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Abstract
Background and aims Neptunia amplexicaulis, endem-
ic to Central Queensland (Australia), is one of the stron-
gest selenium (Se) hyperaccumulators known globally,
capable of accumulating up to 13 600 µg Se g− 1 in its
leaves. This work aimed to elucidate root foraging in
response to Se in N. amplexicaulis applied in
two different chemical forms and concentrations com-
pared to the sympatric non-accumulator N. gracilis.
Methods Neptunia amplexicaulis and N. gracilis seeds
were germinated and transplanted into rhizotrons filled
with half control and half Se-dosed soils with low (5 µg
Se g− 1) or high (30 µg Se g− 1) levels of Se in soluble
(Na2SeO4) or insoluble (CaSeO3) form. After 3 weeks,
the root density in the two areas of the rhizotrons was
measured and plants were removed from the soil to
determine biomass and for chemical analysis of Se and
other elements.
Results Major changes were observed in the low Se
dosed side in Na2SeO4 form, and in the high Se dosed
side in CaSeO3 form in N. amplexicaulis roots: a higher
density, Se concentration, Se:S ratio, and a tendency to
increase the biomass. In contrast, a reduction in the root
density with 30 µg Se g− 1 in respose to the CaSeO3

form was observed in N. gracilis.

Conclusions Neptunia amplexicaulis preferentially for-
aged in Se soluble enriched soil, which may be benefi-
cial for the plant given the increase in the root biomass at
low Se dosed soil. In contrast, a reduction in the root
density in N. gracilis indicated avoidance of soils
enriched with high insoluble form of Se.

Keywords Avoider . Hyperaccumulator . Root
foraging . Selenium

Introduction

Hyperaccumulators are plants that have the ability to
accumulate particular metal(loid) elements in extremely
high concentrations in their aerial tissues without
experiencing toxicity (Jaffré et al. 1976; van der Ent
et al. 2013). Hyperaccumulation is rare globally (Baker
and Brooks 1989), and the hyperaccumulation of the
metal(loid) selenium (Se) is even rarer, recorded in only
45 taxa (Cappa and Pilon-Smits 2014; White 2016).
Selenium hyperaccumulators are plants that concen-
trate > 1000 µg Se g− 1 in their shoots, however plants
can also be classified as secondary Se accumulators
(100–1000 µg Se g− 1 in shoots) (Anderson 1993;
Brown and Shrift 1982). In contrast, most plants cannot
tolerate more than 10–100 µg Se g− 1 in their tissues and
show signs of Se toxicity when prevailing foliar Se is
greater (Hartikainen et al. 2001), as such, plants with <
100 µg Se g− 1 are classified as non-accumulators
(White et al. 2004). Families that contain Se
hyperaccumulating species are variable, and while Se
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hyperaccumulation may occur in several species in the
same genus, such as Astragalus which contains ∼25 Se
hype r accumu la to r spec i e s , Xy lo rh i za and
Symphyotrichum (Asteraceae) contain only three Se
hyperaccumulator species each, in many other cases
Se hyperaccumulation may only occur in one or two
species in a genus (Stanleya pinnata and S. bipinnata of
the Brassicaceae family) (El Mehdawi et al. 2014;
Rosenfeld and Beath 1964; White 2016). Currently,
the strongest Se hyperaccumulators are species within
the genus Astragalus which are able to accumulate
upwards of 10 000 µg Se g− 1, while the soil on which
they grow contains 2–10 µg Se g− 1 (Schiavon and
Pilon-Smits 2016). Another of the strongest Se
hyperaccumulator plants known globally is Neptunia
amplexicaulis (Fabaceae), an herbaceous legume from
Central Queensland, Australia (AVH 2019; Knott and
McCray 1959). In Se-dosed glasshouse conditions,
this speciesis capable of accumulating up to 13 600 µg
Se g− 1 in young leaves (Harvey et al. 2020). In nature,
when found growing on the most seleniferous area
within its endemic habitat near Richmond, it was re-
corded accumulating on average 3028 µg Se g− 1 and up
to 4334 µg Se g− 1in leaves, when growing on soils and
rocky outcrops with 10 to 69 µg Se g− 1 (Knott and
McCray 1959; McCray and Hurwood 1963). The larger
Richmond area has largely variable Se soil content
ranging from non-seleniferous to 32 µg Se g− 1 originat-
ing from highly seleniferous limestone outcrops
(McCray and Hurwood 1963). The area also has several
other species of Neptunia, whose Se concentrations
range from near negligible to > 200 µg Se g− 1, notably
the Se sensitive non-accumulator Neptunia gracilis
which grows semi-sympatrically with N. amplexicaulis
(AVH 2019; McCray and Hurwood 1963).

