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Shovel roots - an example of a specialized root adaptation for alkaline soils 

 

Plants are found growing in highly diverse soils, except where water and temperature 

extremes prevent reproduction. Some plants tolerate extremely hostile soil conditions and 

access nutrients from the most impoverished of soils because of specialised 

morphological and physiological root adaptations. A unique example is detailed by Tola 

and co authors (2009) in this issue of Plant and Soil. Heysarum coronarium, a legume 

otherwise known as sulla, grows rapidly on extremely basic soils found in the 

Mediterranean basin. In Italy, it thrives in calcareous alkaline soils at pHs up to 9.6. At 
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this pH extreme, soil iron concentrations are over 1000 times lower than that required for 

almost all plants, the soil structure is collapsed with few soil pores to hold water and 

allow root penetration, and very few free hydrogen ions are available to promote nutrient 

acquisition (Marschner, 1995). Sulla, and all members of the Heysarum genus examined 

to date (Tola et al., 2009), thrive in these extreme soil conditions in part because they 

form specialised “shovel” roots, which may allow them to tolerate alkaline conditions. 

Shovel roots can be induced specifically by iron oxides in extreme basic pH conditions. 

They have a short, curved flattened shape (Fig. 1a), acidify the rhizosphere, sequester Ca 

crystals, and have a short lifespan. Their unique morphology and physiology has evolved 

to allow them to acquire Fe and other sparse nutrients including P from the rhizosphere, 

and thereby support growth in some of the most impoverished and hostile soils in the 

world. Shovel roots are found in an elite group of higher plants exhibiting root types with 

a highly specialised development and biochemistry to enable acquisition of very limiting 

soil resources (Fig. 1a; Table 1).  

One important feature of shovel roots is that modifications in cell division and 

expansion, biochemistry, and transport at the root-soil interface are co-located within 

these short, curved roots. Pericycle cells of the parent root respond to signals, including 

those from rhizosphere Fe oxides, to divide and develop determinate branch roots with a 

specialised physiology. Cortical cells on the concave side have smaller volumes than 

those on the convex, generating a curved shape with a high density of root hairs that can 

bind soil tightly (see Fig. 1a inset).  Hydrogen ions are released into the rhizosphere, 

reducing the pH, solubilising Fe and other nutrients, in addition to Ca. Within the 

rhizosphere of the concave side, H
+
 ions would be concentrated and more effective 
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(Gardner et al., 1983), and nutrients would diffuse very short distances before uptake by 

the dense root hairs. As distance has a very large effect on diffusion time, a short distance 

is crucial to support enhanced absorption. An ion will arrive 10,000 times faster to a root 

surface 0.01mm away compared to 1 mm away, minimising the chance that the 

solubilised Fe will re-bind to the soil solids, or become tied up by microorganisms (Watt 

et al., 2006).  Calcium is sequestered in crystals between the shovel root cells, and not 

transported to the shoot. It should be noted that the biochemical and transport processes 

of shovel roots are also found in roots of other calcicoles (plants adapted to calcareous, 

alkaline soils) without the shovel morphology. These “normal” roots also acidify the 

rhizosphere for uptake of sparing Fe and calcify by CaCO3 precipitation in the cortical 

cells (Marschner, 1995). However the coordination among these biochemical and 

transport processes with the morphology of the shovel roots results in highly specialised 

and localised root adaptation to these alkaline soils containing extremely low levels of Fe 

and excessive levels of calcium.  

 

Other unique root types with coordinated development and physiology 

 

 Shovel roots are analogous to other examples of highly unique and specialised 

root types, the proteoid and dauciform roots (Fig. 1 b and c; Table 1). These specialised 

root types also exhibit coordinated morphological and physiological adaptations to enable 

uptake of sparing nutrients, and continued survival under very harsh soil conditions 

(Dinkelaker et al., 1996; Watt and Evans, 1999a; Lambers et al., 2006; Shane et al., 2005; 

2006). Proteoid roots are most often associated with P acquisition in neutral and acidic 
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soils. However, low Fe conditions induce proteoid roots in certain species including 

Casuarina glauca (Arahou and Diem, 1997), Lupinus albus L. (Hagstrőm et al., 2001), 

and Ficus benjamina L. (Rosenfield et al., 1991), and some members of the 

Casuarinaceae only produce proteoid roots under very alkaline conditions (Diem et al., 

2000). Proteoid roots are comprised of many closely spaced, short, determinate branch 

roots (rootlets) that originate in “clusters” from induced pericycle cells of the parent root. 

