synergistic effects 

with highly-substituted polysaccharides from the seed mucilage possibly playing a key 

role in enhancing cell proliferation or protecting against oxidative stress. These 

activities could be confirmed through cell proliferation assays and imaging/marker 

analysis of cells with chemically-induced oxidative stress, respectively. Future work will 

aim to chromatographically purify these polysaccharides and subsequently treat cells 

to confirm their hypothesised role in enhancing cell viability while selective enzymatic 

hydrolysis of side chains may reveal which motifs have bioactivity. Similarly, diagnostic 

separation of other extract constituents is also possible and may unravel their roles in 

what are likely to be a complicated mix of bioactivities.  
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Figure 8.1. Schematic diagram of crude body temperature aqueous extract 

preparation. A. Whole, unextracted seeds are B. ground (gr) to flour. C. 5 g of seed 

flour was extracted in body temperature (37 °C) water for 3 h with intense mixing. D. 

Debris was pelleted by centrifugation and the aqueous extracts were decanted and 

dried. E. Dried extracts were weighed and compared against the starting material to 

determine the extract yield (mean ± SEM).  
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Figure 8.2. Summary of extract composition. A. Extract protein, monosaccharide, and 

mineral profiles. Values presented for protein and monosaccharide content are 

averages ± SEM while minerals are averages only (small error between technical 

repeats not shown). ND = not detected. B. Stacked graph summarising the quantified 

components in the extracts.   
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Figure 8.3. Mineral profiling comparing extracts to their source flour. A. Change in 

absolute mineral concentration from source flour to extract. B. Extractability of minerals 

from Plantago seed flour represented as the percentage of the whole seed sample 

found in the extract. Missing points denote those unable to be calculated due to values 

below the quantitation limit. 
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Figure 8.4. Antioxidant properties of Plantago flour extracts A. Total phenolic content 

B. Ferric reducing antioxidant potential (FRAP) C. 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging activity. 

Values are means ± SEM. Values within the bars are the plotted mean. Different letters 

at error bars and superscripts with the EC50 values in C indicate significant differences 

(p < 0.05) between extracts. 
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Figure 8.5. Dose-response of IEC-6 cell viability after treatment with Plantago flour 

extracts. A. Plotted dose-response models. B. Table of estimated mean viability plus 

the p-value of model contrasts comparing cell viability in a treatment to the vehicle 

control. Bolded values are statistically significant when compared to the vehicle control 

(p > 0.05). 
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Figure 8.6. Dose-response of Caco-2 cell viability after treatment with Plantago flour 

extracts. A. Plotted dose-response models. B. Table of mean viability plus the p-value 

of model contrasts comparing cell viability in a treatment to the vehicle control. Bolded 

values are statistically significant when compared to the vehicle control (p > 0.05). 
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Figure 8.7. Flowchart summarising possible therapeutic effects of Plantago flour 

extract components that may lead to increased IEC-6 and Caco-2 cell viability, as 

inferred from available published results. 
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Thesis Summary 

Work presented in this thesis has demonstrated the feasibility of using mucilage-

containing flour from seeds of diverse Plantago species in food and human health 

applications. 

Typical seed mucilage extraction techniques are often incomplete, time-consuming 

and are not adapted for use with precious seed stocks. In Chapter 3, we developed a 

small-scale method for fractionating seed mucilage from just a few milligrams of seed 

that can be performed on multiple samples in parallel. The fractionation technique 

provides information about the macromolecular properties of the mucilage 

polysaccharides including extractability, yield and composition. The utility of the 

method was proven in its ability to (1) discern intergeneric, interspecific and 

intraspecific variation in mucilage properties, (2) screen for known mucilage quality 

traits in field grown samples and (3) identify lines of interest from a mucilage-producing 

germplasm set. 

