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Summary 

1. Campos rupestres is an extremely phosphorus (P)-impoverished rocky ecosystem in Brazil. 

Velloziaceae is an important plant family in this environment, and some species colonize 

exposed quartzite rock. However, we know virtually nothing about their root development 

and nutrient acquisition within the rock outcrops and their possible role in rock weathering 

and landscape formation.  

2. We tested the hypothesis that Velloziaceae dissolve P from the rock, enhancing rock-

weathering. The study was carried out with two Barbacenia species (Velloziaceae) that 

colonize quartzite rocks. We assessed the root specializations and exudates, and determined 

the mineralogical composition of the rocks.  

3. The quartzite rocks contained a low concentration of total P in a matrix composed 

predominantly of silica. Using transmission electron microscopy, we show root growth 

perpendicular to the rock-bedding planes. A micro-XRF setup at the XRF beamline of a 

synchrotron evidenced root-associated rock dissolution.  

4. The investigated roots show novel morphological and physiological specializations, coined 

vellozioid roots, which are highly effective at P acquisition. These carboxylate-releasing roots 

function like others specialized roots in nutrient-depleted soils. The rocks represent a barrier 
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for most species, but due to their chemical and physical actions inside the rocks, vellozioid 

roots play a pivotal role in rock weathering, contributing to shaping the campos rupestres 

landscapes. 

 

Key-words: campos rupestres, exudates, phosphorus, vellozioid roots, quartzite  

 

Introduction 

Plants and their associated microorganisms play a crucial role in the weathering of rock and in soil 

formation. However very few studies actually explored the mechanisms that are involved in these 

processes, and most deal with rocks that are rich in silica, which are very resistant to weathering such 

as quartzites (Lambers et al. 2009; Van Schöll et al. 2008; Landeweert et al. 2001; Taylor et al. 

2009). Interactions between physical, chemical, and biological processes enable the weathering of 

bedrock and the buildup of soil, providing inorganic nutrients to terrestrial biota (Vitousek 2004; 

Walker & Syers 1976). Once roots have entered rock via a joint or crack, biochemical weathering is 

enhanced by moisture fluxes along the root, root respiration, low-molecular-weight organic acid 

exudation, and other rhizosphere processes (Chorover et al. 2007; Brantley et al. 2011; Burghelea et 

al. 2015; Pawlik, Phillips & Šamonil 2016). The rhizosphere processes include rhizodeposition, which 

comprises the release of carbon compounds from living and dying roots into the soil or rock which 

enhances nutrient release (Burghelea et al. 2015; Lambers et al. 2009; Hinsinger 1998). Rock 

weathering is an important source of phosphorus (P) in young, nutrient-rich landscapes (Walker & 

Syers 1976); however, little is known on this process in old and nutrient-impoverished landscapes. 

OCBILs (old, climatically-buffered, infertile landscapes) are among the most nutrient-impoverished 

environments in the world (Hopper 2009; Lambers et al. 2010). OCBILs are found in several floristic 

provinces, for example, the fynbos in South Africa, the South West Australian Floristic Region, and 

the Venezuelan Pantepuis (Hopper 2009). Plant diversity in OCBILs reflects diversity in plant 
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nutritional strategies (Oliveira et al. 2015; Lambers et al. 2010; Zemunik et al. 2015; Zemunik et al. 

2018). Recently, the Brazilian campos rupestres have been acknowledged as an OCBIL (Silveira et 

al. 2016) as have parts of the pampas in southern South America (Sainz Rozas, Echeverria & Angelini 

2012; Hopper, Silveira & Fiedler 2016). Campos rupestres are a grassy-shrubby mountaintop 

vegetation interspersed by rock outcrops in the cerrado domain in Brazil. OCBIL environments 

exhibit very low concentrations of soil total P (Benites et al. 2007; Hopper 2009; Silveira et al. 2016; 

Lambers et al. 2010; Oliveira et al. 2015; Benites et al. 2003). However, there have been very few 

investigations related to the concentration of P in parent material in ecosystems, especially in quartzite 

rocks, although this influences the P concentration in soil derived from it (Porder & Ramachandran 

2013). We also know very little on and how P from the parent material enters the system via physical, 

chemical, and biological weathering. Rock-dwelling plants in ancient landscapes of the Brazilian 

campos rupestres offer a great opportunity to study effects of root weathering of quartzite rocks on P 

mining and soil formation, with concomitant effects on landscape formation.  

