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Abstract
Background and Aims Euplassa cantareirae is a
Neotropical Proteaceae, native to the Restinga forest in
Brazil and it experiences a wide array of adverse envi-
ronmental conditions, especially seasonal flooding and
low nutrient availability. We aimed to investigate the
effects of phosphorus (P) supply on plant growth and
cluster root formation, as well as to characterize the

main carboxylates released by the cluster roots of this
species.
Methods We conducted a greenhouse experiment where
seedlings were grown in a sandy soil and watered three
times a week with nutrient solution with the following
P concentrations: 0, 10, 50 or 100 μM. Cluster-root
production per plant, tissue P concentrations, growth
parameters and carboxylate release were recorded and
analyzed.
Results Remarkably, cluster-root formation, biomass
production and leaf P concentration did not depend on
P supply. These results differ from what have been found
for almost all other investigated species, except for one
other plant that inhabits a similar habitat in south-western
Australia, Viminaria juncea (Fabaceae). The carboxyl-
ates that were found in the rhizosphere were similar to
those reported before for other Proteaceae.
Conclusions Euplassa cantareirae is a Neotropical
Proteaceae producing cluster roots, and contrary to what
is known for other family members, it does not appear to
regulate its cluster-root formation, growth and leaf P
concentration by the soil P availability.

Keywords Atlantic forest . Root exudation .

Phosphorus . Proteoid roots

Introduction

The Atlantic Forest features among the 25 global
hotspots for biodiversity conservation priorities (Myers
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et al. 2000). At the present, it retains less than 16% of its
original cover (Ribeiro et al. 2009) and about 2.7 % of
all global plant species are endemic to this biome
(Myers et al. 2000). The biodiversity is not equally
distributed across the Atlantic Forest. Biodiversity pat-
terns depend on land relief, climatic characteristics and
soil properties (Oliveira-Filho and Fontes 2000). The
most species-rich regions occur over two mountain
ranges: Serra da Mantiqueira and Serra do Mar
(Oliveira-Filho and Fontes 2000), which consist of
Precambrian crystalline rocks formed 4.5 billion years
ago (Almeida 1964). The mountain ranges represent an
altitudinal gradient of ancient soils, characterized by a
mosaic of soil types, most of them being shallow, acidic
and very nutrient-poor (Rizzini 1997). This significant
environmental heterogeneity is associated with a high
biodiversity, which is often greatest in the mesic
rainforest. However, other marginal ecosystems are also
important in terms of biodiversity maintenance and
generation (Scarano 2009).

The Restinga forest is a marginal ecosystem in the
Atlantic Forest that occurs just above sea level and,
although moderately species-rich, it is dominated by
one or a few species (Scarano 2002). This habitat expe-
riences a wide array of adverse environmental condi-
tions, especially seasonal flooding, low soil pH (3.4),
high salinity, low nutrient availability and high alumi-
num (Al) concentrations (Scarano 2002; Joly et al.
2012). Although lower than in mesic Atlantic Forest,
species richness in Restinga forest is higher than in
vegetation types with the same intensity and frequency
of abiotic limitations (Scarano 2009), including species
with mycorrhizal associations (Mardegan 2013) and
with nitrogen-fixing bacteria (Silva and Tozzi 2009).

Phosphorus (P) is the most limiting macronutrient in
the Restinga forests and the highest P concentrations are
in the top 20 cm of the soil. Because of the extremely
low pH (3.4) and high Al concentrations (15.6 mg kg-1),
P strongly binds to Al(III), which is bound to humic
substances, by ligand exchange, replacing OH- and
H2O. This process render the P unavailable for plant
uptake in the soil solution (Gerke 1992). In P-
impoverished habitats, plants exhibit a variety of mech-
anisms that allow survival and growth, such as long leaf
life span, high degree of scleromorphy and high P-use
efficiency (Lambers et al. 2010). Plants can also present
mechanisms that enhance P acquisition, such as mycor-
rhizal associations and non-symbiotic root specializa-
tions (Lambers et al. 2010). Cluster roots are non-

symbiotic root specializations characterized by a dense
set of lateral roots with abundant rootlets of determinate
growth and high density of root hairs (Purnell 1960),
which increases their root surface area. This large root
surface area is associated with exudative bursts of car-
boxylates that solubilize forms of P unavailable to most
plant species (Lambers et al. 2015).