In well drained soils, such as those found at Rich-
mond, highly bioavailable forms of Se such as selenate
(SeO4

2−) are taken up through root sulphate trans-
porters, before being metabolised through sulphate as-
similation mechanisms in the shoot or root (Terry et al.
2000; White et al. 2004). Due to the strong molecular
similarity between selenium and sulphur (S), and the
enhanced ability of Se hyperaccumulators to discrimi-
nate between the two, Se hyperaccumulators typically
have a substantially elevated Se:S ratio when compared
to non-accumulators (White et al. 2007). As inorganic
forms of Se are thought to cause more oxidative stress in
plants, hyperaccumulators facilitate the conversion of
inorganic to organic Se, which in part explains the Se

hyper-tolerance of hyperaccumulators (Van Hoewyk
2013). Conversely, non-accumulators tend to accumu-
late more inorganic Se (Brown and Shrift 1982; Free-
man et al. 2006; Pilon-Smits et al. 1999). Organic forms
of Se can cause toxicity when Se amino acids are non-
specifically incorporated into proteins (Brown and
Shrift 1982; Stadtman 1990). Hyperaccumulators use
the plastidic enzyme selenocysteine methyltransferase
(SMT) to convert selenocysteine (SeCys) to methyl-
SeCys, thus avoiding this type of toxicity (Brown and
Shrift 1982; Neuhierl and Böck 1996; Sors et al. 2009).

Previously, N. amplexicaulis has been reported to
contain several C-Se-C compounds including
selenocystathionine, methyl-SeCys and seleno-
methionine (Harvey et al. 2020; Peterson and Butler
1967). Selenium was found to accumulate primarily in
the young leaves, flowers, pods and taproot, with lower
Se concentrations in the fine roots and stem, while the
old leaves contained the lowest Se concentrations over-
all (Harvey et al. 2020).

Neptunia amplexicaulis and N. gracilis use a taproot
to access deep water stores when growing in arid envi-
ronments, with multiple lateral-growing fine roots.
Plants proliferate lateral roots preferentially in nutrient-
rich zones to access essential nutrients in diverse soil
microenvironments (Guan et al. 2014). Although this
response is mainly associated with macronutrients, such
as N, P and K, it has also been reported for
hyperaccumulator plants in the presence of certain trace
metals such as Zn, Cd and Ni, suggesting that
hyperaccumulator plants might have a higher require-
ment for specific metals (Dechamps et al. 2008; Haines
2002; Liu et al. 2010; Schwartz et al. 1999; Whiting
et al. 2000). Localised root proliferation, or ‘root forag-
ing’, is one of the mechanisms for highly efficient metal
uptake in the well-studied Ni-Cd-Pb hyperaccumulator
Noccaea caerulescens (Assunção et al. 2003a, b;
Gonneau et al. 2017; Schwartz et al. 1999). This species
has been subjected to several investigations aimed at
elucidating root foraging in response to Zn (Haines
2002; Whiting et al. 2000), Cd (Liu et al. 2010;
Schwartz et al. 1999) and Ni (Dechamps et al. 2008;
Tognacchini et al. 2020). Root foraging for Se has been
observed in the hyperaccumulator S. pinnata, though to
a relatively weak degree (Goodson et al. 2003).

Selenium is not commonly considered essential to
plant metabolism, although there has been evidence of a
beneficial growth effect in both hyperaccumulators and
non-accumulators (Pilon-Smits et al. 2009). Adding Se
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to a variety of secondary accumulating and non accu-
mulating crop plants including Indian mustard, lettuce
and sorrel, has been noted to provide growth stimulation
through antioxidant effects at low concentrations (Kong
et al. 2005; Singh et al. 1980; Xue et al. 2001).
Hyperaccumulator seedlings (Astragalus racemosus)
grown without Se developed slower and produced sig-
nificantly less biomass than their Se-dosed counterparts,
and thus Se was suggested to match the criterion of a
micronutrient for Se accumulators (Shrift 1969;
Trelease and Trelease 1938). It has also been suggested
that growth stimulation in Astragalusmay be due to the
role of Se in supressing sorption of toxic levels of P
(Broyer et al. 1972). Additionally, higher Se levels in
hyperaccumulators have also been shown to reduce
rates of predation from both insects and mammals
(Galeas et al. 2008; Quinn et al. 2008, 2010). As a result,
it is plausible that Se hyperaccumulators, such as
N. amplexicaulis, actively seek out higher Se concentra-
tions in soil in order to maximise Se uptake.

The aim of this study was to address the following
key questions: (i) does the hyperaccumulator
N. amplexicaulis preferentially forage in Se-enriched
zones? (ii) does a positive root response to Se enhance
accumulation in N. amplexicaulis? (iii) How does this
compare to the non-accumulator N. gracilis? To address
these questions, we investigated the root responses of
N. amplexicaulis and N. gracilis grown in rhizotrons
with localised Se enrichment in order to observe active
Se foraging vs. avoidance strategies.

Materials and methods

Biological material and growth conditions Neptunia
amplexicaulis and N. gracilis seeds were collected in
June 2018 from Richmond, Central Queensland (-
20.648359, 143.098375). Germination was carried out
by a pretreatment in which the seed coat was punctured
with a scalpel, placed in petri dishes and submerged in
distilled water for 24 hrs to promote germination. The
seeds were then placed on moistened paper and kept at
25 °C for 24 hrs until the radicle emerged.