Native species from P-impoverished-environments show several adaptive mechanisms that allow 

survival and growth in their natural habitats and acquisition of scarcely-available soil P resources 

(Lambers et al. 2008). These mechanisms include cluster roots and dauciform roots (Shane & 

Lambers 2005a) as well as sand-binding roots (Abrahão et al. 2019). These specialized roots  exude 

compounds that release P that is sorbed onto soil particles or P from organic fractions, characterizing 

a P-mining strategy (Lambers et al. 2008; 2015b).  

The concentration of manganese (Mn) in leaves can be used as a proxy for the release of carboxylates 

by roots. High Mn concentrations, relative to that of the community average, are an indication of the 

release of carboxylates in species in environments with a very low availability of P (Lambers et al. 

2015a; Oliveira et al. 2015; Pang et al. 2018). In campos rupestres, species show great diversity of 

root specializations and a high diversity of nutritional strategies (Abrahão et al. 2014; Oliveira et al. 

2015; Zemunik et al. 2018; Pereira et al. 2012; Abrahão et al. 2019). Species with dauciform or sand-

binding roots present greater leaf Mn concentrations than those with arbuscular mycorrhizal 
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associations, indicating the importance of carboxylate-releasing P-mobilizing strategies in species 

with these root specializations (Oliveira et al. 2015).  

Velloziaceae is a family comprising herbaceous to woody rosette-forming plants which has its center 

of diversity and endemism in Brazilian campos rupestres (Mello-Silva et al. 2011); these species 

comprise a third of plant cover in several campos rupestres communities (Zemunik et al. 2018). 

Velloziaceae occupy different microhabitats; some species colonize exposed quartzite rock, and 

others occur in patches of sandy soil (Alcantara et al. 2015). Species growing on bare rocks have 

higher leaf P concentrations than those growing in soil patches (Alcantara et al. 2015). However, we 

know nothing about nutrient-acquisition strategies in rock-dwelling Velloziaceae and their importance 

for rock weathering. We aimed to answer the following questions. What are the P-containing minerals 

in quartzite rock? Do the roots of Velloziaceae penetrate the quartzite rock? Do Velloziaceae show 

root specializations to acquire nutrients from quartzite rocks on rock outcrops? Are those 

specializations functionally analogous to cluster roots or dauciform roots? How do Velloziaceae 

mobilize P from minerals in quartzite rocks?  

We tested the hypotheses that Velloziaceae species have root specializations that are functionally 

similar to cluster roots and dauciform roots (Shane & Lambers 2005a), with exudates capable of 

mining P from the rocks. This process would allow nutrient acquisition directly from the rocks, with a 

major impact on rock-weathering processes, soil formation, and landscape evolution. 

 

Methods 

Study site and focal species  

Our study was carried out in a campos rupestres area located in Serra do Cipó and Itutinga, Minas 

Gerais, in south-eastern Brazil. The campos rupestres are characterized by shallow, acid, and 

impermeable soils, with low water retention, interspersed with quarzitic rock outcrops. The soil P 

availability is among the lowest globally (Oliveira et al. 2015; Silveira et al. 2016). The rock parent 
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material is quartzite, formed during the Precambrian and exposed to weathering since the 

Neoproteozoic era (700 million years of weathering) (Almeida-Abreu & Renger 2002). Campos 

rupestres plants experience strong daily thermal variation, high sunlight incidence and 

evapotranspiration and constant winds (Jacobi et al. 2007). The climate is mesothermic, Cwb (dry-

winter highland climate) according to Köppen classification (Köppen 1931). The climate is typically 

seasonal, characterized by a wet summer from October to April, and a dry season from May to 

September. The annual rainfall varies from 1250 to 1550 mm. The mean annual temperature varies 

between 18° and 19°C.  

The two Velloziaceae species, Barbacenia tomentosa Mart. (rock outcrops in Itutinga) and B. 

macrantha Lem. (rock outcrops in Serra do Cipó) are dominant species in the region and grow 

directly on bare rocks. We collected 15 individuals per species, during the rainy season, together with 

their natural substrate (quartzite rocks). We kept the individuals in the rock substrate collected in the 

field in a greenhouse at Universidade Estadual de Campinas for six months.  

 

Data collection  

Rock composition 

To determine the mineralogical composition of the rocks on which the studied species occur, we 

collected 9 rock samples in campos rupestres at Serra do Cipó (n=4), Diamantina (n=4) and Itutinga 

(n=1). We ground the material collected and assessed the composition by X-ray fluorescence at the 

Universidade Estadual de São Paulo, in Rio Claro. In addition, we also collected samples of quartzite 

rocks 20 cm deep with plant roots in it (n=3) for impregnation and preparation of microscopic rock 

slides. These slides were analyzed under a transmission electron microscope at the Institute of 

Geosciences of the Universidade Estadual de Campinas. Using the images and transmission electron 

microscopy analyses, we determined the P-bearing minerals and investigated the relation of these two 

Barbacenia species with the rocks, as well as the role of these rock-dwelling species in the weathering 
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process in campos rupestres. The channels and tunnels in the rock slides were measured using the 

software Image-J in 20 rock slides.  