Cluster roots were first studied in Proteaceae, mainly
Australian and South African species growing in ex-
tremely nutrient-impoverished soils. In species from
these habitats, like in Hakea prostrata, Grevillea
crithmifolia and Bankisia species, the investment in
cluster-root biomass is large when grown at low-P sup-
ply. Depending on the species, the allocation ranges
from 25 to 75 % of the total biomass (Delgado et al.
2014). In contrast, cluster-root formation is suppressed
at high P availabilities (Lamont 1972). In Hakea
prostrata (Proteaceae), for example, shoot P concentra-
tions increase with increasing P supply and this is asso-
ciated with suppression of cluster-root formation (Shane
et al. 2003). Likewise, in a southern South American
Proteaceae, Embothrium coccineum, inhabiting volca-
nic ash soils with a large amount of total P, but with low
P availability, cluster-root formation is also suppressed
at high P supplies (Delgado et al. 2014). However, in
E. coccineum, the investment in cluster root biomass is
much lower than that in south-western Australian
Proteaceae (less than 5 % of total biomass), and this is
compensated by a faster rate of exudate release
(Delgado et al. 2014). Notably, Viminaria juncea
(Fabaceae), an Australian native species that occurs in
heathlands near swamps with low P availability (al-
though not quite as low as sites dominated by
Proteaceae species), produces cluster roots even at high
P supply with no increase in shoot P concentration,
showing an ability to tightly down-regulate its P acqui-
sition (de Campos et al. 2013). In addition to cluster
roots, this species can also produce mycorrhizal associ-
ations and nodules for nitrogen fixation. These studies
provide evidence that cluster-root formation and func-
tioning depend not only on P availability (Zúñiga-Feest
et al. 2015). The functioning of cluster roots in species
from contrasting habitats is still under debate, and we do
not know to what extent nutrient status is the only factor
that influence cluster-root production..

Euplassa cantareirae Sleumer is a Proteaceae native
to the Atlantic Forest, which, like V. juncea in south-
western Australia, also inhabits seasonally-flooded hab-
itats in the Restinga forest. There is no record of its
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capacity to produce cluster roots and for their role in P
nutrition. The aim of this study was to investigate if this
species produce cluster roots and if so, whether high P
availability would suppress cluster-root formation in a
Neotropical Proteaceae endemic to global biodiversity
hotspot. We further hypothesize that as P supply in-
creases, Euplassa cantareirae would decrease cluster-
root formation until total suppression, such as observed
for species that inhabit soils with higher total P, but low
P availability (e.g., Embothrium coccineum).

Material and methods

Species studied

The genus Euplassa is endemic to the Neotropics, and
belongs to the subfamily Grevilleoideae and the subtribe
Macadamieae, which includes the largest American en-
demic genera Euplassa, Panopsis and Roupala (Prance
and Plana 1998). Euplassa cantareirae is a canopy tree
from the Atlantic Rainforest that occurs in wet pre-
montane forest along the Coastal range of Serra do
Mar in south-eastern and southern Brazil (Prance et al.
1997; Prance and Amorim 2015), but also in lowland
Restinga forests, where it is a moderately abundant
species, with 22 individuals per hectare (Assis et al.
2011). In these environments we find 84 species per
hectare from 32 families, the most abundant are Pera
glabrata (Euphorbiaceae), Euterpe edulis (Arecaceae),
Myrcia racemosa (Myrtaceae) and Jacaranda puberula
(Bignoniaceae) (Assis et al. 2011).

Site description, seed collection and maintenance
of plant material

Seeds of E. cantareiraewere collected in July 2010, in a
lowland Atlantic Forest (Restinga forest), at Serra do
Mar State Park - Picinguaba nucleus (23° 27' 50" and
23° 15' 00" S and 45° 15' 00"and 44° 43' 30"W), located
at Ubatuba - SP, in the north of the state of São Paulo,
south-eastern Brazil. Local mean annual precipitation is
2,100 mm, and the mean annual temperature is about
22 °C (Bencke and Morellato 2002).

