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ABSTRACT: Increasing use of tungsten (W)-based products opened new pathways for
W into environmental systems. Due to its chemical alikeness with molybdenum (Mo), W
is expected to behave similarly to its “twin element”, Mo; however, our knowledge of the
behavior of W in the plant−soil environment remains inadequate. The aim of this study
was to investigate plant growth as well as W and nutrient uptake depending on soil
chemical properties such as soil pH and texture. Soybean (Glycine max cv. Primus) was
grown on two acidic soils differing in soil texture that were either kept at their natural soil
pH (pH of 4.5−5) or limed (pH of ≥7) and amended with increasing concentrations of
metallic W (control and 500 and 5000 mg kg−1). In addition, the activity of
molybdoenzymes involved in N assimilation (nitrate reductase) and symbiotic N2 fixation
(nitrogenase) was also investigated. Our results showed that the risk of W entering the
food web was significantly greater in high-pH soils due to increased solubility of mainly
monomeric W. The effect of soil texture on W solubility and phytoavailability was less
pronounced compared to soil pH. Particularly at intermediate W additions (W 500 mg
kg−1), symbiotic nitrogen fixation was able to compensate for reduced leaf nitrate reductase activity. When W soil solution
concentrations became too toxic (W 5000 mg kg−1), nodulation was more strongly inhibited than nitrogenase activity in the few
nodules formed, suggesting a more-efficient detoxification and compartmentalization mechanism in nodules than in soybean
leaves. The increasing presence of polymeric W species observed in low-pH soils spiked with high W concentrations resulted in
decreased W uptake. Simultaneously, polymeric W species had an overall negative effect on nutrient assimilation and plant
growth, suggesting a greater phytotoxicity of W polymers. Our study demonstrates the importance of accounting for soil pH in
risk assessment studies of W in the plant−soil environment, something that has been completely neglected in the past.

■ INTRODUCTION

Tungsten (W) is a transition metal that resides in the
chromium (Cr) group (group VI) of the periodic table along
with Cr and molybdenum (Mo). Compared with other metals,
W abundance in the Earth’s crust is very low, ranking 54th and
18th in the overall element and metal abundance lists,
respectively.1 Nevertheless, a variety of W minerals is known
with four being of economic importance (wolframite, (Fe,
Mn)WO4; hübnerite, MnWO4; ferberite, FeWO4; and scheelite,
CaWO4).
Increasing the industrial and military use of W-based

products, ranging from household appliances to high-end
technology goods,2 opened new pathways for W into
environmental systems. Main routes of entry into the

environment include the emission and discharge of W-
containing waste products by W-production plants, military
activities, W tire studs, and road abrasion, coal combustion, and
soil fertilizer application.2−4 In particular, the use of W
ammunition has been shown to lead to significantly elevated
W concentrations in soil (up to 2000 mg kg−1).5 Recent
assessments indicate that the anthropogenic contribution to W
mobilization in the environment amounts to about 30% of the
total global surface fluxes but would increase to about 60% if W
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transport with human-induced soil erosion and Aeolian dust is
included.6 These numbers clearly show the importance of soil
processes in controlling the global fluxes of W. Average
background concentrations of W in soil range from 0.1−2.7 mg
kg−1; however, reported W concentrations in soils near mining
or smelting sites, war zones (Gulf War region), or military firing
ranges exceed background thresholds by 10- to 2000-fold.2,7 A
survey from China revealed significant W bioaccumulation in
rice grown on agricultural fields adjacent to a W mine,8 further
highlighting the need for a better understanding of the
biogeochemical behavior of W in the environment.
In environmental systems, W occurs as thermodynamically

stable oxyanion, tungstate (WO4
2−), with W in its highest

oxidation number (6+). Experimental data suggest that the
behavior of monomeric W in soil is comparable to that of other
oxoanions like molybdate or phosphate (Pi). In a leaching
column experiment with soil amended with metallic W, Bednar
et al.9 showed that W leaching increased with increasing pH of
the leachate solution as well as in the presence of competing
anions (phosphate) and humic acids. Gustafsson10 compared
W and Mo sorption onto ferrihydrite across a wide pH range
and observed that the decrease in sorption with increasing pH
was less pronounced for W than for Mo, indicating a higher
sorption affinity of W. While knowledge of the chemical and
environmental behavior of W in soil remains limited, these
results suggest that solubility and consequently plant uptake
strongly depend on soil pH.
Recent, but limited, toxicological studies in soil showed that

plants and soil organisms are relatively tolerant to elevated W
concentrations. Bamford et al.,11 for example, found no effect
on the survival and reproduction of earthworms at W
concentrations of 586 mg kg−1 soil (artificial soil, pH 6.5),
while different tolerance levels were observed for different plant
species (oat (Avena sativa) > radish (Raphanus sativus) >
lettuce (Lactuca sativa)). High tolerance often coincides with
high biomass accumulation, composing a considerable yet
understudied entry pathway of W into the food web, and
suitable methods of predicting W plant uptake from soil have
not yet been investigated.
Tungsten is, in many ways, the twin element of molybdenum

