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Abstract The response of rape (Brassica juncea L.) to differ-
ent vanadium (V) speciation in rhizosphere soils was investi-
gated in pot experiments using an agricultural soil containing
147 mg V kg' supplemented with 0-500 mg V kg™" of pen-
tavalent V [V(V)] and a mining soil containing
774 mg V kg . Tetravalent V [V(IV)] accounted for 76.1
and 85.9 % of total V in the untreated agricultural soil and
mining soil, respectively. The proportion of both V(V) and
water-extractable V increased with increasing concentrations
of V(V) in the agricultural soil. The growth of rape substan-
tially reduced the concentrations of V(V) but not V(IV) in the
rhizosphere soil, suggesting that V(V) was actively involved
in the soil-rape interaction of V. Both soil V(V) and water-
extractable V were negatively related to the total rape biomass,
but were positively correlated with the concentration of root V.
No such relationships were found for total V and soil V(IV).
Together, these results indicate that soil V(V) and water-
extractable V might better reflect the toxicity of V in soils than
total V and soil V(IV). Rape accumulated V in the sequence:
roots > > stem > leaf > seed. As indicated by the remarkably
low root bioconcentration factor of V(V) (0.41-7.24 %), rape
had a lower ability to accumulate V than other plants reported
in the literature (14.6-298 %). Only a small fraction of V in
rape roots was translocated to the aboveground organs (the
translocation factor was 3.57-46.9 %). No V was detectable
in seeds in the soils at 147 and 197 mg V kg ', and no seed
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was produced in the soils at higher V concentrations. Thus, the
risk of V intake by humans via the consumption of rapeseed-
based foods under normal conditions is considered to be lower
than that of other plants.
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Introduction

Vanadium (V) is a trace element that is widely distributed in
the environment (Pyrzynska and Wierzbicki 2004), and its
global mean concentration in soils is about 150 pg g’
(Panichev et al. 2006). High concentrations of V in the surface
environment are usually directly associated with anthropogen-
ic inputs, e.g. the burning of fossil fuel, and the steel, alumin-
ium and alloy industry (Burke et al. 2013; Vwioko et al. 2006)
and the concentration of V in soils can reach 0.1 % at contam-
inated sites (Teng et al. 2011). Vanadium in soils is generally
poorly mobile. Both sequential extraction and column-
leaching experiments indicated that usually less than 1 % of
total V in soils is extractable and leachable with water
(Larsson et al. 2013; Teng et al. 2009; Yang et al. 2014b).
The high proportion of V found in the residual fraction of
sequential extractions might be related to the general predom-
inance of V(IV) in soils (Baken et al. 2012; Mandiwana and
Panichev 2004; Tian et al. 2014; Yang et al. 2014b), which is a
less mobile and toxic form of V than pentavalent V(V) (Baken
etal. 2012).

Vanadium has been identified as an essential micronutrient
for living organism such as green algae (Nalewajko et al.
1995), several species of fungi and nitrogen-fixing
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microorganisms (Anke 2004). However, excessive V can lead
to substantial toxic effects (Carlson et al. 1991; Kaplan et al.
1990; Qian et al. 2014; Tian et al. 2014; Wang and Liu 1999).
Excess V in the human body can increase the risk of lung
cancer and also cause nausea, mild diarrhoea and stomach
cramps (ATSRD 2012). High concentrations of V in nutrient
solution and soils can cause changes in the root and leaf mor-
phology of plants and more seriously lead to the complete
inhibition of plant growth (Saco et al. 2012; Tian et al. 2014;
Yang et al. 2014a). Moreover, high concentrations of V(V) in
red mud-contaminated soils and leachates have been demon-
strated to cause chromosomal damage in tetrads of
Tradescantia and in root cells of Allium as well as retardation
of root growth (Misik et al. 2014). Recently, an increasing
number of studies have measured the influence of V in soils
on plant growth; however, these studies have only focused on
the total V concentration (Hou et al. 2013; Kaplan et al. 1990;
Xiao et al. 2012; Yang et al. 2011). Most studies showed a
similar increase in the inhibition of plant growth with increas-
ing concentrations of total V in the soil. However, the toxicity
threshold of total V in soils differs, depending strongly on the
soil characteristics. Larsson et al. (2013) investigated the dif-
ferent toxicity threshold of total soil V by performing a series
of toxicity tests of V on barley and tomato in different soil
types. It was concluded that V toxicity in soils is controlled
by the V sorption strength of the soil and V concentrations in
soil solutions probably account for the toxicity of V, instead of
the total V content (Larsson et al. 2013).