Natural soil from the UQ St Lucia Campus was used
because it is relatively infertile, has a near neutral pH
and has a dark colour (which assists in the imaging
analyses of root distribution based on colour contrast
of roots versus background). The soil was oven dried at

60 °C for 48 hrs and then sieved at < 2 mm and divided
in equal parts of 1.2 kg. Two aliquots of soil were
enriched with Se, each with a specific Se chemical form
and the remaining soil was kept as a control. Two Se
chemical forms with different solubility were chosen for
the soil enrichment: (i) Na2SeO4 (water soluble) and (ii)
CaSeO3 (water insoluble). The soil was spiked with
three selenium concentrations (0, 5 or 30 µg Se g− 1)
added in the form of Na2SeO4 or CaSeO3. Soil from
each treatment was then watered up to field capacity.

Rhizotron experiment In order to observe root growth
responses of the tested plant species in the presence
of Se, a rhizotron experiment was conducted.
Rhizotrons consist of narrow transparent boxes filled
with soil, which allow for non-destructive observa-
tions of roots on a transparent surface. The self-made
rhizotrons were constructed from polycarbonate
square Petri dishes (12 × 12 cm). Openings for seed-
ling transplantation and watering were created on the
upper part of the Petri dishes. The left half of the
rhizotron was used as a control (filled with soil Se
0 µg g− 1 Se) and the right half was filled with soil
with different Se concentrations and forms. A plastic
foil was used to create a vertical separation while
filling with soil, but was subsequently removed so
that no physical barrier existed between the control
soil and the Se enriched soil. The soil surface was
then compacted to avoid inhomogeneities to appear
during the plant growth as well as to allow for obser-
vat ions of the roots . After seedl ings were
transplanted with roots aligned with midline between
soils, the rhizotrons were closed with the Petri dish
cover plates, wrapped with aluminium foil to protect
the roots from light and set up at an inclination of 45°
with the rooted surface facing down. The two Se
forms (Na2SeO4 and CaSeO3) were tested for in eight
different treatments and three replicates from each
condition. The experiment was conducted for three
weeks in a growth cabinet with a 12 hrs per day of
light, a temperature of 20–25 °C (night–day), 75 %
humidity and light intensity of 350 µmol m2 sec− 1

photosynthetically active radiation (PAR) supplied
using LED lights (Valoya B200). The rhizotrons
were watered daily to field capacity.

Growth analyses After 3 weeks, the plants were
completely removed from the soil and washed several
times with distilled water until all soil was removed.
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Shoot and root were then dried at 45 °C for 48 hrs and
weighed to analyse changes in the growth. Soil and
plants samples were used to determine prevailing Se
and other elemental concentrations.

Chemical analysis of plant tissues Dried samples were
weighed (100 mg) in 10 mL polypropylene tubes, then
pre-digested using 2 mL HNO3 (70%) for 68 hrs, and
then digested using a hot block (Thermo Scientific
Digital Dry Bath) for 3 hrs at 125 °C. Samples were
brought to volume (10 mL) with ultrapure water
(Millipore 18.2 MΩ·cm at 25 °C) before analysis with
Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) with a Thermo Scientific iCAP 7400
instrument for macro-elements (Na, Mg, Al, P, S, K,
Ca), trace-elements (Cr, Mn, Fe, Co, Ni, Cu, Zn, Se) in
radial and axial modes depending on the element and
expected analyte concentration. In-line internal addition
standardization using yttrium was used to compensate
for matrix-based interferences.

Chemical analysis of soil Weakly exchangeable ele-
mental concentrations in the soil were determined using
a Sr(NO3)2 extraction (0.01 M) based on a method
adapted from Kukier and Chaney (2001) with solid/
liquid ratio (m:v) of 1:4 and shaking for 2 hrs on an
end-over-end shaker. Pseudo-total elemental concentra-
tions in soils were determined by weighing ~ 100 mg
soil sub-samples into quartz tubes and digesting them
using reverse aqua regia (3:1 HNO3:HCL) for 16 min at
50 % power using a ColdBlock system (CB15S 15
channel system, ColdBlock Technologies Inc) with
high-intensity infrared irradiation (Wang et al. 2014).
The digest solutions were diluted to 30 mL with ultra-
pure deionised water (Millipore), filtered (0.45 µm sy-
ringe filters, Milipore) and analysed by ICP-AES. Soil
pH and electrical conductivity (EC) was obtained in a
1:2 soil:water mixture after 2-hrs equilibrium time on an
end-over-end shaker and 1-hr settling time.