(Mo). Both elements, Mo and W, belong to the Cr group, but
unlike chromium, the two heavier elements possess equal
atomic (1.4 × 10−10 m) and ionic (0.68 × 10−10 m) radii,
similar electronegativity (1.4 for W, 1.3 for Mo), and the same
range of oxidation states (−2 to +6) and coordination numbers
(5−9).1 Consequently, W and Mo also show similar redox and
coordination chemistries in both structural and functional
aspects. In higher plants, Mo, unlike W, is an essential
micronutrient. Being a cofactor of enzymes involved in nitrate
assimilation (nitrate reductase (NR)) and symbiotic nitrogen
(N2) fixation (nitrogenase),12 Mo plays a key role in plant N
nutrition. It is well-known that certain metalloenzymes are not
absolutely metal specific, and negative effects of W on
molybdoenzyme activity in plants and prokaryotes have been
repeatedly demonstrated.13−16 Nevertheless, the uptake and
incorporation of W as well as its effects on plant metabolism are
still not well understood, and there is a lack of studies linking
bioavailability of W to plant physiological performance.
The aim of this study was, therefore, to investigate W

solubility and plant uptake depending on soil chemical
properties such as soil pH and texture by growing soybeans
(Glycine max cv. Primus) in two natural acidic soils differing in
soil texture (silt clay loam and sandy loam, World Reference

Base of Soil (WRB), Food and Agriculture Organization of the
United Nations) that were either kept at their natural soil pH
or limed (2.5% CaCO3). Each combination of soil pH and
texture was spiked with increasing concentration of metallic W
(control and 500 and 5000 mg kg−1). The effects of soil-pH-
dependent W phytoavailability and speciation on plant
nutrition and growth as well as the activity of molybdoenzymes
involved in N assimilation (nitrate reductase) and symbiotic N2
fixation (nitrogenase) were investigated.

■ MATERIALS AND METHODS
Experimental Soils. Experimental soils were collected from

Siebenlinden (48°40.513′ N, 14°59.933′ E) and Litschau
(48°57.37167′ N, 15°3.95167′ E) in the Waldviertel area in
Lower Austria. Both soils evolved from granite rock and are
classified as acidic Cambisol. Based on soil texture analysis
(Table 1), the soil from Siebenlinden will from here on be

referred to as sand soil, and the soil originating from Litschau
will be referred to as clay soil. Soils were air-dried at an ambient
temperature and passed through a 4 mm sieve. Liming is a
common agricultural practice for raising soil pH and improving
nutrient availability. Half of the soil material was therefore
amended with CaCO3 (calcium carbonate precipitated, puriss,
Sigma-Aldrich) to a final concentration of 2.5% to achieve a
high-pH (limed) treatment, and the other half of the soil was
directly used as a low-pH (acidic) counterpart. To simulate
anthropogenic driven W entries into the environment, e.g., via
ammunition or abrasion of cutting and drilling tools, metallic W
powder (tungsten powder, <2 μm, 99.95+, Inframat Advanced
Materials) was directly added to aliquots of the acidic and limed
soils to final concentrations of 500 and 5000 mg kg−1 W (dry
weight (dwt) basis) resulting in a total of 12 soil treatments,
including controls. The soils were then incubated at 60%
maximum water holding capacity (MWHC) for 11 months at
25 °C in black plastic boxes loosely covered with wooden
boards to allow the metallic W powder to interact with the soil
matrix (i.e., aging). Previous studies demonstrated that metal
phytotoxicity of freshly amended soils in laboratory studies was
significantly higher compared with corresponding aged or field
contaminated soils.17 Once a month, soils were mixed by hand
and moisture content was gravimetrically checked and, if
necessary, adjusted every month during the incubation period.
General soil properties of the experimental soils are shown in
Table 1, with pH being determined in 0.01 M CaCl2,

18 acid

Table 1. General Properties of the Experimental Soilsa

soil properties unit clay sand

pH natural soil (CaCl2) 5.03 ± 0.23 4.50 ± 0.09
pH limed (CaCl2) 7.44 ± 0.10 7.02 ± 0.05
CEC mmolc kg−1 94.7 ± 1.50b 58.7 ± 0.52b

AAO-extractable Fe g kg−1 6.31 ± 0.13b 7.68 ± 0.43b

AAO-extractable Al g kg−1 3.05 ± 0.07b 4.39 ± 0.22b

textural class (WRB) silt clay loam sandy loam
sand percent 13.7 ± 0.20 53.7 ± 0.86
silt percent 65.3 ± 2.06 37.6 ± 3.26
clay percent 21.1 ± 2.26 8.74 ± 2.40
SOC g kg−1 33.9 ± 1.31b 31.2 ± 0.20b