To date, knowledge relating to the role of the pool size of
water-extractable V and V oxidation states in soil-plant V
interactions is still rare. Therefore, the aims of this study were
(1) to assess the influence of oxidation state and water extract-
ability of V in soils on the bioavailability and toxicity of V for
rape (Brassica juncea L.) in agricultural and mining soils; (2)
to understand the transformation and mobilisation of V in the
rhizosphere soil during rape growth; (3) to analyse the ability
of rape to accumulate and translocate V from the roots to the
aboveground tissues. This study will extend knowledge to
identify the potential risk of the human consumption of
rape-based food materials.

Materials and methods
Site description and soil sampling

The sampling sites are located in the Panzhihua region, Si-
chuan province, SW China, where a large area has been pol-
luted by V due to mining activities for vanadium
titanomagnetite during the last half-century (Teng et al.
2011; Yang et al. 2014b). Top soils (0-20-cm depth) were
sampled from an agricultural and a mining site, and both soil
samples were homogenised, sieved to 2 mm and air-dried for
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rape growth experiments. The characteristics of the agricultur-
al and mining soils are summarised in Table 1.

Experimental design and plant cultivation

All pot experiments were performed at a constant temperature
of ~25 °C, for a 14-h photoperiod under full sun and at ~20 °C
in the dark for 10 h with a relative humidity of ~80 % in a
plant growth chamber (PRX-350A, Shanxi, China). Air-dried
mining and agricultural soils (2.5 kg) were rewetted to a mois-
ture content of 60 % of field capacity in a polyethylene con-
tainer with a diameter of 18.5 cm and a height of 13.5 cm and
was incubated for a month to reactivate the microflora before
planting. All pots were weighted daily and watered to 60 % of
field capacity continuously. After incubation, five different
levels of V as NaVOj; solution were spiked into the agricul-
tural soils, which were homogenised carefully, leading to in-
creases in soil V concentrations of 0, 50, 100, 150, 250 and
500 mg V kg . The soils were sealed with water-repellent
bags and aged in pots for 12 months to approach partition
equilibrium for the spiked V(V). Seeds of rape (from the
Yunan Academy of Agricultural Science, China) were sown
in the treated soils at a density of 20 seeds per pot. After
germination, six plants in each pot were left for further growth.
Three pots were prepared for each V concentration, and pots
for all treatments were arranged randomly, and the positions
were altered occasionally during incubation for 140 days.
Each pot was weighted and irrigated daily to maintain a mois-
ture content of roughly 60 % field capacity in the soil.

Bulk soil samples were collected from each pot before rape
planting, during seedling development and after harvesting,
for the analysis of V(IV), V(V), total V and water-soluble V.
The soil samples taken after harvesting were divided into rhi-
zosphere (soil associated with rape roots) and bulk soil sam-
ples, and these were air-dried and sieved to 2 mm. The rape

Table 1  Characterisation of the agricultural and mining soils used in
this study