Data presented in Chapter 3 reiterated the differences in mucilage properties between 

the model species Arabidopsis and Plantago species and further highlighted the need 

to better understand mucilage-related processes in Plantago. In Chapter 4, the 

mucilage accumulation, storage and release mechanism of P. ovata is described, and 

demonstrated to be different to Arabidopsis in a number of aspects. Understanding the 

way P. ovata mucilage polysaccharides form a laminated cell-free layer on the mature 

seed surface has significant implications for the mucilage release process. Mucilage 

release was determined to be a passive process of hydration and expansion away from 

the seed, mediated by specific types of polysaccharides. Understanding the mucilage 

release dynamics in P. ovata has direct implications for interpreting mucilage 

functionality in other Plantago species. 
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In Chapter 5, we described the natural variation in seed composition and morphology 

of twelve Australian Plantago species. Using microscopic and chromatographic 

techniques we showed that Plantago species have a substantial mannan-rich 

endosperm with abundant low molecular weight reserve sugars which may represent 

untapped fermentable dietary fibres. Australian Plantago species were also found to 

be potentially more nutritious than commercial psyllium as they contain more protein 

and beneficial fats. Using the published method described in Chapter 3 we also 

expanded on previous knowledge of Plantago mucilage properties by showing that the 

composition of differentially-extracted fractions of mucilage differs within a species 

while trends were clear between same fractions of different species. These findings 

complemented the sequential layer-mediated mucilage release/hydration model 

described in Chapter 4 by showing that the composition of the fractions could be 

related directly to other in situ functional properties like the water absorption capacity 

which differed between species. These differences in functionality, in addition to 

findings of beneficial nutrients in non-mucilage producing seed tissues, highlighted the 

possibility of using flours prepared from different Plantago species as hydrocolloids in 

food production. 

In Chapters 6 and 7, we described the use of Plantago flour as hydrocolloid 

replacements in starchy food systems. In Chapter 6, different flours were found to exert 

variable influences on the gelatinisation and storage properties of rice flour and rice 

starch, but distinct similarities were observed between Australian species. Changes 

were attributed to mucilage content and structure and an explanatory model for a novel 

polysaccharide-polysaccharide interaction was developed. This model was expanded 

further in Chapter 7, where Plantago flour was found to strengthen gluten-free doughs, 

directly leading to improved bread structure and texture. Variation in the degree of 
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improvement was attributed, in part, to the polysaccharide-polysaccharide interaction 

described in Chapter 6 and an adapted, complementary model was developed. 

In Chapter 5, we showed that Plantago flour was a nutritious ingredient that in Chapter 

7 was shown to significantly improve the quality of gluten-free products through an 

interaction studied and described in Chapter 6. In Chapter 8 we were interested in any 

further health benefits that could occur through the consumption of Plantago flour-

containing food and health products. In this study, we treated in vitro-grown small and 

large intestinal epithelial cells with aqueous extracts prepared from four Plantago flours 

deemed to perform well in Chapters 6 and 7. It was found that no flour was cytotoxic 

and high doses of flour extract from Australian native Plantago species were found to 

enhance viability of these cell lines. A possible link was made between mucilage 

heteroxylans that were in the extract and the enhancement of cell viability, and possible 

mechanisms for inducing cell proliferation were discussed. 

In summary, we have (1) developed a robust method for screening mucilage properties 

in precious seed stocks (Chapter 3) which aided in (2) demonstrating that mucilage-

related processes in P. ovata are not necessarily comparable to those in model species 

Arabidopsis (Chapter 4). (3) Whole Plantago seeds contain beneficial nutrients that 

are typically wasted during manufacturing and natural variation in seed composition 

may lead to variations in functional properties (Chapter 5) which (4) we demonstrated 

through their use as hydrocolloid replacements in starchy food systems (Chapters 6 

and 7). (5) The use of Plantago flour as food additives may have added benefits as 

antioxidant sources and promote gut cell health (Chapter 8). 
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Limitations and Future Directions 

1 – Explicit polysaccharide structural characterisation 

We recognise that a significant limitation of this work is the non-structural nature of 

chemical analyses used to characterise the functional polysaccharides. As mentioned 

throughout the thesis, monosaccharide profiling provides the ability to only estimate 

the degree of substitution based on molar ratios of each monosaccharide with insight 

from previous structural analyses in these systems. It will be extremely insightful to 

continue to structurally characterise key polysaccharide types identified in this study in 

order to better understand their functionality. A continued collaboration with the 

University of Nottingham’s School of Biosciences and a new collaboration with the 

University of Cambridge will combine Nuclear Magnetic Resonance (NMR) techniques 

with Polysaccharide Analysis using Carbohydrate Electrophoresis (PACE) to define 

the fine structural differences in mucilage heteroxylan structure. 