N total g kg−1 0.23 ± 0.00b 0.31 ± 0.02b

aValues represent means ± SE (n = 3). bStatistical differences between
soils (ANOVA, DGC, p < 0.05). AAO, acid ammonium oxalate-
extractable Fe and Al in natural soils. SOC, soil organic carbon.
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ammonium oxalate (AAO)-extractable Fe and Al being
determined according to Loeppert and Inskeep19 cation-
exchange capacity (CEC) following BaCl2 extraction,20 and
soil organic carbon and total soil N being analyzed by an
elemental analyzer (Macro Cube Vario, Elementar).
Pot Experiment. After the pre-incubation period, soils were

air-dried, homogenized, and sieved (4 mm). The pots (2 L)
were filled with 2 kg soil each (dwt) and watered from the
bottom to field capacity. A total of four replicates per soil
treatment were prepared. Soybean seeds were soaked in
distilled water for 6 h and then germinated on water saturated
perlite for 7 days. Thereafter, seedlings of the same size were
inoculated with Bradyrhizobium japonicum (Radicin Soya, JOST
GmbH, Iserlohn, Germany) by immersing the roots in a 7.5%
v/v Radicin solution for 45 min.21,22 Immediately after the
inoculation procedure, three seedlings were transplanted into
each pot. Inoculum solution (6 mL) was additionally added to
each pot right after transplanting.23 The pot experiment was
carried out in a greenhouse with average temperatures of 17.6
°C and 34.9 °C (night and day, respectively) and a 12 h
photoperiod (320 μmol m−2 s−1 photosynthetic active
radiation). Pots were watered with low amounts of water
twice daily using an automatic dripping irrigation, avoiding the
leaching of soil solution but replenishing evapotranspirational
losses. After 3 weeks of soil growth, cytosolic nitrate reductase
activity of the leaves was assayed for all treatments (further
details see below). Plants were grown on both limed soils with
the highest W addition (5000 mg kg−1) shortly thereafter and
were harvested upon plant death. Plant biomass from all other
treatments was harvested 6 weeks after transplanting (R4, full
pod stage).24 Roots, shoots, and nodules were separated and
pooled to a composite sample of the three individual plants in
each pot; shoots were washed with deionized water; and roots
were consecutively sonicated first in a 5 mM CaCl2 solution
and then in deionized water for 5 min each. Biomass was then
dried at 60 °C for 7 days for dry mass assessment. Plant tissue
was acid-digested using an adapted procedure by Pöykiö et al.25

Briefly, 5 mL of 65% HNO3 (pro analysi, Sigma) and 1 mL of
H2O2 (30% in H2O, TraceSELECT Ultra, Suprapur) were
added to 0.2 g of ground plant material in long glass tubes
equipped with cooling tubes, and the suspension was digested
in an open heating block with the following temperature
program: 65 °C (25 min), 110 °C (10 min), and 155 °C (158
min). Total W and nutrient concentrations in the digests were
quantified by inductively coupled plasma mass spectrometry
(ICP-MS, Elan DRCe 9000, PerkinElmer; W, Mo, Cu, Zn, Ni,
and Cr) and inductively coupled plasma atomic emission
spectrometry (ICP-OES, Optima 8300, PerkinElmer; P, K, S,
Mg, Ca, and Fe); for details, see the Supporting Information.
Cytosolic Nitrate Reductase Assay. After 3 weeks of

growth, leaf subsamples (0.2 g fresh weight) were collected (n
= 4) from all pots, and nitrate reductase (NR) activity was
determined according to an adapted assay by Sanderson and
Cocking26 and Stöhr et al.27 The selected time point still
allowed the analysis of the plants from the limed W 5000
treatment, which died shortly after the enzyme assay was
conducted. The detailed procedure is described in the
Supporting Information. Plants continued to grow for another
3 weeks until the final harvest with the exception of the limed
W 5000 treatment.
Symbiotic N2 Fixation. Nodule activity was assessed on

the basis of natural N isotope fractionation between plant
organs according to Wanek and Arndt.28 Briefly, dried and

finely ground plant tissues were weighed into tin capsules and
analyzed for N content and 15N-to-14N ratios by isotope ratio
mass spectrometry (IRMS); for details, see the Supporting
Information. The difference between above-ground (shoot)
and below-ground (roots and nodules) δ15N signatures,
Δδ15Nbg (eq 1), was used to estimate the proportion of total
plant N derived from the atmosphere (percent NdfA)
according to the relationship reported by Wanek and Arndt28

(eq 2) for soybeans:

δ δ δΔ = −N N N15
bg

15
shoots

15
roots plus nodules (1)

δ= − ΔNdfA (%) 19.8 8.9 N15
bg (2)

Nodule fixation activity (grams of nitrogen fixed per gram of
nodule dry weight) was calculated according to eq 3:

=
×

×
N

M
nodule fixation activity

NdfA (%)

100
plant total

nodule (3)

with Nplant total being the total amount of N accumulated during
the growth period (milligrams of N) and Mnodule being the dry
nodule biomass (in milligrams).