Parameters Agricultural soil Mining soil
pHuz0) 7.95+0.07 8.36+0.09
CEC (cmol kg ") 10.5+0.3 15.8+0.01
TP (mg kg ") 295+36 720436
Plant-available P (mg kg ") 13.1+0.8 3.99+0.15
Hydrolysable N (mg kg ") 43.7+4.1 31.7+£6.9
Organic matter (%) 1.36+0.06 1.15+£0.24
V (mg V kg1 147+7 774+16
Clay (%) 7.91£1.70 3.05+0.71
Silt (%) 8.78+3.09 7.80+0.99
Sand (%) 83.3+£1.39 89.2+1.6

Mean values and standard deviations of three replicates are shown
TP total phosphorus
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plants were harvested, rinsed carefully with de-ionised water
and divided into seeds, leaves, stems and roots. Unless other-
wise noted, all plant materials were air-dried in an oven at
105 °C for 1 h and then at 70 °C to constant weight.

Quantification of total V in different parts of rape and soils

To quantify total V, all plant materials were digested in a flask
filled with a 8:1:1 (v/v) mixture of HNOs;, H,SO,4 and HCIO4
at 120-130 °C for 5 h (Lu 1999). After cooling, the clear
aliquot was diluted to 25 mL with de-ionised water for V
analysis. To quantify total soil V, a 0.1-g soil fraction was
heated with a mixture of concentrated HF, HNOz and HC1O,4
[12:1:2 (v/v)] until completely dissolved. A Perkin-Elmer
atomic absorption spectrophotometer model Analyst 800
(USA) was used for all measurements. A standard stock solu-
tion containing 1 g L' V (National Center of Analysis and
Testing for Nonferrous Metals and Electronic Materials, Chi-
na) was used for preparing standard solutions of 10, 20, 40,
80, 160 and 200 pg V L™ in the corresponding sample matrix.

Determination of water-extractable V in soils

Approximately 1.0 g soil was mixed with 25-mL de-ionised
water in 50-mL plastic tubes and was shaken for 24 h at room
temperature. After filtration (Minzheng No.202, GB/T 1914—
2007, China), the supernatant was analysed for V using AAS
(Mandiwana and Panichev 2004).

Speciation of tetravalent and pentavalent V in soils

Based on Mandiwana and Panichev (2004), 0.25 g of the soil
samples was mixed with 25-mL 0.1 M Na,COj; in 50-mL
polypropylene Falcon tubes and was boiled for 15 min. After
cooling, the aliquots were filtered (Minzheng No.202, GB/T
1914-2007, China) for determination of V. This fraction of the
soil Vis pentavalent. The residue on the filter paper was trans-
ferred to a platinum crucible and ashed in a muffle furnace at
600 °C for 1 h. The ash was digested with a 13:1 (v/v) mixture
of HF/HNO;, and heated to near dryness. Thereafter, a 1:2 (v/
v) mixed solution was added and again evaporated to near
dryness. After completely dissolving the residue with HF,
HNO; and HCIO4 [12:1:2 (v/v)], the aliquot was diluted to
25 mL with de-ionised water for V analysis. Because the re-
sidual solid holds V within the crystal structure of minerals,
the concentration of V in the digest represents V(IV).
Speciation of V(V) and V(IV) in soils may be alternatively
done using X-ray absorption spectroscopy (XAS) and
chromatography-based analytical methods such as HPLC-
ICP-MS coupling (Burke et al. 2013; Jensen-Fontaine et al.
2014; Li et al. 2009). However, chromatography-based speci-
ation of V is still restricted to V extractable with mild
extractants in soils, e.g. with water and EDTA solution, which

is usually a very small fraction of total V in soils (Yang et al.
2014b). Due to lack of methods to preserve V species during
extraction effectively, speciation of V in association with more
refractory solid phrases in soils like the case of arsenic (Huang
and Kretzschmar 2010) is still impossible. X-ray absorption
spectroscopy may provide detailed information on the speci-
ation and coordination environment of V in soils, provided
that the concentrations are sufficiently high. However, in
many soils and sediments, total V concentrations are too low
for high-quality XAS measurements, and Ti concentrations
are too high, which interfere largely with V-XAS measure-
ments, particularly extended X-ray absorption fine structure
spectroscopy measurements (Huang, personal communica-
tion). Therefore, most XAS speciation of V results in literature
to date included only X-ray absorption near edge structure
measurements (Burke et al. 2013; Shafer et al. 2012; Wong
et al. 1984).