They are anatomically distinct from “normal” roots, with a high density of root hairs, a 

high ratio of cortical cells to stele, and meristems that cease division and differentiate 

completely into mature, expanded cells (Watt and Evans, 1999a). When P or Fe is 

limiting, proteoid roots exhibit biochemical and exudation responses typical of P or Fe 

stress found in plants that do not form proteoid roots (Marschner, 1995; Johnson et al., 

1996; Lambers et al., 2006; Hagstrőm et al., 2001).  Proteoid roots specifically release a 

suite of exudates containing root cap mucilage, protons, phosphatases, H+ ions, 

flavonoids and carboxylates at various stages during extension and on cessation of 

elongation (Dinkelaker et al., 1996; Weisskopf et al., 2005).  The carboxylates are 

released in very large quantities relative to that by non-proteoid roots, in a two- to three-

day pulse when rootlets cease extension, saturating the surrounding rhizosphere and 

mobilizing P and Fe from organic and inorganic pools unavailable to other plants 

(Gardner et al., 1983; Keerthisinghe et al., 1998; Watt and Evans, 1999b). Lupinus albus 

acquires P from pools unavailable to soybean (Braum and Helmke, 1995), and Banksia 

spp. acquire organic and inorganic bound P from soil volumes directly surrounding the 

proteoid roots at a very high efficiency, according to estimates required for growth on the 

nutrient-poor heath regions of South and Western Australia (Pate and Watt, 2002).  
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Dauciform roots develop clusters of dense root hairs, and occur singularly along a 

parent root axis and are generally determinate Fig. 1b). Their anatomy is distinct to that 

of the parent axis, in that the cortical and epidermal cells are elongated, as are the 

pericycle cells of the parent axis from which they developed. Every elongated epidermal 

cell differentiates into a hair (Shane et al., 2006). Their appearance is striking – in 

nutrient culture they form halos of white fuzz (Fig. 1c). Like the proteoid roots, 

dauciform roots form under low-P concentrations and release carboxylates in large 

quantities in a one to two day pulse into the rhizosphere when the root and root hairs 

cease extension (Shane et al., 2006).  

The coordinated morphology and physiology of the shovel, proteoid and 

dauciform roots facilitates the production and release, and concentration of solubilising 

exudates in the rhizosphere and also minimises the diffusion distance of nutrients to root 

hairs to maximise uptake of sparsely available soil nutrients. Interestingly they all appear 

to be ephemeral and short lived, possibly because P and Fe are highly immobile and 

unlikely to diffuse into the rhizosphere zone post uptake. Determinacy and short lifespan 

also suggest that the plants which exhibit these unique structures retrieve nutrients from 

the roots efficiently and this is a critical lifestyle strategy for soils with sparing nutrients 

(Marschner et al., 1997; Lambers et al., 2006). This is supported by the isolation of a 

cDNA clone associated with P-recycling from apparently senescent proteoid roots in L. 

albus (Neumann et al., 2000). The short lifespan of shovel roots may also facilitate the 

shedding of excess Ca and retrieval and recycling of nutrients used for formation of root 

developmental and biochemical machinery. 
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Examples of unique cell types with specialised physiology  

 

Certain plants have unique root cell types with highly specialised functions (Table 

1; Figs 1d to f). Like the specialised roots we described above, these unique epidermal 

cell types including secretory root hairs have developmental and physiological processes 

co-localised for highly effective function. Notably, of the well-researched examples of 

specialised cells presented in Table 1, only the transfer cells are thought to directly 

function to facilitate nutrient transport. These cells have packed folds of plasma 

membrane that provide a very high surface area to increase the rate of Fe at the epidermal 

surface of roots. Transfer cells with similar very high internal plasma membrane surface 

area are also found in the phloem tissues of some species. Transfer cells induced by Fe 

deficiency occur in the epidermal cells of root tips of some species, and exhibit the 

biochemical changes typical of Fe stress in roots that do not form transfer cells 