Soil-Solution Analysis. Dried, pre-incubated (11 months),
unplanted, experimental soils were incubated in triplicate for 24
h at a 1:0.5 soil-to-solution ratio (SSR; wt/v) with deionized
water in the dark at 25 °C, and soil solution was obtained after
centrifugation at 21000g for 15 min.29 The SSR was chosen to
be close to natural soil moisture conditions and still get
sufficient quantities of soil solution for further processing. The
supernatant was immediately filtered through 0.45 μm syringe
filters (Whatman GDX, nylon). An aliquot of the 0.45 μm
filtrate from all soil and W treatments was acidified to a final
concentration of 2% HNO3/0.02% HF and analyzed by ICP-
MS (Elan DRCe 9000, PerkinElmer). To verify the increasing
presence of polymeric W species at low soil pH and high W
concentrations, 0.5 mL aliquots of the W 5000 soils were
passed through either a 30 or a 10 kDa ultrafiltration device
(Merck) via centrifugation for 1 h at 9727g at 4 °C. We
expected that 10 kDa cutoff filtration leads to the separation of
monomers and oligomers from larger polymeric tungsten
species, whereas 30 kDa filters retain only the fraction of long
chained polymers. The 0.45 μm filtration was regarded as a
cleanup step corresponding to 100% recovery of all dissolved
tungsten species present in the sample. After ultrafiltration, the
filtrates from the different filtration steps (0.45 μm and 10 and
30 kDa) were appropriately diluted, acidified (2% HNO3/
0.02% HF final concentration), and analyzed by inductively
coupled plasma sector field mass spectrometry (ICP-SFMS,
ELEMENT 2, Thermo Fisher Scientific).

Statistical and Data Analysis. Data were analyzed by
three-way ANOVA using a linear mixed model and the DGC
post-hoc test30 to investigate potential effects and interactions
of tungsten concentration (W), soil pH (pH), and soil
mineralogy and texture (soil). Nodule biomass, elemental
concentrations in nodules, percent NdfA, and nodule fixation
activity were only subjected to a one-way ANOVA because the
missing data due to a lack of nodule formation or to insufficient
biomass did not allow for the application of a linear mixed
model with interactions. Normality and homoscedasticity were
checked and corrected if required. Results were considered
statistically significant at p < 0.05. Correlation analysis
(Pearson) was carried out to test the potential positive or
negative effects of W on plant nutrition within each pH
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treatment (limed and acidic). All statistical tests were carried
out using the software Infostat coupled with R31 (version
2015). Detailed statistical results are presented in the
Supporting Information.

■ RESULTS
Effect of W on Soybean Biomass Production. Plants

grown on the limed 5000 mg kg−1 W soils died about 3 weeks
after transplanting. The limed W 5000 treatments were still
included for completeness; however, the difference in plant
physiological stage at harvest compared with all other
treatments needs to be considered accordingly. Except for the
high-W treatment (W 5000) in the limed soils, soybean root
biomass was not affected by the addition of different W
concentrations. Small but significant differences in shoot
biomass were observed (Figure 1A,B). Interestingly, already
in the control treatments the shoot biomass was lowest in the
acidic clay soil and highest in the acidic sand soil compared
with intermediate values in the limed clay and sand control
soils. While this difference was diminished in the presence of
intermediate W concentrations (W 500), the application of

5000 mg kg−1 W led to a significant reduction in shoot biomass
both in acidic soils compared to the intermediate W application
and, moreso, in limed soils. Unlike root and shoot biomasses (p
< 0.05), nodule biomass (p < 0.001) was more strongly affected
by soil type, pH, and W phytoavailability (Figure 1C). In the
control treatments, liming had a strong negative effect on
nodule biomass in the sand soil, an effect that was not found in
the clay soil. The presence of intermediate W concentrations
(W 500) increased nodule biomass in both limed soils but not
in the acidic soils in comparison with the respective controls. In
the acidic W 5000 soils; however, nodule biomass was strongly
decreased compared with the controls and the W 500
treatment, and no nodules were formed by soybeans grown
on the limed W 5000 soils, demonstrating a strong inhibition of
nodule initiation/differentiation in the presence of very high
soluble W concentrations.

W and Mo Uptake by Soybeans Depending on Soil
Properties. As expected, soil pH had a significant effect on W
and Mo solubility and, consequently, phytoavailability (p <
0.001), while the effect of soil texture and mineralogy was less
strong though still mostly significant (W roots and shoots, p <

Figure 1. (A) Shoot, (B) root, and (C) nodule biomass of soybean (Glycine max cv. Primus) grown on the experimental soils with different W
concentrations for 6 weeks except for soybean grown on the limed W 5000 soils that died 3 weeks after soil exposure. Values represent means ± SE
(n = 4). Letters indicate significant differences across the different soil and all W treatments (three-way ANOVA, post-hoc: DGC). Level of
significance is depicted as a single asterisk for p < 0.05, double asterisks for p < 0.01, triple asterisks for p < 0.001, n.s. for “not significant”, and n.n.
for “no nodules formed”.