Root bioconcentration and translocation factors

The root bioconcentration factors were calculated as the ratio
of the V concentration in the root to the concentration of V in
the soil:

Croot
BCF(mot/soi]) = C

soil

The translocation factor of V from roots to leaves was
represented as the ratio of the concentration of V in leaves to
that in roots:

_ Cleaf

TF(leal'/rool) - C

root

where Cg; is the V concentration in the soil, C,. is the V
concentration in rape roots, and Cye,¢ is the V concentration in
rape leaves (Qian et al. 2014).

Statistics

Data were processed using SPSS 16.0 and Microsoft excel
2003. For V concentrations in rape and soils, Duncan multiple
comparison method was performed to analyse the significance
between the differences at p<0.05. Pearson’s correlation in-
dexes between the rape biomass, the concentration of V in soil
and rape, and the concentration of V(V) were calculated, and
the significance was evaluated at p<0.05.
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Results and discussion
Vanadium speciation in the soils during rape growth

Speciation of soil V showed an exclusive predominance of
V(V) in the mining soil (85.9 %) (Fig. 1a, b). In the agricul-
tural soils, the proportion of V(IV) decreased with increasing
concentrations of V(V) added. In the untreated agricultural
soil, V(IV) represented 76.1 % of'the total V in the soil, where-
as V(IV) was only 29.6 % of total V in the soil at
647 mg V kg'. The speciation of V(IV) and V(V) did not
change during rape growth (Fig. la, b). Accordingly, the

—~
Q
N—

o
o
s}

0O Seedling bulk soils
@ Fructicative rhizosphere soils
B Fructicative bulk soils E

200 A

Concentration of soil V(V) (mg V kg")

774 147 197 247 297 397 647
Concentration of total soil V (mg V kg'w)

—
O
~

800
600 - }

400 -

200 +

Concentration of soil V(IV) (mg V kg")

0 4L
774 147 197 247 297 397 647

Concentration of total soil V (mg V kg™")

O

(

) 1000

750 A

500 A

250 A

Concentration of total soil V (mg V kg')

O 4 -
774 147 197 247 297 397 647

Concentration of total soil V (mg V kg™")

Fig. 1 Concentrations of a pentavalent vanadium (V(V)), b tetravalent
(V(IV)) and c total vanadium in the rhizosphere and bulk soils in the
agricultural and mining soils. Error bars show the standard deviations
of three replicates
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natural geogenic V in the agricultural and mining soils was
predominantly V(IV), whereas the added V(V) was stable for
the duration of the pot experiment.

Notably, a significant decrease in the V(V) concentration
was observed in the rhizosphere soils of all treatments com-
pared to that of bulk soils (p<0.05) (Fig. 1a). In contrast, there
were no significant differences in the V(IV) concentrations in
the rhizosphere and bulk soils. The decrease in V(V) in the
rhizosphere soils demonstrated that V(V) was the preferential
V species taken up by rape and that V(V) is more mobile and
more actively enters the biogeochemical cycle of V in the
surface environment than V(IV) (Baken et al. 2012; Burke
et al. 2012; Larsson et al. 2013). Similarly, V taken up in the
benthic invertebrate Hyalella azteca in water exposed to air
was also demonstrated to be mostly V(V). Namely, any V(IV)
presented in water will be rapidly oxidised to V(V) under oxic
conditions (Jensen-Fontaine et al. 2014).