Statistical analyses At the end of the growing period (3
weeks) and before the harvesting of shoots, high reso-
lution images of all rhizotrons were taken with a Canon
5D MkII (22.1-megapixel full-frame) camera with
50 mm prime lens. The images were then processed
with the imaging software Image-J (Schneider et al.
2012) and converted to binary, where only black (“0”)
and white (“255”) pixels were displayed. The colours of
the pictures were then inverted and in the binary images,

“0” (black/roots) and “255” (white/bulk soil) pixels
were counted in each half of the rhizotrons with the
Image-J program function “pixel count”. The root den-
sity in the two areas of the rhizotrons was than measured
as the percentage (%) of black pixels (roots) in each half
calculated from the total black pixels of the full surface.
In addition to the pixel counts, roots were harvested
from each half of the rhizotrons, thoroughly rinsed to
remove soil particles and oven dried at 45 °C for 48 hrs.
Dry weight was recorded and the root density in each
side was measured as a percentage of the total root
density for each rhizotron.

Differences in root density, root biomass and Se and
other elemental concentrations in roots were assessed
through two-way ANOVA and Fisher LSD post-hoc
test considering treatment (control or enriched), and
species as factors. Differences in the Se concentration
in shoots was assessed through two-way ANOVA and
Fisher LSD post-hoc test considering Se concentration
in soil and species as factors. All statistical tests were
performed with the software Statistical 7.0 considering a
significance level of p < 0.05.

Results

Elemental concentrations in the experimental
soils Total elemental concentrations and exchangeable
S and Se in soils were determined by two different
methods as described above. The concentrations of Se
detected with the exchangeable method were under the
limit of detection (LOD) in the treatments with 5 µg Se
g− 1 in soluble and insoluble forms of Se (Table 1). In the
30 µg g− 1 treatment, the CaSeO3 dosed side contained
1.44 µg Se g− 1, while the control side had a concentra-
tion < LOD. The high Se treatment in Na2SeO4 form
had 4.34 and 9.85 µg Se g− 1 in the control and dosed
side respectively.

Root density in the rhizotrons The Se hyperaccumulator
N. amplexicaulis and the Se sensitiveN. gracilis (Fig. 1)
were used to elucidate the root response under different
concentrations and chemical forms of Se dosed in the
soils of the rhizotrons. The rhizotron experiment was
conducted for three weeks (Fig. 2). After that time root
preference for Se was observed and then measured as

222 Plant Soil (2021) 462:219–233



root density (%) using the pixel count method (Fig. 3).
Major changes were observed in N. amplexicaulis,
which had a higher root density (90.3 ± 3.30% of total
roots) within 5 µg Se g− 1 soil enriched with Na2SeO4

compared to the control side (Fig. 2a). CaSeO3 induced
a reduction in root density in N. gracilis, with only 20.6

± 15.1% of the roots on the 30 µg Se g− 1 dosed side
compared to the control side (Fig. 2d). No significant
changes in root density were observed for N. gracilis
exposed to Na2SeO4, nor inN. amplexicaulis exposed to
CaSeO3 (Fig. 2b, c).

Selenium concentrations in roots Roots collected from
enriched and control sides were processed and Se
concentrations were measured using ICP-AES
(Fig. 4). Neptunia amplexicaulis had higher Se con-
centration in the roots from soil enriched with 5 µg Se
g− 1 in form of Na2SeO4 (177 ± 44.7 µg Se g− 1), and a
higher Se concentration in the roots from soil enriched
with 30 µg Se g− 1 in form of CaSeO3 (264 ± 64.6 µg
Se g− 1) compared to roots from the control sides
(Fig. 4a, d). In contrast , N. gracilis had no
difference in Se concentration in roots from soil
enriched with Na2SeO4, nor CaSeO3 at the 5 µg Se
g− 1 concentration. The Se concentration in N. gracilis
roots from the 30 µg Se g− 1 enriched side with the
CaSeO3 form was 40.0 ± 20.8 µg Se g− 1; all other
N. gracilis root values were < LOD in CaSeO3 treat-
ments and respective controls (LOD = 8.66 µg Se g−
1). Between the two species, N. amplexicaulis had a
significantly higher Se concentration in the roots from
the high Se treatment with Na2SeO4 (177 ± 44.7 µg Se
g− 1) compared to N. gracilis (47.2 ± 13.3 µg Se g− 1)
grown under the same conditions (p < 0.05; Fig. 4a).
Root biomass In order to determine the root growth
response under Se enrichment, root biomass was mea-
sured. CaSeO3 induced changes in the root biomass in
N. amplexicaulis grown at both low and high Se

Table 1 pH, and total extractable and exchangeable elementalal concentrations in the soils used in the experiments

Total extractable concentrations (µg g−1) Exchangeable concentrations
(µg g−1)

Forms of Se
supplied

Se treatment in
soil (µg g−1)