 

Root description 

To describe the Velloziaceae root specializations, we used scanning, light, and transmission electron 

microscopy (TEM). For light microscopy, we selected roots with dense root hairs and analyzed a 

portion of the root tip and portions in which the root hairs were concentrated. We made cross-sections 

of the fresh material for histochemical tests, using ruthenium red for staining polysaccharides and 

mucilage (Gregory & Baas 1989); Lugol’s iodine solution for starch (Jensen 1962); Nile blue (Cain 

1947) for neutral (stained pink) and acidic (stained blue) lipids to identify the aliphatic compounds 

and ferric chloride for phenolic compounds (Johansen 1940); iodinated zinc chloride (Jensen, 1962) 

for starch grains (stained dark blue color); phloroglucinol – HCL (Jensen, 1962) for suberin and lignin 

(stained pink-violet color). After the phloroglucionol test, to confirm the suberin and lignin presence, 

we used Sudan IV, to dye in orange the suberin and Maule reagent to dye in pink-violet color the 

lignin (Jensen, 1962).    

Root segments were fixed in Karnovsky fixative, modified by phosphate buffer pH 7.2 for 48 h at 

room temperature. Those samples were dehydrated in an ascending ethanol series. After that, samples 

were embedded in hydroxyethyl methacrylate (Leica® historesin). The transversal and longitudinal 

sections (5 μm thick) were cut on a rotation microtome (Leica® RM 2145, Wetzlar, Germany). The 

sections were stained with toluidine blue O (Sakai 1973) and mounted in synthetic resin®. The results 

were documented by capturing images from the sections using an Olympus BX 51 (Tokyo, Japan) 

photomicroscope equipped with an Olympus DP71 camera (Tokyo, Japan). 

Root sections were prepared for analysis under a TEM. For these analyses, the material was sectioned 

in small portions of approximately 1 mm3 and fixed in 3% (v/v) glutaraldehyde in cacodylate buffer 

(0.2 M pH 7.25) for 12 h. After removal of the fixative, the washing was performed in buffer and the 
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material was fixed in a solution of 1% (w/v) osmium tetroxide (OsO2) and kept in the dark for about 

12 h. Dehydration was achieved by ascending alcohol series from 10% (v/v) until 100%. After 

dehydration, the material was included in hydrophilic acrylic resin LR White® "Hard Grade". 

Samples were included in gelatin capsules and left to polymerize at 60 °C for 12 h. The ultrafine 

sections were made with an ultramicrotome Leica Ultracut UCT, using a diamond razor Drukker 45, 3 

mm thick. Counterstaining was performed using an aqueous solution of 2% uranyl acetate and a lead 

solution for 30 min each. The analyses were performed in a LEO 906 (Carl Zeiss, Germany) 

transmission electron microscope in Laboratory Electron Microscopy at Institute of Biology / 

Universidade Estadual de Campinas. 

 

Distribution of elements in the outermost region of specialized roots 

We used micro-XRF setup available at the XRF beamline of the Brazilian synchrotron light 

laboratory (LNLS), Campinas, São Paulo, Brazil (Pérez et al. 1999) to map the nutrients near a root of 

B. tomentosa. We used one sample with a dimension of 5 x 4 mm and the spatial resolution used was 

20-25 μm. We mapped the following elements in the outermost region of the specialized root tissue: 

P, zinc (Zn) and calcium (Ca). Zinc and Ca were selected to show their spatial distributions with high 

resolution and to contrast with P distribution.  

 

Root functioning: exudate release  

To assess exudate release and to identify the released carboxylates, we used an ultra-high performance 

liquid chromatography system with a triple quadrupole mass spectrometer (UPLC-MS) and an 

electrospray ionization source, Acquity UPLC-TQD (Waters, Milford, MA, USA) at the Universidade 

Estadual de Campinas. Three 2 cm sections of fresh root tips per plant maintained in the greenhouse 

of B. tomentosa were collected and gently shaken in 0.5 ml of 0.1 % (v/v) Milli-Q water-dissolved 

formic acid (pH= 5.8) to avoid microbial consumption of the organic acids (Abrahão et al. 2014). 
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After 5 min, the root tips were removed, the samples were filtered, and the samples were frozen at − 

20°C until analysis. Each root tip was weighed in order to express carboxylate release per unit root 

weight. Standards were citric, malic, oxalic, succinic, lactic, maleic, tartaric, DL-isocitric, malonic, 

and fumaric acid, which are all known to be released from roots and likely to be involved in P 

mobilization (Roelofs et al. 2001; Oburger et al. 2009). 