The Restinga forest, where E. cantareirae naturally
occurs, is located on young Pleistocenic coastal Atlantic
s and p l a ins . The so i l i s cha r ac t e r i z ed as
Quartzipsamment (Alves et al. 2010), acidic and with
high Al availability (15.6 mg Kg-1) (Martins 2010). The

highest P concentrations are in the top 20 cm; resin P
concentrations decreases from 11.5 for the top 5 cm soil
layer to about 4.0 mg Kg-1 of dry soil in 20 cm depth
(Martins 2010). The soil presents seasonal fluctuations
of the water table, being waterlogged during the rainy
season, which occurs from December to March (Saenz
2013), and exhibits a relatively low plant-available P
concentration, partly due to the low pH (Table 1)
(Martins 2010).

Seeds were germinated in native soil, collected at the
same site where seeds were collected. Seedlings were
maintained in pots containing native soil in a green-
house and watered with tap water three times a day,
from July to October 2010.

Greenhouse experiment

When the seedlings were about 10 cm tall, they were
transplanted to 3 l pots containing a mixture of two
thirds of washed river sand and one third of vermiculite.
Pots were then watered three times a week with 200 ml
of a nutrient solution containing all nutrients, except P.
In μM, the nutrient solution contained 400 NO3

-, 200
Ca2+, 200 K+, 154 SO4

2-, 54 Mg2+, 20 Cl-, 2 Fe-EDTA,
0.24 Mn2+, 0.1 Zn2+, 0.02 Cu2+, 2.4 H3BO3 and
0.3 Mo4+. The nutrient solution was prepared with
deionized water with pH buffered to 5.8 (Shane et al.
2004).

The experiment was organized into four treatments
with 15 plants each. Each treatment received 40 ml of P
(KH2PO4) three times a week, in the following concen-
trations: 0, 10, 50 and 100 μM. The experiment was
conducted in a closed greenhouse, located at the
University of Campinas, Campinas-SP, south-eastern

Table 1 Soil pH and resin P concentration inmg kg-1 of dry soil at
different soil depth at the Restinga Forest in at Serra do Mar State
Park - Picinguaba nucleus. Values extracted from Martins 2010

Soil depth (cm) pH Resin P concentration (mg kg-1)

0-5 3.39 11.5

5-10 3.46 7.0

10-20 3.73 4.0

20-30 3.97 2.0

30-40 4.09 2.0

40-50 4.14 2.0

50-75 4.17 2.0

75-100 4.16 2.0
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Brazil. During the experiment the temperature ranged
from 15 to 37 °C with a mean of 28 °C and relative
humidity varied between 50 and 80 %.

Data collection

Plants were grown for 4 months, from November 2010
to February 2011. During the first 2 months, three
growth parameters were recorded: stem diameter, plant
height and leaf area. With nail polish, we made a trace in
the stem base and measured the stem diameter with
calipers at the beginning and at the end of the experi-
ment. Plant height was measured with a ruler from the
nail polish trace to the end of the apical meristem both at
the beginning and at the end of the experiment. Finally,
the total leaf area was determined by measuring the
length and width of each leaf blade both at the beginning
and at the end of the experiment.

Two months after transplanting the seedlings to the
experimental pots, we performed a test to evaluate
E. cantareirae root acid exudation by placing root sam-
ples of both fresh and senescing cluster roots in Petri
dishes containing agar (12.5 g l-1) with 1 % (w/v)
bromocresol purple, a pH indicator with range shift at
pH 5.2 (Neumann et al. 2000). After confirming the acid
exudation, we proceeded with the identification of the
main carboxylates released by the roots. Firstly, the root
systems were gently shaken to remove sand excess.
Then, the roots and rhizosphere soil were transferred
to a beaker containing 0.2 μM CaCl2 solution. The
volume was just enough to allow complete immersion
of the cluster roots; the use of CaCl2 ensured cell integ-
rity (Ryan et al. 2012). A 1 ml subsample of the rhizo-
sphere extract was filtered through a 0.22 μm syringe
filter and then analyzed in an ultra-performance liquid
chromatography (UPLC-MS) (see method in Abrahão
et al. 2014), using standard organic acids commonly
released by cluster roots (Roelofs et al. 2001). Seven
plants, randomly chosen, and one cluster of each indi-
vidual were used to collect the exudates.