The water-extractable V represented less than 4 % of the
total V in all soils (Table 2). In the agricultural soils, the
proportion of water-extractable V increased with increasing
concentrations of total V, reflecting the increasing mobility
of V in soils with an increasing concentration of added
V(V). However, a similar positive relationship did not exist
between the mining and agricultural soils. The pool of
water-extractable V in the mining soil (0.28 and
0.29 mg V kg " in the rhizosphere and bulk soil, respective-
ly) was more than two-fold greater than in the original ag-
ricultural soil (0.09 and 0.13 mg V kg ' in the rhizosphere
and bulk soil, respectively), although the concentration of
total V in the mining soil (774 mg V kg™') was five times
higher than that in the untreated agricultural soil
(147 mg V kg ). Thus, total V alone cannot account for

Table 2 Concentrations of water-extractable vanadium (V) in the agri-
cultural soils at different levels of V and in the mining soil

Soil Bulk soil Rhizosphere soil
(mgVkeg')  (mgVke') (mg Vkg'')
Agricultural soil
147 0.13+£0.02 dA 0.09+0.01 eB
197 1.06+£0.27 cdA 1.04+0.06 dA
247 2.61+£0.28 cA 2.44+0.05 cAB
297 6.39+0.86 bA 6.08+0.23 bAB
397 7.56+0.20 bB 8.61+0.41 aA
647 11.0£2.59 aB
Mining soil
774 0.29+0.02 dA 0.28+0.05 eA

Mean values and standard deviation of three replicates are shown. Dif-
ferent letters indicate statistically significant differences at p<0.05 based
on ANOVA. The different capital letter in each line represents a signifi-
cant difference under the same V level but in different soils. The different
small letter in each row represents a significant difference in the same
soils but under different V levels
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the mobility and bioavailability of V in soils. Notably, we
observed significantly strong and positive correlations be-
tween the concentration of water-extractable V and V(V)
in the soils of all treatments (#=0.95, p=0.001), indicating
that the mobility and bioavailability of V in the soils were
mainly determined by the pool size of V(V) in soils instead
of total soil V. Water and mild extraction reagents cannot
extract or leach V in soils effectively, due to the significantly
higher proportion of V(IV) in soils, which is mainly due to
VO?** incorporation into the lattice structure of soil minerals
(Gehring et al. 1993; Taylor and Giles 1970). Baken et al.
(2012) showed that geogenic V was less soluble than added
V and that soluble V in soils was predominantly V(V).

The influence of soil vanadium on rape biomass

The results of pot experiments demonstrated that the growth
of rape was strongly influenced by V in soils, and the root,
stem, leaf and seed biomass all decreased with an increasing
concentration of V in the agricultural soil (Table 3). The total
biomass of rape was reduced by 27.0 and 62.9 % compared
with the control (4.48 g, dry weight) when the V concentration
in the agricultural soils reached 197 and 247 mg V kg ', re-
spectively (Table 3). Toxic symptoms attributed to the sup-
pression of chlorophyll biosynthesis became apparent in the
soils at 297 and 397 mg V kg™, indicated by yellowing and
withering of the leaves. Moreover, leaf yellowing and wither-
ing occurred earlier at higher V concentrations. Similarly, a
decrease in the number of chloroplasts and a disorganisation
of thylakoids was observed in Phaseolus vulgaris leaves as V
supply increased (Saco et al. 2012). In the agricultural soil, the

total rape biomass was minimal (0.13 and 0.01 g, dry weight)
at 297-397 mg V kg ', and no rape growth was observed at
647 mg V kg '. The inhibition of plant growth by elevated
concentrations of V in soils agrees well with the previous
finding that growth of green Chinese cabbage was inhibited
in contaminated soils at V concentrations between 153 and
253 mg V kg ', and the growth of approximately 80 % of
green Chinese cabbage plants decreased in soils at
553 mg V kg ! (Xiao et al. 2012) demonstrated that V
inhabited alfalfa growth at 100 mg V kg ' and the total bio-
mass of alfalfa decreased by more than 95 % in soils exceed-
ing 400 mg V kg .