Figure 2. Tungsten (W) and molybdenum (Mo) concentrations in (A) shoots, (B) roots and (C) nodules of soybeans grown on the different
experimental soils. Values represent means ± SE (n = 4). Letters indicate significant differences across the different soil and W treatments (three-way
ANOVA except for nodules as missing data only the allowed analysis by one-way ANOVA; post-hoc: DGC). Level of significance is depicted as a
single asterisk for p < 0.05, double asterisks for p < 0.01, triple asterisks for p < 0.001, n.s. for not significant, n.n. for “no nodules formed”, n.d. for
“not determined due to insufficient biomass”, and LOD for “limit of detection”.
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0.01; Mo shoots, not significant; Mo roots, p < 0.001; Figure 2
and Table 2). Consequently, the uptake of W (and Mo) was
higher in the limed soils compared with their acidic
counterparts for both W additions, with W root and shoot
tissue concentrations increasing by an average factor of 4 ± 2
and 15 ± 9 (mean ± SD), respectively (Figure 2A,B). W tissue
concentrations ≥211 (shoot) and ≥747 (root) mg kg−1,
respectively, led to the death of soybean seedlings after 3 weeks
of growth in the limed W 5000 experimental soils. At shoot and
root W concentrations of 135 ± 10 (mean ± SE) and 398 ± 76
mg kg−1 (limed sand, W 500), respectively, soybean biomass
production was not affected (Figures 1 and 2). As was observed
for shoot biomass (Figure 1A), shoot W concentrations were
significantly lower in the acidic W 5000 soils than in the limed
W 500 soils despite higher water-soluble W concentrations
measured in soil saturation extracts of the acidic W 5000 soils
(in comparison to limed W 500) (Table 2; for a direct
comparison of limed W 500 versus acidic W 5000, see Figure
S2). The concurrence of decreased shoot biomass and W tissue
concentrations in the acidic W 5000 treatments in comparison
to the limed W 500 soils therefore suggests a change in W
speciation and toxicity at low pH and high W concentrations.
Nodule W accumulation was 7−9 times lower compared with
root W concentrations in the acidic W 500 soils but was similar
(nodules: 310 ± 11 mg kg−1 W) to root W in the
corresponding limed W 500 treatments. However, in the acidic
W 5000 sand soil, nodule W (581 ± 103 mg kg−1) exceeded
root W (318 ± 63 mg kg−1) concentrations by a factor of
approximately 2 (Figure 2C), which was accompanied by a
significant decrease in nodule biomass (Figure 1C) compared
with both the control and W 500 acidic sand. Nodule biomass
was insufficient for W and nutrient analysis in the acidic W
5000 clay soil , and no nodules were formed in the limed W
5000 soils.
Plant uptake of molybdenum, which was kept at natural

background concentrations, showed similar trends as W. As
with W, the shoot, root, and nodule Mo concentrations were
higher in the limed soil treatments (Figure 2). Mo shoot and
root concentrations were higher in the limed sand soil
compared to the limed clay soil across the different W
treatments (excluding shoots in limed W 5000 soils), while Mo
concentrations in nodules were similar in clay and sand soils
within each pH and W treatment (excluding limed W 5000
because no nodules were formed). A strong positive correlation
between W and Mo root and particularly shoot concentrations
was found in the limed soils (Table 3). In the acidic soils,
increasing W amendments either had no effect (shoots) or a
strong negative effect (roots) on Mo tissue concentrations.
While no differences in nodule Mo were found in the acidic
soils across all W treatments, liming resulted in a significant

increase in the W 500 soils. Molybdenum concentrations in
nodules were higher than in roots or shoots across all soils and
treatments except for acidic clay control soil (p < 0.01, Table
S4).

Effect of W on the Activity of Molybdoenzymes
Involved in Plant N Nutrition. Nitrate reductase (NR)
activity in soybean leaves, symbiotic N2 fixation (estimated as
percentage of N derived from the atmosphere and as nodule
fixation activity) and total plant N were significantly affected by
the addition of 500 and 5000 mg W kg−1 soil. Except for the
limed W 5000 soils in which no nodules were formed, complex,
interdependent responses of molybdoenzyme activities (Figure
3A,D) and nodule biomass formation (Figure 1C) resulted in
different contributions of symbiotic N2 fixation to total plant N
nutrition (Figure 3B) while maintaining total plant N at or even
above control levels (acidic W 500 clay soil), irrespective of soil
type, pH, and W addition (Figure 3C). NR activity generally
decreased with increasing W concentrations in all soil
treatments except for the acidic sand, in which it remained
constant across the different W addition levels (W 0, W 500,
and W 5000; Figure 3A). Moreover, NR activity was lower in
the acidic sand soil control (W 0) compared with the other
control soils, a finding that was accompanied by a significantly
higher nodule biomass resulting in a higher contribution of
symbiotically fixed N (percent NdfA) to total plant N
acquisition (Figure 3A−C).