To evaluate if the released exudates shifted during root development, we collected exudates from six 

individuals of B. tomentosa maintained in the greenhouse. From those individuals we collected roots 

fragments in the following stages: immature (n=3), mature (n=15), and senescent (n=4). As the 

investigated roots were in soil/rocks, we were not able to monitor exactly the longevity of the roots, 

and thus we assumed three classes 1) immature: 2-4 days; 2) mature: 6-12 days; 3) senescent: more 

than 15 days.  

In the field, we collected young (fully mature) and senesced leaves from six individuals of B. 

tomentosa to determine the Mn concentration as a proxy for rhizosphere carboxylate concentrations. 

Leaves were dried until constant weight, ground, digested with nitric and perchloric acids and 

analyzed by atomic absorption spectrophotometry (Perkin-Elmer, MA, USA) at the Universidade 

Federal de Viçosa, Brazil. 

 

Effect of carboxylates on P mobilization 

We tested the effect of carboxylates on P solubilization from quartzite rocks. For this, we used the two 

major carboxylates released by B. tomentosa: malate and citrate. We ground the rock, weighed one 

gram and placed it in 15-ml centrifuge tubes and mixed with 5 mM KCl background solution with 

carboxylates added (0, 5, 10, 15 and 20 μM). The samples were shaken for 20 min at 260 rpm and 

centrifuged for 20 min. The supernatant was collected with a syringe and filtered through a 45-μm 

syringe-filter (Abrahão et al. 2014). The P was analyzed colorimetrically using the malachite green 

method (Motomizu, Wakimoto & Toei 1983). We used five samples of rocks (two from Itutinga 

outcrop and three from Serra do Cipó area) to test P solubilization. 
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Data analyses  

To analyze whether the concentration of carboxylates changed with root development, we performed 

an ANOVA. To evaluate the role of exudates in P solubilization, we performed regressions between P 

solubilization and concentration of carboxylates. To compare the effect of malate and citrate on P 

solubilization we performed an ANCOVA. We performed the statistical analysis using R version 

3.3.2 (R Core Team 2016). 

 

Results 

Rock mineralogical analyses 

The quartzite rocks in the Espinhaço Mountain Range contained 0.14 + 0.02 mg total P g-1 in a matrix 

comprising predominantly silica (451 + 8 mg Si g-1) (Table 1). Some Velloziaceae occur in the bare 

rocks, and proliferated their roots inside them, using the rock along the bedding planes. In many 

cases, these plants did not use any preexisting cracks in the rocks, as evidenced by root growth 

perpendicular to the rock-bedding plane (Fig. 1a-c). The roots branched inside the rock (Fig. 1a-f), 

and formed tunnels inside the rock that varied from 0.02 + 0.021 mm to very thick layers of roots 

inside the rocks (Fig. 1b-e).  

The main source of P in quartzite rocks was monazite, composed of rare earth elements, mainly 

cerium (Ce), yttrium (Y) and gadolinium (Gd). In addition, P was associated with iron oxide (ilmenite 

(FeTiO3); in this mineral the iron can be replaced by Mn and yttrium phosphate. These minerals 

existed as small grains in the rock matrix (Fig. 1g-h).  
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 “Vellozioid roots” morphology and histochemistry 

The root systems of Barbacenia tomentosa and B. macrantha consisted of fibrous roots with 

morphological specializations, which are segments with a high density of extremely long root hairs 

just behind the apex (Fig. 2a-f). In both species, the root hairs originated from the protoderm and the 

cell differentiation occurred rapidly with the elongation in the anticline direction (Fig. S1a-j). The root 

region covered by hairs was highly variable (from 5 mm to < 5 cm) and these hairs were up to 3 mm 

long (Fig. 1a-f). The P concentration in the outermost region of the root tissue was higher near the 

roots hairs than in portions without specializations (Fig. 2g-h). This morphological specialization in 

roots of Velloziaceae species has never been recorded before, and we coin the term “vellozioid roots” 

for this newly described structure. 

Vellozioid roots contained numerous substances accumulated in both roots and root hairs (Fig. 3a-e). 