(Marschner, 1995). The other unique cells in Table 1 are specialised to synthesise, 

sequester and transport highly specific and toxic compounds within root cells and to the 

rhizosphere. These compounds are toxic to other plants or microoganisms, but are 

apparently not autotoxic, and likely play a critical role in plant defence or enhancement 

of plant competition for water and nutrients (Uren 2000; Weston and Duke 2003). For 

example, sorgoleone produced and secreted specifically from sorghum root hairs, is a 

potent bioherbicide that inhibits weeds and other species (Czarnota et al., 2001). 

Avenacin is produced specifically in the epidermal and flanking root cap cells of the root 

tips of almost all oat species, and is responsible for oat resistance to the take-all fungus, 

Gaeumannomyces graminis var. tritici (Osbourn et al., 1994), as well as phytotoxicity to 
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neighbouring species (Osbourne and Mugford, 2008). The take-all fungus that infects 

oats (G. graminis var. avenae) is not sensitive to avenacin because it has the avenacinase 

enzyme. M-tyrosine, recently isolated from the roots of some fine fescues (Bertin et al., 

2007), can completely inhibit root elongation in some species and is thought to be 

responsible in part for the ability of some fine fescues to grow prolifically and 

competitively. The specialised cells presented in Table 1 all differentiate from the root 

cap, epidermal or outer cortical tissues, and are thought to constitutively express 

specialised compounds. Studies of the epidermal and root cap cells of Lithospermum 

erthrorhizon roots that specifically form naphthoquinones, however, demonstrated that 

these antimicrobial compounds are produced in different ratios and quantities depending 

on exposure to fungi or toxic elements, and that clearly rhizosphere biotic and abiotic 

factors interfere with their metabolism and exudation (Brigham et al., 1999).  

 

Future discoveries to explain coordinated physiology and morphology 

 

One important question that arises from a review of the root literature is this – is 

there a central molecular mechanism for coordinated regulation of the physiology and 

morphology in these very different and complex root adaptations?  Identifying the 

signalling and molecular mechanisms behind these coordinated events represents a 

significant challenge to any attempts to transfer these specialised roots and cells to other 

species in future. Here we briefly highlight two lines of research to help identify a 

coordinating mechanism, from phylogeny analyses, and from cell- and tissue-specific 

expression analyses of hormones and small molecules in developmental and biochemical 
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programs in higher plant roots. It has been postulated that a common central signal for 

coordinated root developmental and biochemical association could originate from the 

presence of soil microorganisms. However, experiments in sterile conditions indicate that 

proteoid and shovel roots do not require the presence of microbes (Dinkelaker et al., 

1996; Tola et al., 2009), and that these roots are determined by plant genes and signals, 

distinct from those involved in the formation of root nodules, actinorhizal root nodules 

(rhizothamnia) or ectomycorrhizal roots. 

The independent evolution of the unique root adaptations in Table 1 within 

families and genera strongly suggests a genomic basis for these root and cell-specific 

physiological processes. For example, proteoid roots have arisen independently within 

very diverse plant families (Lambers et al., 2006). Within the Lupinus genus, however, 

they have only arisen in about 8 species within over 500, in two of five clades confined to 

the Old World species (Skene, 2000). This strongly suggests a specific genomic region 

associated with proteoid roots. It is now possible to identify such DNA differences 

(polymorphisms) among the genomes of non-model plants using DArT (diversity array 

technology) (James et al., 2008). Linked markers can be sequenced to identify loci that 

may be responsible for evolutionary divergence between, for example, Lupinus species 

with and without proteoid roots. Similar genomic analyses can be applied to closely-

related species with and without the other specialised root and cell types in Table 1. 