Rhizotron side pH Mg P K Ca Fe S Se

CaSeO3 5 Control 6.93 896 <LOD 549 5060 6200 117 <LOD

Treatment 6.62 1530 <LOD 699 6120 9220 28.3 <LOD

30 Control 6.56 1240 <LOD 678 7120 11 400 36.3 <LOD

Treatment 6.72 861 <LOD 500 5470 6720 40.0 1.44

Na2SeO4 5 Control 6.48 1070 797 627 6350 7270 49.6 <LOD

Treatment 6.66 882 832 531 5390 6150 37.5 <LOD

30 Control 6.49 1020 766 578 5990 6480 32.1 4.34

Treatment 6.80 949 680 514 6090 6070 125 9.85

Fig. 1 Neptunia amplexicaulis (panel a) and Neptunia gracilis
(panel b) growing in the natural habitat near Richmond in Central
Queensland, Australia
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concentrations in CaSeO3 form (Fig. 5a, d); a higher
biomass was present in roots from the enriched side at
5 µg Se g− 1 (18.1 ± 1.30 mg) compared to the control
side (7.0 ± 2.02 mg), and a similar response was ob-
served in roots from the enriched side at 30 µg Se g− 1

which had a higher biomass (12.3 ± 1.93 mg) compared
to the control side (5.55 ± 2.0 mg). While there was no
significant difference in root biomass between the
enriched and control soils in N. gracilis grown in
CaSeO3, Na2SeO4 induced a higher biomass in this
species in roots from the enriched side (1.7 ± 0.35 mg)
compared to the control side (0.9 ± 0.260 mg) at 30 µg
Se g− 1 (Fig. 5c). Between the species, N. amplexicaulis
had a significant higher biomass (4.4 ± 0.173 mg) com-
pared to N. gracilis (1.7 ± 0.351 mg) in roots from the
side dosed with 30 µg Se g− 1 in Na2SeO4 form (Fig. 5c).
Root Se:S ratios Se:S ratio was calculated from the Se
and S concentration measured from the roots (Fig. 6).
Neptunia amplexicaulis had a significantly higher Se:S
in the enriched side with 5 µg Se g− 1 in Na2SeO4 form
compared to the control side (Fig. 6a). A similar result
was observed in roots from soil enriched with 30 µg Se
g− 1 in form of CaSeO3 (Fig. 4d). Most ratios could not
be calculated for N. gracilis as most Se levels in the

roots were below the LOD, except for the roots of the
30 µg Se g− 1 CaSeO3 treated roots, which exhibited
Se:S ratios statiscally similar to the control roots of
N. amplexicaulis from the same treatment. When com-
paring the two species, N. amplexicaulis had a signifi-
cantly higher Se:S ratio in the roots from the high Se
treatment with Na2SeO4 compared to N. gracilis grown
under the same conditions (p < 0.05; Fig. 6a).
Selenium concentrations in shoots Shoots collected
from plants grown at the 5 and 30 µg Se g− 1 dose
levels were processed and Se concentrations were
measure using ICP-AES (Table 2). Both species
developed higher Se concentrations in their shoots
when exposed to the soils enriched with 30 µg Se
g− 1 compared to the treatment with 5 µg Se g− 1 in
Na2SeO4 form. A similar response was observed in
the shoots f rom the CaSeO3 treatment in
N. amplexicaulis (p < 0.05). When comparing the
species, N. amplexicaulis had higher Se in the
shoot than N. gracilis, but only in the CaSeO3 at
30 µg Se g− 1 treatment.
Sulphur concentrations in roots Roots collected from
Se-enriched and control sides were processed and S
concentrations were measured using ICP-AES

Fig. 2 Rhizotrons (Se enriched and control sides) with Neptunia amplexicaulis and Neptunia gracilis
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(Table 3). The S concentration in N. amplexicaulis roots
decreased with the CaSeO3 treatment at 5 µg Se g−
1(p < 0.05). In contrast, N. gracilis had no statistical
differences under the same conditions. Na2SeO4 did
not affect the S concentration in roots, neither did the
CaSeO3 treatment at 30 µg Se g− 1, where no differences
between control and enriched side with either species
were found. However, differences were found when
comparing the two species under control conditions:
N. amplexicaulis roots had higher concentration of S
compared to N. gracilis, except in the rhizobox spiked
with CaSeO3 30 µg Se g− 1, where no differences were
observed between the species.

Macro and micro elements in roots Concentrations of
macro and micro elements are shown in Tables 4 and 5.
Major differences were observed in the 30 µg Se g− 1

with Na2SeO4 form treatment where N. gracilis had a
lower Ca, Mg, and Zn concentrations in the roots com-
pared to the control side (p < 0.05). Additionally, in this
treatment N. gracilis had a higher K concentrations in
the control conditions, and higher P concentrations in
the control and treatment conditions, compared to
N. amplexicaulis. On the other hand, N. amplexicaulis
had higher concentrations of K and Mg compared to the
control side in the 5 µg Se g− 1 with CaSeO3 form
treatment.

Fig. 3 Root density % in the two areas of the rhizotrons (Se
enriched and control sides) calculated from imaging pixel counts
for Neptunia amplexicaulis and Neptunia gracilis. Values are
mean ± SE (n = 3). Different letters show statistical differences

using two-way ANOVA considering soil condition (control or
Se enriched sides) and species as factors (Fisher LSD test;
p < 0.05)
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Discussion

Neptunia amplexicaulis and N. gracilis are two species
belonging to the same genus of the Fabaceae family and
naturally grow near Richmond, Queensland on selenif-
erous soils. Even though these species are taxonomical-
ly and ecologically similar, their relationship with Se
differentiates them; Neptunia amplexicaulis is a well-
known Se hyperaccumulator, whereas N. gracilis is Se
sensitive. The characteristics of these two species pro-
vide ideal experimental subjects for understanding the
mechan i sms o f Se hype r a c cumu l a t i on i n
N. amplexicaulis. We studied the changes occurring in
root proliferation and root and shoot biomass under

different chemical forms and concentrations of Se dosed
in the soil during the first three weeks of plant
development.