Table 2. Soil Solution Concentrations of W and Mo in the Different Experimental Soilsa

W (mg L−1) Mo (μg L−1)

treatment clay sand clay sand

acidic W 0 <LOQ <LOQ 0.04 ± 0.01d 0.02 ± 0.04d

acidic W 500 4 × 10−3 ± 1 × 10−4e 0.01 ± 2 × 10−4e <LOQ 0.17 ± 0.10d

acidic W 5000 24.8 ± 0.98c 9.74 ± 2.04d 0.58 ± 0.06d 0.50 ± 0.05d

limed W 0 <LOQ <LOQ 5.36 ± 0.22d 15.3 ± 1.85c

limed W 500 2.43 ± 0.05e 3.34 ± 0.04e 11.87 ± 0.47c 66.9 ± 1.26b

limed W 5000 126.1 ± 3.7aa 113.7 ± 1.85b 12.88 ± 0.43c 98.1 ± 7.14aa

aValues represent means ± SE (n = 3). Letters represent statistical differences across the different soils, pH, and W treatments (ANOVA, DGC, p <
0.0001). LOQ, limit of quantification.

Table 3. Pearson Correlation Coefficients Revealing the Soil-
pH-Dependent Effects of W on Nutrient Concentration in
Soybean Roots and Shootsa

effect of W on nutrients in soybean (excluding limed W 5000 soils)

W in acidic
soils, N = 24

W in limed
soils, N = 16

W in acidic
soils, N = 24

W in limed
soils, N = 16

shoots roots
P -0.79 −0.15 0.11 0.56
Ca -0.94 −0.41 −0.3 −0.09
K −0.36 0.12 −0.22 0.26
Mg -0.62 −0.26 -0.58 0.04
S -0.61 −0.24 -0.66 0.12
Fe -0.52 -0.67 0.00 0.7
Mo −0.27 0.84 -0.85 0.54
Cr -0.63 -0.6 -0.81 −0.21
Co -0.74 −0.23 −0.32 −0.26
Ni -0.49 -0.53 -0.42 −0.26
Cu -0.85 -0.64 -0.7 -0.63
Zn -0.65 −0.16 −0.22 -0.75

aResults from the limed W 5000 soils were excluded due to the
different plant developmental stages at harvest. Significant correlations
(p < 0.05) are highlighted in bold.
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In the limed W 500 soils, a decrease in NR activity was
compensated by increased nodule biomass, keeping biomass
production and total plant N accumulation at control levels
despite the significantly increased W concentrations in nodules.
Nodulation was more strongly enhanced in the limed W 500
clay soil compared to the limed W 500 sand, resulting in an
additional increase in the proportion of symbiotically derived
plant N (percent NdfA) in the limed W 500 clay soil (Figures
1C and 3A−D).
Rather contrasting results were found in the acidic soil

treatments. For the acidic clay soil, the total plant N was higher
in the W 500 treatment compared to the control despite a
decrease in NR activity together with constant nodule biomass,
nodule fixation activity, and percent NdfA. At the highest W
addition (5000 mg kg−1), NR activity decreased in the acidic
clay soil to levels comparable to those of the dying plants from
the limed W 5000 treatments. However, this was compensated
by a sharp increase in nodule fixation activity increasing the
percent NdfA and keeping N accumulation comparable with
control treatments (Figures 1C and 3A−D).

In the acidic sand, neither NR activity nor nodule fixation
activity were affected by increasing W concentrations (Figure
3A,D). Because nodule biomass was not affected by the
addition of 500 mg kg−1 W, percent NdfA and total plant N
remained at control levels in the acidic W500 sand soil. At W
5000, a sharp drop in nodule biomass (Figure 1C) resulted in a
decreased contribution of symbiotically fixed N (percent NdfA)
in the acidic sand soil, decreasing total plant N acquisition
during the experimental growth period to the levels of the
limed control and W 500 soils (Figure 3B,C).

Effect of W on Plant Nutrition Other than N and Mo.
Soil pH and soil type also significantly affected root and shoot
tissue concentrations of some but not all nutrients, while the
addition of increasing W concentrations had a significant effect
on soybean plant nutrition, irrespective of specific nutrient or
plant tissue type (Tables S1−3). Despite numerous changes, no
clear trends could be observed for all other investigated macro-
and micronutrients upon the addition of 500 mg W kg−1 soil
(Tables S1−3). However, shoot concentrations of all
investigated nutrients significantly decreased in the acidic W
5000 soils, with particularly large changes present in P, Ca, and
Fe shoot concentrations (2−3 times less than the respective
control; Figure 4 and Tables 3 and S1). Excluding the limed W
5000 soils, correlation analysis further revealed a significant
negative effect of W on almost all investigated nutrients in the
acidic soils as well as on shoot Fe, Cr, Ni, and Cu in both pH
treatments (Table 3). Unlike shoots, root nutrient concen-
trations showed no consistent trends upon W addition across
the different pH treatments.