In the meristematic region, near the apex, we observed polysaccharides inside the root hairs and in the 
extracellular secretions that were stained pink with ruthenium red (Fig. 3a-b). We observed lipids 

inside and also on the surface of the root hairs (Fig. 3c-d). Phenols also accumulated inside the root 

hairs (Fig. 3e-f). Above the apex, in a region with tissue differentiation and root hairs, we observed 

starch grains accumulated in the root cortical cells (Fig. 3g). Lignin and suberin were present in 

exodermis and other cortex cells (Fig. 3h-j). Suberin was present mainly in the external periclinal wall 

of exodermal cells, and in thick layers of cells in the cortex region adjacent to exodermal cells 

(stained in dark orange) (Fig. 3j). Lignin was present in cortex cells, adjacent to cells with suberin. 

The lignin presence was confirmed with the Maule test (Fig. 3i). The root hairs presented 

invaginations along their entire length with dense cytoplasm, evidencing increased absorptive surfaces 

(Fig. 3k-r) and presented vesicles near the epidermis (Fig. 3l - insertion in Fig. 3k). Note the 

extracellular secretion on the surface of the root hair (Fig. 3n). There was probably an intense cellular 

communication between root hairs and subepidermal cells, as evidenced by a pit-pair in Fig. 3o. 

Secretions inside the root hair and the exudate are clearly heterogeneous (Fig. 3p-r). Subepidermal 

cells have anticlinal walls (Fig. 3r) and these cell walls had a lamellar appearance with light bands 

alternating with dark bands (Fig. 3s). 
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Carboxylate release and the functional role of vellozioid roots 

Barbacenia tomentosa exuded carboxylates, mainly malate and citrate, but also succinate (Fig. 4). 

Isocitrate, malonate and fumarate acids were present in trace amounts only, and hence were not 

included in the analyses. The amount of carboxylates released was similar in immature, mature and 

senesced roots for citrate (F = 2.531; p = 0.10) and malate (F = 0.136; p = 0.87), while succinate was 

not exuded by immature roots and did not significantly differ between mature and senescent roots (F 

= 0.058; p = 0.82) (Fig. 4). 

Furthermore, we also observed a high concentration of Mn in leaves of B. tomentosa (263+53 mg kg-

1) which is an indicator of the concentration of carboxylates in the rhizosphere by roots. This high 

concentration was similar to that of other nonmycorrhizal species in campos rupestres (average 200 

mg kg-1 (Oliveira et al. 2015). The Mn concentration was greater in senesced (346+41 mg kg-1) leaves 

than in the young ones (179+35 mg kg-1) (t=2.18; p<0.05).  

 

Phosphate solubilization from quartzite rock by carboxylates   

In the treatment with malate, we observed a linear increase in soluble P concentration with increasing 

malate concentration. The values ranged from 5.3+1.3 mg P kg-1 rocky substrate in the absence of 

carboxylates to 16.8+2.8 mg P kg-1 rocky substrate using 20 μM malate (y=0.53x+7.33; R2=0.81; 

p=0.01) (Fig. 5). Citrate also increased the soluble P concentration linearly, from 4.7+1.0 mg P kg-1 

rocky substrate in the absence of carboxylates to 10.2 mg P kg-1 rocky substrate at 20 μM citrate 

(y=0.31x+4.31; R2=0.93; p=0.001) (Fig. 5). The effect of malate on P solubilization was greater than 

that of citrate (P solubilization:carboxylate type F=5.29; p=0.05).  
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Discussion 

We show a major role of two carboxylate-releasing plant species in P solubilization from quartzite 

rock. We provide evidence that vellozioid roots grow into the rocks, through slow chemical and 

physical alterations, dissolving quartzite and driving soil formation processes. The specialized biology 

of a plant family allows profound interactions with the rock, slowly affecting the geomorphological 

processes and the landscape at different scales. 

The vellozioid roots, described here for the first time, are root specializations that combine anatomical 

and morphological modifications associated with a specialized physiology related to the release of 

carboxylates that mine P from quartzite rock for uptake by roots. The present results highlight a novel 

and significant root specialization in an iconic plant family, Velloziaceae, and we surmise that 

vellozioid roots are functionally similar to cluster roots and dauciform roots that mine P from 

extremely P-impoverished soils (Shane & Lambers 2005a). Vellozioid roots are highly efficient at P 

acquisition, since they can solubilize P from the rock in a matrix comprising predominantly Si (>96% 

of the content). This is a far more extreme situation than the strategies of plants with cluster or 

dauciform roots that grow in soil (Shane & Lambers 2005a) or on rock surfaces (Shi et al. 2019). 