Both insoluble (CaSeO3) and soluble (Na2SeO4) Se
at low (5 µg Se g− 1) and high levels (30 µg Se g− 1) had
differing effects on root behaviour and overall Se levels
in the roots. For the hyperaccumulatorN. amplexicaulis,
root foraging as a percentage density was observed in
the soluble Se dosed specimens at low Se concentration
in the soil (Fig. 3a), and is related to an increase in the Se
concentration in roots (Fig. 4a).Moreover, a tendency to
increase the root biomass (although not statistically
significant), was observed in N. amplexicaulis growing
at low concentrations in the soluble form of Se (Fig. 5a).

Fig. 4 Selenium concentrations in the roots of the two areas of the
rhizotrons (Se enriched and control side) for Neptunia
amplexicaulis and Neptunia gracilis. Values are mean ± SE (n =

3). Different letters show statistical differences using two-way
ANOVA considering soil condition (control or Se enriched side)
and species as factors (Fisher LSD test; p < 0.05)
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Insoluble forms of Se were also beneficial for
N. amplexicaulis as it increased the root biomass at both
low and high treatments. As the presence of low con-
centration or less available Se either increased root
density and/or root biomass, these conditions may have
a positive effect on growth and Se seeking behaviour for
the hyperaccumulator.

The root preference for Se has also been described in
the Se hyperaccumulator Symphyotrichum ericoides,
where populations from seleniferous soil had directional
growth towards selenate, as judged from more root
biomass, longer individual roots, and larger total root

length on the + Se side compared to the -Se side
(Mehdawi et al. 2015). The Se hyperaccumulator
S. pinnata was also reported to be foraging for Se under
rhizotron conditions, although there was also consider-
able root proliferation in the non-Se dosed soils
(Goodson et al. 2003). Additionally, Rao et al. (2020)
recently reported that a 0.25 mg L− 1 Na2SeO4 treatment
stimulated growth in the Se hyperaccumulator
Cardamine violifolia. In studies on other trace element
hyperaccumulator plants, root proliferation and plant
biomass in response to Zn enriched soil patches have
been observed in Noccaea caerulescens revealing that

Fig. 5 Root weights of the two areas of the rhizotrons (Se
enriched and control side) for Neptunia amplexicaulis and
Neptunia gracilis. Values are mean ± SE (n = 3). Different letters

show statistical differences using two-way ANOVA considering
soil condition (control or Se enriched side) and species as factors
(Fisher LSD test; p < 0.05)
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this species is actively foraging for Zn in the soil (Haines
2002; Whiting et al. 2000). Similar responses have been
reported in this species in response to Cd-enriched soil
patches (Schwartz et al. 1999; Whiting et al. 2000).
While root foraging towards Ni was reported by
Dechamps et al. (2008) in some accessions of
N. caerulescens, Tognacchini et al. (2020) report minor
avoidance in response to Ni in this species.

In contrast to the hyperaccumulator, N. gracilis did
not show preference or avoidance in response to the
soluble form of Se, however, a reduction in the root
density was observed at high concentrations of Se in the
insoluble form which suggests an avoidance response to

high levels of Se (Fig. 3). However, N. gracilis had a
significant, but minor, increase in the root biomass in the
highly dosed soluble Se soil, where the root density and
root Se concentrations were statistically indistinguish-
able, though root biomass in this treatment was far
smaller than other treatments, even compared to
N. amplexicaulis (Fig. 5c). This species may have some
degree of tolerance to Se, given that it is found in
seleniferous areas alongside N. amplexicaulis, but these
specimens only grew for three weeks and may have
experienced toxicity with prolonged exposure. The tap-
root of the secondary Se accumulator Brassica juncea
under the same conditions grew down the division

Fig. 6 Se:S ratios in roots of the two areas of the rhizotrons (Se
enriched and control side) for Neptunia amplexicaulis and
Neptunia gracilis. Values are mean ± SE (n = 3). Different letters

show statistical differences using two-way ANOVA considering
soil condition (control or Se enriched side) and species as factors
(Fisher LSD test; p < 0.05)
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between Se and non-Se soils with indiscriminate lateral
root proliferation, similar to the mostly indiscriminate
root density results from N. gracilis (Goodson et al.
2003). Conversely, non-accumulators (Astragalus
canadensis, Lacuta sativa, Lolium perenne) avoided
lateral root proliferation even on low Se-dosed soils, a
behaviour only observed in N. gracilis under high in-
soluble Se conditions (Hartikainen et al. 2001).