We observed a significantly higher total biomass of rape
planted in the mining soil (4.99 g dry weight) than in all
agricultural soils, although the total V concentration in the
mining soil was the highest in this study. Rape biomass had
a negative relationship with water-extractable V and a signif-
icantly negative correlation with V(V) (r=—0.92, p=0.01), but
not with total V or V(IV) in all soils at the seedling stage
(Fig. 2a). Water-extractable V and V(V) are apparently much
better indicators than V(IV) and total V to reflect growth in-
hibition caused by V in soils.

The concentration of vanadium in rape

The concentrations of V in seeds were all below the method
detection limit (0.01 mg V kg™ "), whereas the leaves and
stems contained maximum concentrations of V of 0.63 and
1.56 mg kg ', respectively (Table 3). The concentration of V
in roots was much higher, up to 6.46 mg kg '. Thus, the V
concentrations in rape decreased in the sequence: root > >

Table3  Concentrations of vanadium (V) in the seeds, leaves, roots, stems and biomass of Brassica juncea L. growing in agricultural soils at different

levels of V and in the mining soil

Soil Biomass (g dry weight/ three pots)* Vanadium concentration (mg V kg ")’
(mg V kg ')
Total Stems Roots Leaves Seeds Stems Roots Leaves Seeds
Agricultural soil
147 4.48 2.53 0.66 1.22 0.07 <DL 0.04 0.02+0.001 <DL
197 3.27 1.38 0.77 1.00 0.13 0.54+0.37 4.58 0.16+0.04 <DL
247 1.66 0.68 0.36 0.62 1.56 6.47 0.63 -
297 0.13 - - - - - - -
397 0.01 - - - - - - -
647 - - - - - - - -
Mining soil
774 4.99 2.90 0.75 1.33 0.10+0.03 0.56+0.14 0.14+0.04 -

Means and standard deviations of three digestion replicates are shown for data containing standard deviations

“— not determined, <DL below the limit of detection 0.01 mg V kg™!

#Sum from three pot replicates

Mean values and standard deviations of three digestion replicates are shown

If no standard deviations are shown, plant biomass was insufficient for replicate analysis
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stem > leaf > seed (Table 3), which suggests that most V
accumulated in roots and only small amounts of soil V were
translocated to the aboveground tissues. Terrestrial plants have
developed mechanisms either to accumulate or exclude toxic
substances taken up from soils. For exclusion, toxic sub-
stances are translocated from the roots to the other parts of
plants, thereby preventing their over-accumulation in roots
(Brackhage et al. 2014). For accumulation, toxic substances
are preferentially converted to their insoluble forms and are
subsequently distributed to certain parts of organs and tissues.
The high concentration of V in roots compared with that in
stems and leaves suggests that the root is the major organ that
binds V in rape. Many plants are known to preferentially ac-
cumulate V in the roots to prevent or minimise V toxicity to
the plants, e.g. Brassica juncea, B. chinensis (Hou et al. 2013),
B. rapa (Tian et al. 2014), Artemisia vulgarism, Polygonum
cuspidatum, Phragmites australis, Rhus copallinum, Betula
populifoli and Populus deltoides (Qian et al. 2014)
(Table 4). The translocation of V from the root to the above-
ground parts might be due to the self-protective function of
plants to impede upward translocation (Beveridge 1999).
Heavy metals can cause several toxic symptoms in plants
and algae, e.g. growth retardation, photosynthetic inhibition,
the induction and inhibition of enzymes and the generation of
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oxidative stress (Di Toppi et al. 2003). For V, V(V) is known
to mediate free radical reactions and consequently cause oxi-
dative stress (Zhang et al. 2003). The first symptom observed
in V-stressed rape (in the soils at 247 mg V kg ') was brow-
ning of the roots, which has been reported to reflect oxidative
stress as a defence mechanism by plants towards pathogens or
contaminants (Thipyapong et al. 2004; Yang et al. 2014a).