Furthermore, details about the composition and fine structure of mannan 

polysaccharides found to be abundant in the Plantago endosperm cell walls are 

unknown. Again, a collaboration with the University of Cambridge will employ PACE to 

elucidate and compare mannan structures. 

2 – Define heteroxylan ‘blockiness’ and its effect on polysaccharide interactivity 

Preliminary work is beginning to show that variation in heteroxylan ‘blockiness’ may 

change with fractionation. Combining structural characterisation techniques mentioned 

above with more fundamental and in-food functionality analyses may further unpick the 

mode of heterotypic polysaccharide interactions described in Chapters 6 and 7 and the 

implications it may have for industrial use. 
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3 – Agronomic traits of Australian Plantago species 

From this work, we have anecdotal evidence of Australian Plantago species displaying 

several agronomic advantages over commercial psyllium including drought, salt, and 

disease tolerance and resistance to shattering. It would be extremely useful to 

experimentally confirm these advantages which would have a huge impact on their 

potential commercial expansion and use. Such experiments, along with field trials to 

determine production feasibility, are planned. 

4 – Diversity in mucilage accumulation, storage and release mechanisms in 

Plantago 

Preliminary findings during this work (not presented) suggest that some but not all 

features of mucilage accumulation, storage and release described for P. ovata in 

Chapter 4 are shared in Australian Plantago species. It would be interesting to mirror 

the work in Chapter 4 in a study focussed on a key Australian species like P. 

cunninghamii, which is known to have a similar surface morphology but different 

expanded mucilage architecture. Notably, P. cunninghamii (along with many other 

species studied in this thesis) release specialised seed coat cells that reside within the 

expanded mucilage envelope and it is interesting to speculate on the ‘scaffolding’ role 

these may have on the robustness of the expanded mucilage envelope. 

Developmental characterisation including transcriptomic analysis, perhaps through 

laser capture microdissection, may give further insight into the function of these cells 

and the synthesis and deposition of the mucilage polysaccharides they associate with. 

5 – Gastrointestinal benefits of Plantago seed consumption 

We have shown that diversity in heteroxylan content and structure play a significant 

role in the in-food functionality of Plantago whole seed flour. These structural 
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differences may have added health benefits in a number of ways, one of which we 

studied in Chapter 8. Commercial psyllium heteroxylan is a useful dietary fibre that 

promotes laxation due to the water holding ability of its complex sidechains, but this 

property appears to directly prevent its fermentation in the human gut. It is possible 

that structural differences found in other Plantago species studied here may allow them 

to be fermentable or partially-fermentable in the gut. A partially-fermentable 

heteroxylan would be of great interest as it may provide the laxative benefits of 

commercial psyllium while still providing a fermentable material for the microbiome to 

produce beneficial short chain fatty acids (SCFA). In vitro fermentation work to 

determine fermentability and SCFA production could be complemented with pre-

clinical and clinical nutritional studies to assess differential effects on animal and 

human health and even shifts in the microbiome. 
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Appendix I 

Cellular debris, not mucilage polysaccharides, dominate extracts of Plantago 

ovata and Plantago lanceolata calli grown in vitro 

James M. Cowley, Lina Herliana, Natalie S. Betts and Rachel A. Burton 

https://doi.org/10.1101/2020.06.15.153395 

This contradictory result pre-print posted to bioRxiv reports on research performed in 

the first few months of my PhD candidature when the project was still under 

development. One research area of interest was the efficient in vitro production of 

mucilage polysaccharides reported in many publications. Replicating the techniques, 

we found the methods to be flawed and the pre-print reports on data demonstrating 

this, which we thought important to provide to the research community interested in 

mucilage polysaccharides. 