The highest Se concentration in roots was observed
in N. amplexicaulis growing under the high Se
dose level (with 3600 µg Se− 1; Fig. 4c). This concen-
tration was 20.3-fold higher than the root Se concentra-
tion in the same species growing in the low Se
dose leve l . This i s a charac te r i s t ic of the
hyperaccumulators, in which the Se uptake depends on
the concentration in the soil and on its availability
(Brown and Shrift 1982). Despite this, no changes in
the Se concentration in the roots were observed in the

high Se dose level when the control and enriched sides
were compared. Micro-analytical investigations have
shown that Se in Neptunia is present almost exclusively
in the phloem bundles in the plant, which is suggestive
of intensive recycling of Se from roots to shoots back to
roots via the phloem (Harvey et al. 2020). As such, the
mature taproot of these species serves as the main store
for organic Se with rapid translocation to young emerg-
ing leaves. As the plants in this study were young and
had not yet developed a lignified taproot, these internal
cycling processes may have led to significant Se
concentrations in the entire root system. These internal
Se cycling processes may be partially responsible for the
levels of Se found in the control soil of the high level
soluble Se rhizotrons at harvest, coupled with Se
leaching from the dosed side. The previous rhizotron
experiment with S. pinnata observed a weak but notice-
able root foraging response, and the authors noted that
higher Se levels and use of selenate may encourage a
stronger response (Goodson et al. 2003). The authors
did not use selenate due to the potential for Se leaching,
but as observed here, N. amplexicaulis did exhibit root
responses even when leaching may have occured.

Wi t h i n so l ub l e Se -do s ed spec imens o f
N. amplexicaulis, the roots on the low Se-dosed side
had significantly more Se than control side roots, how-
ever insoluble Se-dosed specimens only had a signifi-
cantly higher Se concentration in highly dosed roots
compared to the control. Selenium uptake from insolu-
ble Se forms would be a much slower process, reliant on
rhizosphere alteration and geochemical weathering,
which the three-week-old plants in a laboratory setting
may have been unable to achieve. Even when the insol-
uble form becomes more soluble, selenite (SeO3) is

Table 2 Selenium concentration in shoots (µg g− 1) of plants
grown at two dose levels of Se (5 and 30 µg g− 1) for Neptunia
amplexicaulis and Neptunia gracilis

Forms of Se
supplied

Se treatment in
soil (µg g−1)

N. amplexicaulis N. gracilis

Na2SeO4 5 102±5.8 (b) 74.9±18.0
(b)

30 1050±214 (a) 1220±207
(a)

CaSeO3 5 30.3±6.9 (b) <LOD

30 117±41.2 (a) 21.2±5.7
(b)

Values are mean ± SE (n = 3). Different letters show statistical
differences using two-way ANOVA considering Se concentration
treatments and species as factors (Fisher LSD test; p < 0.05)

Table 3 S concentration in roots (µg g-1) of plants grown at two dose levels of Se for Neptunia amplexicaulis and Neptunia gracilis

Forms of Se supplied Se treatment in soil (μg g-1) Rhizotron side N. amplexicaulis N. gracilis

Na2SeO4 5 Control 10000 ± 1630 (a) 5220 ± 941 (b)

Treatment 8020 ± 1360 (ab) 5930 ± 823 (b)

30 Control 10800 ± 1850 (a) 7070 ± 659 (b)

Treatment 10000 ± 326 (ab) 7030 ± 480 (b)

CaSeO3 5 Control 12000 ± 1110 (a) 6930 ± 175 (b)

Treatment 8630 ± 1330 (b) 6050 ± 254 (b)

30 Control 8940 ± 3740 (a) 6500 ± 1340 (a)

Treatment 8290 ± 535 (a) 4450 ± 617 (a)

Values are mean ± SE (n = 3). Different letters show statistical differences using two-way ANOVA considering Se concentration treatments
(5 and 30 µg g-1 ) and species as factors (Fisher LSD test; p < 0.05)
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taken up in hyperaccumulators through phosphate path-
ways, so higher levels of phosphate in the soil could
have competed with available selenite, lowering their
accumulation rates (Hopper and Parker 1999). In con-
trast, N. gracilis had no changes in the Se concentration
in roots and exhibited a lower Se uptake compared to
N. amplexicaulis (Fig. 4a). The insoluble Se dosed
specimens exhibited little shoot Se uptake, and signifi-
cant but relatively small root Se levels, indicating the
highly soluble formwas up taken effectively and rapidly
when compared to CaSeO3, which first needs to be
weathered to become soluble before uptake can take
place. It should be noted, however, that the young plants
did not produce much biomass, meaning that this may
not reflect the accumulation capacity of larger, more
mature specimens, nor the effects of toxicity due to
ongoing exposure to Se.