The concentrations of V in stems and leaves generally in-
creased slightly with increasing concentrations of V in agri-
cultural soils, reaching 0.54 and 0.16 mg V kg ' in the soil at
197 mg V kg ', respectively (Table 3). The concentration of V
in stems and leaves at a soil concentration of 247 mg V kg™
increased to three- and four-fold higher than those in the soil at
197 mg V kg ', respectively. The concentration of V in roots was
low in the mining and untreated agricultural soil (0.04 and
0.56 mg kg ', respectively) and increased with increasing con-
centrations of soil V to reach 6.47 mg V kg ' in the soil at
247 mg V kg ', which is 1.5-fold higher than that in the soils
at 197 mg V kg '. Although the total V concentration in the
mining soil was higher than that in the agricultural soils, the V
concentration in different parts of rape plants in mining soils was
significantly lower than that for tissues of plants growing in all
agricultural soils (p<0.05), suggesting that V accumulation in
plants is not determined by the total V concentration in the soil.
Studies of V uptake and translocation in the dominant plants on a
US urban coastal brownfield site revealed that the soil-labile V
content strongly affected V accumulation (Qian et al. 2014). In
this study, the V accumulation in roots and V translocation in the
aboveground parts of rape were strongly associated with V(V)
and water-extractable V in the soil, as indicated by the signifi-
cantly positive correlation between the V concentration in the
root and V(V) in the soil (=0.98, p=0.023) and by the positive
relationship between water-extractable V in all soils at the har-
vesting stage of rape (Fig. 2b).

Vanadium root bioconcentration and translocation factors
for rape

The estimated root bioconcentration factor of rape based on
the total soil V ranged from 0.03 to 2.25 % (Table 4). Taking
the soil V(V) and water-extractable V into account, which
substantially entered the soil-plant interaction of V for calcu-
lation, the root bioconcentration factors increased (to 0.41—
5.68 and 32.4-432 %, respectively). The ability of rape to
accumulate soil V in roots appeared to be comparably low,
since the previously published root bioconcentration factors
for woody and herbaceous plants were at least a level of mag-
nitude higher (Table 4). For example, the root
bioconcentration factors of Chinese cabbage estimated from
total soil V and water-extractable V were 40 and 6983 %,
respectively (Tian et al. 2014; Xiao et al. 2012) (Table 4).
The root bioconcentration factors calculated from labile V in
soils (HNOj; extractable) were between 56 and 1080 % for
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Artemisia vulgaris, Polygonum cuspidatum, Phragmites
australis, Rhus copallinum, Betula populifolia and Populus
deltoides (Qian et al. 2014). Apparently, rape has developed
different mechanisms for the uptake and accumulation of V in
soils, as its root bioconcentation factors were considerably
low; further research is required to elucidate the relevant
mechanisms. The translocation factor of V from the roots to
the aboveground tissues of rape was between 3.57 and 46.5 %,
which is similar in range to that of other plants documented in
previous studies (Table 4). Therefore, rape is as effective as
other plants in excluding V from roots.

Conclusion

The results from this study clearly indicate that total V cannot
cause the toxicity of V to plants in soils, which is better
reflected by soil V(V) and water-extractable V. Tetravalent V
in soils appears to be little associated with the V plant—soil
interaction. The bioavailability of added V is higher than that
of geogenic V due to the different chemical forms and binding
states of V presented in soils. Vanadium was taken up by rape
mainly from the rhizosphere soil in the form of V(V) and
accumulated predominantly in roots. However, rape roots
could not accumulate as much V as most plants reported in
the literature, as indicated by a root bioconcentration factor
that was one order of magnitude lower. Rape has a similar
ability to that of other plants to limit the further distribution
of V to the aboveground tissues. Vanadium was never detect-
ed in seeds in all treatments, indicating the low probability of
V transfer from the soil to human beings via consumption of
rapeseed-based food materials such as rape oil.
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