  

https://doi.org/10.1101/2020.06.15.153395


Appendices 

365 

 



Appendices 

366 

 



Appendices 

367 

 



Appendices 

368 

 



Appendices 

369 

 



Appendices 

370 

 



Appendices 

371 

 

  



Appendices 

372 

 



Appendices 

373 

 

  



Appendices 

374 

 

Appendix II - Career and Research Skills Training (CaRST) 

What is Career and Research Skills Training (CaRST)? 

Career and Research Skills Training (CaRST) is a specialised training and 

development program for Higher Degree by Research (HDR) students at the University 

of Adelaide. 

CaRST comprises the ‘Development Component of the Structured Program’ and 

student participation extends from enrolment to thesis submission. HDRs are required 

to complete a minimum number of CaRST hours by thesis submission: 120 hours for 

PhDs and 60 hours for MPhils. Activities must also be distributed across all four 

domains identified in the Researcher Development Framework from Vitae. 
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CaRST Record 

Below is a record of the activities that I completed during my PhD Candidature as per 

the requirements of the Career and Research Skills Training (CaRST) program 

 

Date 
Completed 

Type Activity Description Domain Hours 

29/03/2017 Experiential 
Grant Application - 2017 MDPI Agriculture Travel 
Award 

C 3 

30/03/2017 Experiential 
ARC CoE Plant Cell Walls - Journal Club: 
organisation, presentation and attendance 

A 8 

5/04/2017 Core CaRST Information Session C 2 

6/04/2017 Core Postgraduate Research Induction B 2 

31/05/2017 Experiential 
Grant Application - 2017 Farrer Memorial Trust 
Travelling Scholarship in Agriculture 

C 3 

4/06/2017 Experiential 
Community Outreach - Children's University 
Demonstrator Profile Video 

D 4 

4/06/2017 Experiential 
Community Outreach - Children's University 
Regional Lecture Series 

D 10 

4/06/2017 Experiential Online Researcher Profile B 1 

1/09/2017 Experiential Core Component of the Structure Program B 15 

1/09/2017 Experiential Core Component of the Structure Program C 4 

3/10/2017 Experiential Conference Attendance - ComBio 2017, Adelaide B 9 

4/10/2017 Experiential 
Research Communication - Poster: Combio 2017, 
Adelaide 

D 3 

28/11/2017 Training FreezerPro Biobank Management for Researchers C 1.5 

4/01/2018 Training Workshop - Animate Your Science D 2 

4/01/2018 Training 
Workshop - Customized Onsite LCMS QTOF 
Techniques and Operation 

A 25 

4/01/2018 Training 
Workshop - Engaging Allies for Change: LGBTI 
Inclusion 

D 2 

20/04/2018 Training Lecture - Demystifying Research Metrics A 1 

20/04/2018 Training Lecture - The Imposter Syndrome B 3 

20/04/2018 Training 
Lecture - You & Your Supervisor: Communication 
and win-win skills as an HDR 

D 2 

1/05/2018 Experiential 
Grant Application - 2018 Barr Smith Travelling 
Scholarship in Agriculture 

C 3 

18/08/2018 Experiential 
Conference Attendance - Plant Biology Europe 
2018 

C 12 

18/08/2018 Experiential 
Research Communication - Poster: Plant Biology 
Europe, 2018 

D 3 

20/08/2018 Experiential 
Research Communication - Seminar: Lunch and 
Learn at PepsiCo, Leicester, UK 

A 1 

27/09/2018 Training Working with GMOs - Gene Technology Training C 1 
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CaRST Completion Certificate 
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Appendix III – Conference Posters 

ComBio 2017, Adelaide, Australia 

Below is the poster that I presented at ComBio 2017 based on work completed during 

my honours year and continued during my PhD Candidature. 
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Plant Biology Europe,  

June 2018, Copenhagen, Denmark 
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Australian Institute of Food Science and Technology Meeting,  

January 2019, Adelaide, Australia 