These Velloziaceae, due to their physical and chemical actions inside the rocks, act in the process of 

weathering in campos rupestres. The present Barbacenia species are nonmycorrhizal (Abrahão 2018), 

and hence impacted the rock via root exudates, rather than exudates release by mycorrhizal hyphae 

(Van Schöll et al. 2008; Hoffland et al. 2004; Landeweert et al. 2001). 

Some Velloziaceae grow directly on the rocks in campos rupestres, rather than in soil, and directly 

influence the weathering process, contributing to shape the landscape (Fig. 1). This weathering may 

occur initially by the exploitation of small fractures in the rocks (Frazier et al. 2002; Cassiani et al. 

2009; Estrada-Medina et al. 2013). Alternatively, the carboxylates released by the vellozioid roots 

may dissolve the rock surface, and allow the roots to penetrate the rock, as evidenced by our photos. 

This biochemical alteration then creates a preferential water flow via channels produced by roots 

(Estrada-Medina et al. 2013; Schwinning 2013). Therefore, the water availability in these rocks 
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depends on fractures provided by weathering (Schwinning 2010), a process strongly enhanced by 

vellozioid roots. After this initial process of exploration, Velloziaceae form dense root mats, vastly 

increasing the space weathered in the rocks (Fig. 1). Perhaps high lignin, thick walls, mucilage may 

all improve the mechanical properties of these roots allowing them to grow through a hard substrate.  

The quartzite rocks at Serra do Espinhaço contain a very small amount of P, 0.14 mg g-1. A worldwide 

analysis of P concentrations in parent material shows that the mean concentration at Serra do 

Espinhaço is considerably less than in common silica-rich rocks, such as granite, 0.44 mg g-1, and 

especially less than in common iron-rich rocks, e.g., andesite, 1.00 mg g-1 (Porder & Ramachandran 

2013). In quartzite rocks at Serra do Espinhaço the element with the highest concentration was silica, 

and its P concentration was less than that in all the rocks considered in Porder and Ramachandran 

(2013). This concentration of P in parent rock influences the soil P concentration ( Porder et al. 2007; 

Porder & Ramachandran 2013; Augusto et al. 2017), which is very low in soils in campos rupestres, 

being among the most P impoverished in the world (Oliveira et al. 2015; Zemunik et al. 2018). There 

was no apatite in the quartzite rocks that we analyzed, but we found P in monazite, iron oxide and 

yttrium phosphate, in which Fe and Al hydrous oxides strongly bind the P minerals (Abel 2017), 

rendering them unavailable for uptake by most plants (Lambers et al. 2008).  

Different plant P-acquisition strategies are associated with differences in soil age and soil nutrient 

availability (Lambers et al. 2015b; Lambers et al. 2008; Zemunik et al. 2015). In moderately P-

impoverished soils, plants establish P-acquiring symbioses with mycorrhizal fungi, whereas in 

severely P-impoverished soils, the role of carboxylate-releasing root specializations becomes more 

important (Lambers et al. 2008; 2018). Mycorrhizal species coexist with non-mycorrhizal species, 

however, and the role of the mycorrhizal symbioses is likely to boost the defense against plant 

pathogens (Lambers et al. 2018; Albornoz et al. 2017). In the campos rupestres, different root 

specializations have been described, e.g., sand-binding roots in Discocactus placentiformis 

(Cactaceae) (Abrahão et al. 2014), Actinocephalus cabralensis and Paepalanthus sp. (Eriocaulaceae) 

(Oliveira et al. 2015). In addition, there are Cyperaceae that produce dauciform roots (Oliveira et al. 

2015). Here, we present an entirely new root specialization in Velloziaceae that colonize the quartzite 
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rocks, vellozioid roots. Many cluster- and dauciform-root producing species occur in soil habitats in 

ancient landscapes impoverished in P, such as southwestern Australia (Zemunik et al. 2015; Lambers 

et al. 2010), the Cape region in South Africa (Lamont 2003; Lambers et al. 2010) and campos 

rupestres (Oliveira et al. 2015; Zemunik et al. 2018). However, this is the very first report of release 

of carboxylates and solubilization of P from quartzite rock mediated by plant roots. This is extremely 

important considering the low amount of P found in quartzite rocks, emphasizing the role of this root 

specialization.   