After 4 months of treatment, the plants were care-
fully removed from the pots. Leaves, stems and roots
were dried in an oven at 60 °C for 48 h and weighed
on an analytical balance to determine plant dry mass.
We ground the plant dry material in a knife grinder,
and analyzed P concentration through acid digestion
with perchloric and nitric acid followed by colorimet-
ric analysis with the malachite green method
(Motomizu et al. 1983).

We also made field observations and collections. In
March 2011, we dug up and exposed the roots of five
seedlings of E. cantareirae to observe the root architec-
ture and cluster-roots. In April 2013, we collected, in the
same Restinga forest, 10 soil samples for soil pH and P
availability analyses. Soil pH was determined by
potentiometry in a CaCl2 solution and soil P availability
by the resin extraction method (Turner and Romero
2009) in the Soil Science Laboratory of the Luiz de
Queiroz College of Agriculture, Piracicaba-SP.

Data analyses

Growth data (stem width, plant height and leaf expan-
sion) as well as plant dry mass and tissue P concentra-
tion were compared among treatments by an ANOVA
test followed by a post-hoc Tukey test comparison, both
performed using R (R Core Team 2012). We considered
a p critical value of 0.05.

Results

Soil analyses of field-collected material

Soil analyses from the Restinga forest where
E. cantareirae naturally occurs showed P available values
between 4 and 15 mg P kg-1 of dry soil, with an average
of 8.7 mg P kg-1 of dry soil in the top 20 cm layer.

Cluster-root formation and functioning

Seedlings of E. cantareirae produced cluster roots in all
treatments. The increase in P supply did not decrease
cluster root production, neither the number of cluster roots
(df=3, F=0.279, p=0.84) nor cluster root to total biomass
(Fig. 4d). These structures were abundant, simple (with
only first-order rootlets emerging from a lateral root axis)
and bottlebrush-shaped (Fig. 1). The size of the cluster
roots ranged from 10 to 40 mm. They were also observed
in the field, at the seedling stage, where they clearly did
not form a mat at the soil surface, but were found only
along the entire root length, down 10 to 20 cm deep.

Mature cluster roots of E. cantareirae presented acid
exudation (pH<5.2) as shown by the yellow aura in the
bromocresol purple assay (Fig. 2a). However, we did not
observe the yellow outline around senescing cluster
roots, indicating they did not release acid exudates
(Fig. 2b). We identified, in a descending concentration,
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oxalic, malic, isocitric, citric, malonic, maleic, lactic,
fumaric, succinic and tartaric acids in the E. cantareirae
rhizosphere. The first four acids were released in greater
proportions than the others, with concentrations of 593,
167, 165 and 22 μmol l-1 respectively, representing al-
most 80 % of the total amount of organic acids that were
exuded by cluster roots of E. cantareirae (Fig. 3).

Growth response to P supply

Plant growth did not differ among P treatments. Total
biomass, cluster roots to total biomass ratio, leaf expan-
sion rate and height increment did not differ among
treatments. Likewise, root dry weight did not vary sig-
nificantly among treatments (df=3, F=1.062, p=
0.376); values of root dry weight varied from 0.25 to
2.95 g plant-1, and represented between 10 and 37 % of
the total plant dry weight (Fig. 4 a–d).

Tissue P concentration

Plants showed remarkably little variation in tissue P
concentration among treatments, despite the very wide

range of P supply. The average leaf [P] was similar in the
four treatments (0.77, 0.74, 0.82 and 1.03 mg P g-1 of
DW, for 0, 10, 50 and 100 μmol l-1 P, respectively) and
ranged from 0.37 to 1.45 mg P g-1 of dry weight (DW)
(Fig. 5a). Leaf [P] of E. cantareirae seedlings collected
in the field was 0.61 mg P g-1 of DW. In addition, the
individuals of the treatments with higher P availability
did not store the extra available P in other tissues such as
stems or roots (Fig. 5b). Root [P] and stem [P] were the
same among treatments (df=3, F=0.317, p=0.813 and
df=3, F=0.312, p=0.816, respectively). Root [P] varied
from 0.18 to 0.47 mg P g-1 of DW and stem [P] from
0.13 to 0.90 mg P g-1 of DW.