A higher Se:S ratio in the shoots is a characteristic
shared by Se hyperaccumulator plants (White et al.
2007). Higher Se:S ratios have also been shown in roots
of hyperaccumulating populations of Sympotrichum
ericoides exposed to increasing Se levels, compared
with non-accumualting populations of the same species
(El Mehdawi et al. 2014). Neptunia amplexicaulis had a
significantly higher Se:S ratio in the low dosed side with

the soluble form of Se compared to the control side and
also compared toN. gracilis (Fig. 6a). Conversely, Se in
soil did not affect the Se:S ratio in N. gracilis. As Se is
chemically similar to S, it competes with S and is
transported inside the plant through sulphate trans-
porters present in the root plasma membrane (Sors
et al. 2005; Li et al. 2008). We observed that under
control conditions, the S concentration in roots in
N. amplexicaulis is higher than N. gracilis. However,
within the Se treatment, there is a slight non-significant
reduction in S concentration in N. amplexicaulis,
resulting in a statistically similar S level to N. gracilis.
It is possible that a mechanism switches the uptake
preference from S to Se in the hyperaccumulator in these
conditions (Schiavon et al. 2015). The role of the high-
affinity sulfate transporters (HASTs) has been attributed
to the selectivity between selenate and sulphate in dif-
ferent species that have contrasting shoot Se:S ratios
when grown under the same conditions (Rosenfeld and
Beath 1964; Bell et al. 1992; Galeas et al. 2007). Two
w e l l - k n o w n e x a m p l e s a r e t h e
hyperaccumulators A. bisulcatus and S. pinnata, that
have always shown shoot Se:S ratios greater than those
in the rhizosphere solution (Bell et al. 1992; Feist and
Parker 2001; Ellis and Salt 2003; Galeas et al. 2007). It

Table 4 Macro elemental concentrations in roots (µg g-1) of the two areas of the rhizotron (Se enriched and control side) for Neptunia
amplexicaulis and Neptunia gracilis

Forms of
Se supplied

Se treatment
in soil (μg g-1)

Species Rhizotron
side

K P Ca Mg

Na2SeO4 5 N. amplexicaulis control 24 100 ± 2080 (a) 1470 ± 231 (ab) 9510 ± 1900 (a) 5740 ± 1260 (a)

treatment 17 500 ± 4090 (a) 1930 ± 314 (a) 30 300 ± 21 500 (a) 12 500 ± 5980 (a)

N. gracilis control 15500 ± 1120 (a) 1180 ± 20.9 (b) 8670 ± 1010 (a) 4870 ± 755 (a)

treatment 17 500 ± 2570 (a) 1300 ± 85.9 (ab) 10 700 ± 3740 (a) 6340 ± 596 (a)

30 N. amplexicaulis control 18 400 ± 2070 (b) 2030 ± 317 (b) 10 800 ± 2460 (b) 5970 ± 548 (b)

treatment 19 800 ± 2080 (b) 2040 ± 187 (b) 19 300 ± 5350 (b) 6720 ± 1050 (b)

N. gracilis control 30 600 ± 4460 (a) 4300 ± 419 (a) 85 200 ± 23 300 (a) 27 700 ± 7340 (a)

treatment 26 300 ± 1030 (ab) 3360 ± 274 (a) 33 200 ± 6000 (b) 11 400 ± 1680 (b)

CaSeO3 5 N. amplexicaulis control 34 100 ± 1820 (a) 1930 ± 69.7 (a) 12 100 ± 1990 (a) 7650 ± 700 (b)

treatment 21 800 ± 2940 (b) 1520 ± 253 (a) 18 400 ± 12 600 (a) 10 100 ± 4490 (a)

N. gracilis control <LOD <LOD <LOD <LOD

treatment 14 900 ± 4540 (b) 1930 ± 251 (a) 12 800 ± 4180 (a) 4880 ± 95.7 (ab)

30 N. amplexicaulis control 25 400 ± 14 700 (a) 1490 ± 611 (a) 12 100 ± 7550 (a) 5240 ± 2610 (a)

treatment 18 600 ± 2240 (a) 1500 ± 56.9 (a) 7890 ± 1480 (a) 5000 ± 213 (a)

N. gracilis control 15 500 ± 3550 (a) 1640 ± 257 (a) 12 500 ± 5020 (a) 5520 ± 1360 (a)

treatment 12 500 ± 1580 (a) 1250 ± 61.3 (a) 7510 ± 1010 (a) 4190 ± 1060 (a)

Values are mean ± SE (n = 3). Different letters show statistical differences using two-way ANOVA considering species and soil condition
(control or Se enriched side) as factors (Fisher LSD test; p < 0.05)
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is, therefore, hypothesised that the dominant HASTs of
Se-accumulator plants are selective for selenate, where-
as those in other angiosperm species are selective for
sulphate (White et al. 2004; Sors et al. 2005; Broadley
et al. 2006).

Neptunia amplexicaulis preferentially foraged for Se
in the Se-soluble enriched soil, whichmay be beneficial for
the plant given the resultant increase in the root biomass in
the low Se dosed soil. High levels of Se, but in the
insoluble form, are also beneficial for this species. This
may represent an ‘ideal’ concentration of Se in soils for
hyperaccumulators, where lower levels induce foraging
behaviour and higher concentrations allow non-foraging
behaviour to still result in beneficial levels of Se uptake,
especially considering the intensive cycling of Se within
the root system.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04843-x.
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