In recent years, large-scale analyses of gene sequences, expression, protein and 

metabolite formation have led us to new insights on how plants respond to biotic or 

abiotic stress, and perhaps more importantly, how physiology and development occurs in 

the higher plant life cycle. Back in 1962, for example, jasmonic acid methyl ester 
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(JAME) was first isolated from the essential oil of jasmine (Jasminum grandiflorum). 

Interestingly, the first physiological effects of JAME were only observed 20 years later 

and JAME and jasmonic acid were initially characterised as potent root growth inhibitors. 

It was only much later that JAME and jasmonic acid were observed to alter gene 

expression and metabolite patterning in higher plants and jasmonic acid was reported as a 

putative signalling compound. Today, although we have not identified a jasmonate 

receptor, we understand much more about the role of jasmonates in signalling and in 

many and varied plant developmental processes (Wasternack 2007). Obviously there are 

numerous other unknown small molecules, which are intricately linked to plant growth 

and developmental processes in higher plants, for example the role of tuberonic acid in 

tuber formation (Wasternack 2007), the role of ethylene in root hair formation (Yang et 

al., 2004), auxins in pericycle cell divisions, and flavonoids as developmental and 

biochemical regulators that can act directly on gene expression in the nuclei of cells 

(Taylor and Grotewold, 2005).  

Research to identify small-molecule regulation of both the developmental and 

biochemical program in the specialised roots and cells highlighted are limited. Studies 

with L. albus indicate a central signal may act on pericycle cells setting up the potential 

for developmental gene expression, and biochemical and transport gene expression, but 

expression of the biochemical pathways and transport processes depends on plant nutrient 

status post developmental differentiation (Johnson et al., 1996; Keerthisinghe et al., 1998; 

Hagstrőm et al., 2001). Exogenous auxin, for example, stimulates the proteoid 

morphology in P-sufficient plants, but not the changes in biochemistry and carboxylate 

exudation associated with P-deficient proteoid roots (Gilbert et al., 2000). Gene-

Comment [hl4]: Explain  
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expression studies of P-deficient proteoid roots did not show transcripts related to auxin, 

but transcripts related to ethylene, cytokinin, flavonoids, and a MATE transporter that 

may transport small molecules, such as flavonoids, during different stages of proteoid 

root development (Uhde-Stone et al., 2003, 2005).  

The mechanism by which cell differentiation and the synthesis and transport of 

the specialised compounds are coordinated has not been elucidated for the cells in Table 

1. Localisation of secondary product production and biochemical pathways in roots has 

been well-studied for sorgoleone (Bertin and Weston, 2003; Pan et al. 2008), avenacin 

(Osbourne, 2003; Osbourne and Mugford, 2008), and m-tyrosine (Bertin et al., 2007). 

Other examples of specialised cells producing bioactive secondary products in roots have 

been less well characterised, as in the case of juglone production and release from roots 

of Juglans spp. or production of napthoquinones by roots of members of the borage 

family (Brigham et al 1999; Uren 2000; Weston and Duke 2003). In the case of sorghum 

and oats, the genes coding for the enzymes in the biosynthetic pathways of sorgoleone 

and avenacin, respectively, are currently being identified (Osbourne and Mugford, 2008; 

Qi et al., 2006; Pan et al 2008). In all of these examples, very little is known about the 

transport mechanisms of these toxins in and out of the root cell, but microscopic 

observations and molecular studies indicate that these compounds are generally 

sequestered and transported in vesicles or via specialised channels in a cell (Bertin et al 

2003; Czarnota et al., 2001; reviewed in Field et al., 2006). However, little is known 

about the coordinated developmental processes of secretory root-hair formation and 

secretion or epidermal cell formation and secretion in these specialized root tips. In some 

cases, production appears to be only associated with rapid cell division in meristematic 
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areas of root tips, such as the case of m-tyrosine production by fine fescues and avenacin 

by oats, whereas in other cases, root cap cells or epidermal cells of mature roots are 

implicated. A very interesting finding is that the genes for avenacin biosynthesis are 

clustered in the oat genome which is uncommon in plants but very common for natural 

product pathways in microorganisms (Qi et al., 2006). This may be a consequence of the 

development of specialized and cell-specific production of avenacin, and indicate a 

potential for transfer and incorporation of microbial genes to Avena in the past to produce 

this compound.  