Discussion

Euplassa cantareirae occurs in a stressful habitat
(Scarano 2002), which experiences seasonal flooding
and also is dependent on nutrients from litter decompo-
sition (Bonilha et al. 2012). Nutrient concentrations in
the soil are low, but constant throughout the year, since
leaves are shed during the entire year in the Restinga

Fig. 1 Root system of Euplassa
cantareirae seedlings cultivated
for 4 months in a greenhouse.
a–b. E. cantareirae root system
with cluster roots. c. Details of the
cluster roots hairs (on secondary
lateral roots). Seedlings of
E. cantareirae produced cluster
roots equally in all treatments

Fig. 2 Cluster roots of Euplassa
cantareirae in the bromocresol
purple assay. a The yellow color
indicates release of acid exudates
(pH≤5.2) by young cluster roots. b
The senescent cluster roots did not
release acid exudates and therefore
showed no yellow outline
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(Bizuti 2011). Total soil [P] at the study site was about
200 mg kg-1 soil (Bizuti 2011), while available (resin)
[P] where seeds were collected was 8.7 mg kg-1 soil.
The available soil P levels at the E. cantareirae site were
low, but not as low as typically found for sites inhabited
by south-western Australian Proteaceae species (25 and
1.7 mg kg-1 soil, for total and available P respectively, de
Campos et al. 2013). Restinga forests also presented
much lower total [P], but similar P availability to sites
occupied by Chilean species (1600 and 0.1 to 13 mg kg-
1 soil, for total and available [P], respectively, Donoso-
Ñanculao et al. 2010; Delgado et al. 2014).

Restinga forests experience a seasonal rise of the water
table. Plants from seasonally-flooded habitats are usually

flood-tolerant and during flooding maintain, although at
lower rates, transpiration, photosynthesis and growth
rates (de Oliveira and Joly 2010), and also show lower
nutrient-absorption rates (Steffens et al. 2005). The lower
nutrient-absorption rate is a consequence of hypoxia.
Under hypoxia the ATP production decreases, which
affects the H+-pumping ATPase activity in root tissues,
thus lowering absorption rates (Steffens et al. 2005). An
efficient mechanism for nutrient acquisition, such as clus-
ter roots, could benefit the maintenance of E. cantareirae
in Restinga forests by increasing P acquisition after
flooding, during which there is little nutrient uptake.

The simple bottlebrush-like cluster roots developed
by E. cantareirae can be up to 40 mm long and are

Oxalic Malic Isocitric Citric Malonic Maleic Lactic Fumaric Succinic Trataric
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Fig. 4 Comparison of growth
parameters measured in seedlings
of Euplassa cantareirae after
2 months of exposure to different
concentrations of phosphorus
(P0; P10; P50; P100, are
respectively, 0, 10, 50 and
100 μmol l-1 of P in the added
nutrient solution) in the soil in a
greenhouse experiment. a. Leaf-
expansion rate (df=3, F=1.409,
p=0.263). b. Height increment
(df=3, F=0.179, p=0.91). c Total
biomass dry weight (df=3, F=
0.987, p=0.409), dCluster root to
total biomass ratio (dry weight)
(df=3, F =0.765, p=0.521). The
boxes represent the quartiles, the
central line the median and
vertical bars represent the
maximum and minimum values.
All treatments showed no
difference for the four parameters
investigates (p<0.05 one-way
ANOVA test)
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standard error



morphologically very similar to those described for
species from nutrient-poor soils in Australia such as
Hakea spp. and Telopea spp. (Shane and Lambers
2005), and also to species from young volcanic soils in
Chile such as Gevuina avellana (Ramirez et al. 2004).
Gevuina avellana is phylogenetically close to Euplassa
(Weston 2014), but despite the morphological similarity,
cluster-root formation responded differently to what is
known for the above-mentioned species.