W Speciation. Ultrafiltration of the soil solutions of the W
5000 soils after 11 months of pre-equilibration with different
molecular weight cut-offs (30 and 10 kDa) revealed that both
soil pH and texture significantly affected W speciation (p <
0.0001), with only 32% and 54% of W being recovered after
ultrafiltration with 10 kDa (monomeric W and small W
polymers) in the acidic clay and sand soil, respectively (Table
4). On the contrary, W recovery in the limed W 5000 soils was
similar (83% in sand soil and 85% in clay soil) after 10kD
filtration, clearly indicating a higher degree of polymerization
under acidic conditions (acidic soils having 46−68% versus
limed soils having 15−17% of >10 kDa).

■ DISCUSSION
W Phytoavailability and Phytotoxicity. The small

number of studies on W phytoavailability and phytotoxicity
in soils or hydroponics report a wide range of W concentrations
(81−≥3900 mg kg−1 and ≥100 μM W, respectively) at which

Figure 3. (A) Nitrate reductase (NR) activity in soybean leaves, (B)
estimation of the percentage of plant N derived from the atmosphere
(%NdfA), (C) total N accumulated in the biomass (in milligrams)
during plant growth, and (D) nodule fixation activity (grams N fixed
per gram nodule dwt.). Values represent means ± SE (n = 4). Letters
indicate significant differences across the different soil and W
treatments (three-way ANOVA; post-hoc: DGC). Level of significance
is depicted as a single asterisk for p < 0.05, double asterisks for p <
0.01, triple asterisks for p < 0.001, and n.s. for “not significant”.

Figure 4. Concentrations of P, Ca (grams per kilogram), and Fe (milligrams per kilogram) in the shoots of soybeans grown on the different
experimental soils. Values represent means ± SE (n = 4). Letters indicate significant differences across the different soils and W treatments (three-
way ANOVA; post-hoc: DGC). Level of significance is depicted as a single asterisk for p < 0.05, double asterisks for p < 0.01, triple asterisks for p <
0.001, and n.s. for “not significant”.
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plant growth was impaired.7,8,11,13,32−34 While the differences in
the W concentration thresholds in hydroponic studies can be
simply related to species-specific tolerance mechanisms, the
interpretation of soil-based studies is more complex as
particularly soil pH significantly determines W solubility and
speciation9 (Tables 2 and 4; also see the Polymeric W Species
section) and, consequently, phytoavailability. However, to date,
the effect of soil properties on W solubility has been ignored in
most soil-based studies investigating W plant uptake.
By liming (2.5% CaCO3) naturally acidic soils spiked with

different metallic W concentrations (500 and 5000 mg kg−1),
we showed that W plant uptake significantly increased with
increasing soil pH and W solubility (Figure 2 and Table 2). In
the W 500 treatment, liming enhanced W shoot tissue
concentrations 18−24 times compared with their acidic
counterparts, with biomass production being negatively affected
by neither soil pH nor medium W addition. The crucial role of
soil pH on W solubility is even more clearly demonstrated in
the W 5000 treatment, in which soluble W concentrations
became phytotoxic in the limed experimental soils, triggering
plant death after 3 weeks of soil exposure and preventing
nodule growth. We also observed that the W concentration
range between absence of visible growth effects (135 ± 10 mg
kg−1) and seedling death (221 ± 15 mg kg−1, limed sand) was
rather narrow for soil grown soybean shoots (Figures 1 and 2).
With respect to other plant species for which W uptake was
investigated, soybean plans seem to be rather sensitive toward
high W concentrations. Cereals appear to be more tolerant,
with reported W leaf concentrations of 202 mg kg−1 for rye
grass grown for 9 months on a W-contaminated soil (1000 mg
kg−1),35 although, unfortunately, no data on soil pH were
presented in this study.
As previously reported,33,36 low soluble W concentrations

can have a positive effect on plant biomass production;
however, this was only observed for shoot biomass in the acidic
W 500 clay, the soil with the lowest soluble W concentrations
(Figure 1 and Table 2). In this treatment, nodule biomass
(Figure 1) and nodule fixation activity (Figure 3D) were
slightly higher than in the control soil. Even though these
differences were not statistically significant, they may have been
sufficient to result in the observed shoot biomass increase.
Other than that, increases in root P, Fe, and Zn concentrations
(Table S2) may also have stimulated shoot biomass production
in the acidic W 500 clay soil.
Our results clearly show that, like for many other elements,

total soil concentrations are a poor indicator for W
phytoavailability in soil. As for other oxoanions, the increase
in W solubility with increasing pH can be attributed to an
increase in negative surface potential due to the deprotonation