The biota of the Brazilian campos rupestres is unique at taxonomic and evolutionary level. However, 

the campos rupestres have some analogues on other continents in relation similarity in geology and 

weathering patterns leading to nutrient-poor soils and others aspects (Mucina 2018). For example, in 

South Africa, Swaziland, Zimbabwe and Mozambique are found nutrient-poor equivalents substrates 

(known as Sourveld) and in some rugged and dissected Australian sandstone plateaus (revised by 

Mucina 2018). Therefore, we expect species with root specialization in those ecosystems, and that the 

importance of roots on weathering might be more important than we have assumed. 

 The vellozioid roots of Barbacenia differed morphologically and anatomically from cluster roots 

(comprising a cluster of rootlets along a lateral root axis) and dauciform roots (carrot-shaped roots 

with long hairs concentrated in a small region) (Shane et al. 2006a; Lambers et al. 2006; Güsewell 

2017; Konoplenko, Güsewell & Veselkin 2017). The root specialization in Barbacenia species 

consisted of a high density of root hairs, located just below the root tip. The root hair region was quite 

variable in its length. Vellozioid root hairs presented a variable content (mucilage, polysaccharides, 

phenols, starch and others) and thick walls that may improve the mechanical properties of these roots 

allowing them to grow through a hard substrate. Vellozioid roots differed also from cluster roots in 

showing a distinct suberized exodermis, which is lacking in Proteaceae and most Fabaceae (Lambers 

et al. 2018). The absence of an exodermis may be important to rapidly release carboxylates, but 

renders plants likely vulnerable to pathogen attack. Since both Cyperaceae (Enstone, Peterson & Ma 

2003) and Velloziaceae (present study) do have an exodermis, they may release carboxylates from 

their root hairs, and hence not be as susceptible to pathogen attack as Proteaceae (Lambers et al. 
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2018). Although, the root specialization in Barbacenia species was structurally different from that of 

the others described specializations, these roots were functionally analogous (Shane, Dixon & 

Lambers 2006b; Lambers et al. 2006) in terms of release of organic acids, but acquiring P from rock, 

rather than soil.  

The numerous root hairs of vellozioid roots increased the root-rock contact area. The carboxylates are 

likely released from these root hairs, allowing them to mine the P that is locked up in minerals in the 

quartzite rock. The protons released together with carboxylates accelerate silica dissolution due to a 

decrease in the pH (Lucas, 2001; Thiry et al., 2014). The deformation in Si grains is strong evidence 

that the roots dissolved the quartz (Fig. 1 d). Thus, the vellozioid roots create the microenvironment 

conducive to silica dissolution, contributing to the weathering in campos rupestres. The main organic 

acids released by vellozioid roots were malic and citric acid. Both, malate and citrate have affinity for 

iron (Fe3+) and aluminum (Al3+), replacing P sorbed in their oxides and hydroxides (Oburger et al., 

2009). Citrate is one of the major organic acids released by cluster and dauciform roots under 

conditions of P deficiency (Watt & Evans 1999; Shane et al. 2006a; Shane et al. 2004), but malate 

also appears in higher concentrations than citrate for recently-described root specialization in sandy 

soils in campos rupestres (Abrahão et al. 2014). The P-solubilizing relationship with carboxylate 

concentration highlights the importance of the exudates released by vellozioid roots. Phosphorus was 

efficiently solubilized, even at relatively low concentrations of the organic anions in solution. A low 

concentration of organic acid (5 μM) almost doubled the P availability compared with that release in 

the absence of carboxylates. These results indicate that the small amounts of carboxylates released by 

vellozioid roots were capable of efficient P solubilization from quartzite rock. 

The high concentration of Mn in the leaves of B. tomentosa was an important indicator of the amount 

of carboxylates in the rhizosphere (Lambers et al. 2015a; Pang et al. 2018). Manganese solubility is 

likely also increased by acidification (by organic acids) (Oliveira et al. 2015; Pang et al. 2018; 

Lambers et al. 2015a). The concentration of Mn in the leaves of B. tomentosa was considerably 

greater than that of the campos rupestres community (Oliveira et al. 2015), reinforcing the important 

role of carboxylates in the mining strategy of these species. The Mn concentration was greatest in 
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older leaves, as has been found for Hakea prostrata (Proteaceae) (Shane & Lambers 2005b). This 

might reflect their age, considering many Velloziaceae are resurrection plants (Alcantara et al. 2015), 

but given that the young leaves also exhibited high Mn concentrations, this demonstrates age does not 

account entirely for the high Mn concentrations. 