The highly distinctive appearance of specialized roots and root cells (Fig. 1), 

makes them easy to see and ideal to select in traditional breeding or mutational screens to 

identify loci or genes associated with tissue and cell-specific expression of specialised 

biochemistry and transport processes (Brigham et al., 1999). This approach has been 

highly successful in identifying genes in the biosynthetic pathway for avenacin in oats 

(Qi et al., 2006; Osbourn and Mugford, 2008) and sorghum (Pan et al., 2008) but 

regulatory genes, including cell-specific promoters and transcription factors have yet to 

be identified for any of the specialized root cell types we describe. Future studies with 

cDNA libraries developed from individual cells lines (Dembinsky et al., 2007), likely 

hold the key cell-specific genes, e.g., pericycle, epidermis or cortex. Careful use of 

subtractive libraries, where cells with and without exposure to soil stress, or with and 

without developmental differences, may prove most useful to isolate genes associated 

with development of specialized root and cell types (Ryan et al., 2003). Such expression 

studies can also be linked to phylogenomic studies, similar to those described above.  
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We feel that it is critical to recognize that unique root structures and cells may be 

the source of novel genes that coordinate development and biochemistry in higher plants. 

As we know less about underground plant structures, these exciting findings in plant 

growth and development are of fundamental importance in advancing our understanding 

of root and rhizosphere biology, and of practical importance for application of these 

unique root structures to a wide range of functions. 

 

Applications of specialised root and cell types  

 

Not surprisingly, the highly adaptive root and cell types highlighted in this commentary 

have had important applications in marginal land reclamation and revegetation, 

agricultural productivity, and natural and synthetic chemistry industries. Species with 

shovel roots, proteoid and dauciform roots essentially ameliorate the chemistry and 

structure of the soil with their specialised roots for further vegetation or covegetation by 

other trees and shrubs. Sulla is used to stabilise the soil structure and minimise erosion in 

dry, weathered European and Australian soils, and fine fescues are used in temperate 

roadsides, pastures and reclamation sites to minimise annual weed infestations (Weston 

and Duke 2003). In agricultural production settings, oats are grown prior to wheat to 

reduce the inoculum of the wheat take-all fungus. Sorghum cover crops and green 

manures are used in subtropical areas to improve soil structure and reduce nematode and 

weed infestations.  All of these cultural management practices to enhance productivity 

are facilitated by the rhizosphere interactions of highly specialised roots or root systems. 

Further, the unique chemicals found in the specialised cells highlighted here have been 
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extracted and used directly for diverse purposes including colourants in cosmetics and 

food, antimicrobials in medicine, or indirectly as bioherbicides and biopesticides 

(Brigham et al., 1999; Bertin et al 2003).   

This commentary arose from the fascinating study of shovel root development 

and physiology by Tola and co-authors in this issue of Plant and Soil (2009). These roots 

illustrate the unique structural and functional processes that can be found in roots to cope 

with the most extreme of soil conditions; in this case these specialised roots are 

associated with soil pHs greater than 9. No doubt we will further discover and utilise 

other unique roots that thrive in extreme climatic settings in poor soils due to enhanced 

competitive ability. This could involve selection of unique root adaptations from arid 

sites, those that are nutrient limited or those that are threatened by invasive disease and 

weed infestations. These unique roots and the small molecules they produce also hold the 

key to some very interesting and as yet unknown interactions between roots and 

rhizospheres, and the keys to fundamental gene interactions for coordinated 

developmental and biochemical processes not yet discovered in cells.  
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Figure 1 Legend.  

 

Selected examples of specialised root and cell types. A. Shovel root (S) of sulla with two 

root nodules (N) on the same parent root. Inset shows the concave side of the same 

shovel root with soil adhered to the root hairs that have preferentially developed on this 

side of the root. Images supplied by M.E. McCully. B. Two primary branch roots of L. 

albus grown in hydroponics without P (left root) or with P (right side). Clusters of short 

branch roots (rootlets) (ca. 1 cm across) have developed on the proteoid root on the left; 

and are largely absent on the root on the right. (reproduced from Watt and Evans, 1999a). 