Irrespective of P supply, E. cantareirae developed clus-
ter roots, presenting the same proportion of non-cluster
roots to cluster roots. The signaling for cluster-root pro-
duction appears to involve the low leaf [P] (Shane and
Lambers 2005), and sinceE. cantareiraemaintained low P
concentration in its leaves at all P supplies, we surmise that
the seedlings received the same signal for cluster-root
production in all treatments. In addition, the constant shoot
P concentration in all treatments (concentration ranged
from 0.74 to 1.03 mg g-1 DWamong treatments) indicates
the plants have the capacity to strongly down-regulate their
P uptake, as observed before in V. juncea (in which the
concentration ranged from 1.19 to 1.68 mg g-1 DW) (de
Campos et al. 2013). In contrast, other Proteaceae species
that develop cluster roots only at low P supply (Shane and
Lambers 2005), increase their leaf P concentration with
increasing P supply. For example,Hakea prostrata, which
shows a limited capacity to down-regulate its P-uptake
system, increases its leaf [P] until toxicity levels
(from 0.02 to 13.6 mg g-1 DW). Conversely, Grevillea
crithmifolia and Embothrium coccineum, which do show
down-regulation of their P-uptake capacity, marginally
control their leaf [P], and show some increase (from 0.15
to 2.05 mg g-1 DW, and from 0.49 to 3.16 mg g-1 DW,
respectively) (Delgado et al. 2014).

The present results on E. cantareirae show both a
fine adjustment of plant growth when P supply is scarce,
and a strong down-regulation of P-uptake capacity at the
highest levels of P supply. This species invests heavily
in cluster-root growth, forming large structures that
release carboxylates, irrespective of soil P availability.
A species that also maintains tissue P levels and cluster-
root formation under a large range of P supplies is
V. juncea, which controls its P uptake very tightly, and
occupies slightly P-richer habitats than south-western
Proteaceae (de Campos et al. 2013). We suggest that
the small increase in available P in the soils where
E. cantareirae and V. juncea occur selects the ability to
down-regulate P uptake capacity to avoid P toxicity (de
Campos et al. 2013).

Along with cluster-root morphology and formation,
root organic acids play an important functional role in
nutrient acquisition at sites with low P availability
(Jones 1998). Phosphorus is poorly mobile in soil and
forms complexes with oxides and hydroxides of iron
and aluminum in acidic soils, rendering it unavailable
for plant uptake. Carboxylates compete for binding sites
with complexes that sorb P, thus mobilizing both inor-
ganic and organic P (Gerke 2015). As has been reported
for Proteaceae species native from Australia, the acids
commonly released are citric and malic (Roelofs et al.
2001). A similar pattern was found for E. cantareirae;
oxalic, malic, isocitric and citric acid were the major
acids in cluster-roots rhizosphere of E. cantareirae.
Citrate and malate are usually the most abundant car-
boxylates in the rhizosphere and effective in mobilizing
P (Roelofs et al. 2001). However, in the E. cantareirae
rhizosphere, we found oxalate in higher concentrations,
similar to those of citrate in some Australian species
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(Dessureault-Rompré et al. 2007). This feature might be
related to the P form present in the soil, because oxalate
can have a similar effect to that of citrate in Al-rich soils
(Gerke et al. 2000), which is the type of soil of the
Restinga forest. Although less efficient, other carboxyl-
ates also play a role in P mobilization, e.g., malate and
isocitrate.

Concluding remarks

Our study represents the first description of cluster-root
formation in a native tree species from a Neotropical
seasonally flooded ecosystem belonging to the Atlantic
Forest domain, a global biodiversity hotspot. The results
presented for E. cantareirae are very similar to those for
the Australian V. juncea (de Campos et al. 2013), which
naturally occurs in very similar seasonally-flooded soil
conditions. E. cantareirae exhibits similar shoot P con-
centrations at all P supplies, indicating control of its P
acquisition. We also observed the release of acid exu-
dates with the bromocresol assay, and identified oxalic,
malic, isocitric, and citric carboxylates as the main ex-
udates of E. cantareirae cluster roots. These carboxyl-
ates participate in P acquisition, especially during the
period of a low water table, compensating for the low
nutrient acquisition during flooding (Steffens et al.
2005). Taken together, cluster roots and carboxylate
exudation are an effective mechanism of P acquisition
in P-poor soils of Restinga forests.
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