In summary, Barbacenia species very efficiently exploit the extremely low-P quartzite rock, using a 

P-mining strategy involving vellozioid roots, a novel root specialization described in this study. We 

show the role of Velloziaceae in weathering of quartzite rock, through chemical and physical 

interactions with the rock, involving exudation of carboxylates. The gradual weathering of the rock 

followed by the release of sand likely influences the evolution of the landscape and the diversity of 

substrates found in campos rupestres. Similar processes are likely occurring in other landscapes. For 

example, roots of Pinus sylvestris are capable of dissolving apatite, and this process may involve 

mycorrhizal symbionts (Calvaruso et al. 2013; Wallander, Wickman & Jacks 1997; van Breemen et 

al. 2000). 
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Table 1. Mineral element concentration (mg g-1) in quartzite rock in campos rupestres. The rock 
samples were collected in Itutinga, Diamantina and Serra do Cipó National Park (n=9), Minas Gerais, 
Brazil. The values shown are averages and standard deviation (n=9).  
Mineral 

Element 

Si Ti Al Fe Mn Mg Ca Na K P 

451 + 

8 

0.6 + 

0.4 

7 +  

4 

6 +  

3 

0.09 +  

0.05 

0.5 +  

0.4 

0.3 +  

0.15 

0.2 +  

0.10 

4.6 +  

3.5 

0.14 +  

0.02  
Figure 1. a) Barbacenia tomentosa growing in rock outcrops in Itutinga, Minas Gerais, Brazil. The 
individuals used in greenhouse were collected at this site; b) roots of B. tomentosa on quartzite rocks; 
c) roots of a Velloziaceae species creating layers in quartzite rock in campos rupestres at Serra do 
Cipó, Minas Gerais, Brazil. Individuals of B. macrantha were collected at Serra do Cipó. d, e, f) rock 
slices; the fissures in the rocks represent the tunnels and channels resulting from root activities (some 
of them are evidenced by the arrows); the weathering process can be viewed from d (how the process 
starts) until c (thicker layer of roots); the roots can be viewed in the rock slides; g) transmission 
electron microscopic image showing the mineral composition in the quartzite matrix. h) The points 1, 
2, 3 and 4 had their mineralogical composition analysed. The points 1 and 4 contained only silicon 
(Si) and oxygen (O). The points 2 and 3 contained phosphorus (P), O, potassium (K), titanium (Ti), 
yttrium (Y), gadolinium,  (Gd), dysprosium (D), sodium (Na); aluminium (Al); manganese (Mn), iron 
(Fe), potassium (K), and chlorine (Cl).    
Figure 2. Barbacenia tomentosa and B. macrantha roots collected on their natural substrate of 
quartzite rock; a) Roots of B. tomentosa showing dense root hairs; b, c, d) Vellozioid roots of B. 
tomentosa; e) Scanning electron micrograph of the root hairs of B. tomentosa; f) Scanning electron 
micrograph of a vellozioid root of B. macrantha; g) Vellozioid root of B. tomentosa; h) Distribution 
of phosphorus (red) in the outermost region of root shown in g.  

 

Figure 3. Histochemical (a-i) and transmission electron microscopic images (j-r) showing dense 
substances in the epidermal and subepidermal cells, as well as in the root hairs. a) Test with 
ruthenium red, showing the presence of polysaccharides and mucilage in the epidermis and root hairs; 
b) Detail of polysaccharides and mucilage inside the root hairs; c) Lipids in the epidermis stained 
blue; d) Presence of lipids inside the root hairs; e) Phenols in the wall and in the tips of the root hairs 
(stained with ferric chloride); f) Detail of the bases of the root hairs showing the presence of phenols; 
g) Starch grains accumulated in root cortical cells (stained in dark blue); h) Lignin and suberin stained 
with phloroglucinol – HCL  (pink); i) Lignin stained in red stained with Maule; j) Suberin stained in 
orange; k-s) Transmission electron microscopy of vellozioid roots; k) Invaginations of root hairs, 
increasing their surface area with dense content inside them; l) Detail of the vesicles in the root wall; 
m) Detail of the dense content inside the root hairs; n) Invaginations of the root hairs with dense 
substances; o) Connection between two root hairs; p) Detail of root hair content; q) Root hairs 
releasing their content ; r) Thick cell wall in root hair. 
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Figure 4. Carboxylate concentrations during vellozioid root development in Barbacenia tomentosa: 
immature (2-4 days), mature (6-12 days) and senescent (more than 15 days). There were no 
significant differences in carboxylate concentrations among the developmental stages.   
Figure 5. Solubilized phosphorus (P) from quartzite rock collected in campos rupestres as affected by 
the addition of carboxylates (citrate – black circle – and malate – red square); n=5. Bars represent 
standard errors. 

 

Figure S1: Light microscopy images of roots of Barbacenia tomentosa. 
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