C. Daucifom roots comprising clusters of root hairs (ca. 4 mm across) formed on the 

Cyperaceae genus Schoenus (species is unidentified), grown in hydroponics at very low 

P-supply. Image supplied by M.W. Shane. D. Sorghum root with root hairs exuding drops 

of sorgoleone, viewed in hand-cut long section, mounted in water with bright-field white 

light. E. Oat root with avenacin-containing epidermal cells (E) around the root tip, 

viewed in cross section mounted in water with UV illumination. Inset shows the entire 

root tip viewed longitudinally, showing root cap cells on the periphery of the cap also 

contain a UV-fluorescent compound, likely avenacin. F. Fine fescue root tip viewed in 

cross section under bright white light, mounted in water, and the epidermal cells or the 

underlying cortical cell layers are filled with a yellow-pigment likely m-tyrosine. Inset 

shows an entire root tip and the m-tyrosine localised to this region only.  
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Table 1. Examples of root and cell-specific specialized biochemical and transport processes to cope with hostile soil conditions 

Specialised root or 

cell  

Families  Genera within 

which species form 

the roots or cells 

Morphology and physiology Constitutive or induced Function 

Shovel roots1 Hedysareae Heysarum Determinate, curved branch roots 

with root hairs on concave side that 

acidify the rhizosphere and 

sequester calcium (Fig. 1a) 

Induced by iron oxides; constitutive 

in low numbers at neutral to very 

high pH  

Fe uptake and Ca 

sequestration; increased 

uptake of other solubilised 

nutrients 

Proteoid roots2,3 Proteaceae, 

Casuarinaceae, 

Mimosaceae, 

Fabaceae, 

Myricaceae, 

Moraceae 

Some species 

within about 40 

genera 

Closely spaced, determinate branch 

roots with dense root hairs, modified 

biochemistry, and exudation of a 

suite of compounds to the 

rhizosphere (Fig. 1b)  

Induced by low available P or Fe, 

but conditions depend on species 

Fe and P uptake, other 

micronutrients 

Dauciform roots4 Cyperaceae Carex 

Lepidosperma 

Tetraria 

Determinate branch roots with dense 

root hairs that emerge from every 

elongated epidermal cell, that 

release carboxylates (Fig. 1c) 

Induced by low available P P uptake 

Epidermal transfer 

cells5 

Solanaceae Capsicum Epidermal cells develop a high 

plasma membrane surface area  

Induced by low Fe in epidermal 

cells 

High membrane surface 

area for flux of sparing Fe 

Sorgoleone cells6 Graminaceae Sorghum  Root hairs in young and mature 

regions produce and release 

sorgoleone to the rhizosphere (Fig. 

1d) 

Constitutive in developed root hairs; 

increased by stress 

Herbicidal; inhibits weed 

and other plant roots 

Avenacin cells7 Graminaceae Avena species plus 

Arrhenatherum 

elatius 

Cap and epidermal cells around the 

root tip produce avenacin (Fig. 1e) 

Constitutive Biocidal; Inhibits the 

wheat Take All fungus 

m-tyrosine cells8 Graminaceae Some species and 

cultivars of 

Festuca  

Outer cortical cells of the root tip 

contain m-tyrosine that is exuded to 

the rhizosphere (Fig. 1f) 

Constitutive Herbicidal properties; 

inhibits weed and other 

plant roots 

Naphthoquinone 

cells9 

Boraginaceae Lithospermum Epidermal cells, mature root cap 

cells and root hairs 

Constitutive, but also induced by 

biotic and abiotic factors 

Anti-microbial to some 

bacteria and fungi 

 
1 

Tola et al., 2009; 
2
Dinkelaker et al., 1995; 

3
Lambers et al., 2006; 

4
Shane et al., 2005; 

5
Landsberg, 1986; 

6
Czarnota et al., 2001; 

7
Osbourne, 2003; Qi et al., 2006; 

8
 Bertin et al., 2007; 

9
Brigham et al., 1999
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