of mineral surfaces at high pH leading to decreased retention of
anions by the soil matrix.10,37 Soils with a high clay content
generally show a higher sorption potential for both anions and
cations than soils with a coarser soil texture due to the higher
specific surface area. Unexpectedly, at the highest W addition
rate (5000 mg kg−1), W solubility was significantly higher in the
clay soil than in the sand soil irrespective of pH treatment,
while no differences were observed for the W 500 treatments
(Table 2). A recent study demonstrated that, particularly at
high W concentrations, W sorption to metal oxides such as
boehmite occurred in polymeric forms across a wide pH range
(pH 4−8), explaining the continuous W immobilization
without an apparent maximum in sorption.38 Consequently,
we attribute the lower W solubility in the W 5000 sand soil to
the higher abundance of positively charged metal oxides in the
sand soil (Table 1). Correspondingly higher W plant uptake in
the W 5000 clay soil was only observed for the limed
treatments, while no differences in W tissue concentrations
were found in the acidic W 5000 soils (Figure 2A,B) as a result
of W polymer formation (Table 4; also see the Polymeric W
Species section and Figure S2).

Polymeric W Species. Like Mo, W is known to polymerize
at increasing concentrations and at low pH;39 however, W
speciation in soil solution is still not completely understood. It
is generally agreed upon that at pH > 10, monomeric WO4

2− is
the only species in solution,40 and it has further been reported
that at concentrations <10 mM (corresponding to 1.84 mg W
L−1), no polyanions are formed in pure solution.41 However,
our knowledge on the impact of time, pH, and W concentration
on the W condensation reaction is still inadequate, and even
less is known about polymer formation of W with other
elements. The majority of studies on W solution speciation was
performed under narrow ranges of environmental conditions
using mostly pure solution models that limit their applicability
for complex environmental samples such as soils.7,8,11,13,32−34

Our results clearly demonstrate a strong pH effect on W
polymerization in soil solution with the contribution of
polymeric species to total soluble W strongly decreasing in W
5000 soils from acidic (46−68%) to limed conditions (15−
17%; Table 4 and Figure S2). Negligible or no W polymer-
ization can be expected in the W 500 soil due to either the W
concentrations being too low (<0.01 mg L−1, acidic soils) or
soil pH being high (limed treatments).
Very little information is available on the toxicological effects

of polytungsten species. In our study, for each W addition level
(500 and 5000 mg kg−1), total soluble W concentrations were
significantly higher in the high pH soils compared to the
respective acidic counterpart (Table 2 and Figure S2).
However, we observed lower biomass production accompanied
by lower W shoot concentrations in the acidic W 5000 soils
compared with the limed W 500 soils despite higher soil
solution W concentrations (total W but also <10 kDa fraction)
in the acidic W 5000 treatments (Figures 1A and 2A and Tables
2 and 4; for a direct data comparison of limed W 500 versus
acidic W 5000, also see Figure S2). In addition, the absolute W
soil solution concentrations of the different W polymer size
fractions (<10 kDa, 10−30 kDa, and 30 kDa−0.45 μm; Table
4) revealed similar W concentrations (milligrams per liter) in
the monomeric and oligomer fraction (<10 kDa) in the acidic
W 5000 soils (Table 4). This not only explains the lack of
differences in W plant uptake in the acidic W 5000 soils (in
contrast to the limed W 5000 treatments) but also suggests that
mainly monomeric and oligomeric W is taken up, with the

Table 4. Absolute Recovery of W in the Soil Solution (in
Milligrams per Liter) after Ultracentrifugation with Different
Size Cut-Offs (0.45 μm and 30 and 10 kDa)a

W 5000 <10 kDa 10−30 kDa 30 kDa−0.45 μm

mean ± SE (mg L−1 W) (percent of total recovered)
acidic clay 7.90 ± 0.44t (32%) 10.0 ± 0.56 (40%) 6.86 ± 0.38b (28%)
acidic sand 5.26 ± 1.56t (54%) 3.01 ± 0.89z (31%) 1.47 ± 0.43c (15%)
limed clay 108 ± 4.53r (85%) 7.42 ± 0.31y (6%) 11.0 ± 0.46a (9%)
limed sand 94.4 ± 2.17s (83%) 7.37 ± 0.17y (6%) 12.0 ± 0.28a (11%)
aValues represent means ± SE (n = 3). Different letter groups indicate
significant differences across the different soil treatments within one
filtration size class (one-way ANOVA, DGC, p < 0.001).
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latter having a greater phytotoxic effect on plant growth
performance than monomeric W (Figures 1 and S2). This is
further supported by the decreased nodulation (Figure 1) and
lower accumulation of all other major nutrients in soybean
shoots in the acidic W 5000 soils (Figure 4 and Table S1). On
top of increased W phytotoxicity, Ca and micronutrient
malnutrition may have contributed to reduced biomass
production particularly in the acidic W 5000 sand soil (Figure
4 and Table 3). Interestingly, total plant N was only little
affected by the presence of polymeric W species. In accordance
with our results, Strigul et al.3 observed a significantly higher
toxicity of sodium metatungstate (3Na2WO4·9WO3) than of
monomeric W (Na2WO4) for fish. Tajima42 also reported that
polyoxotungstates nonspecifically inhibited several anion-
sensitive enzymes in Escherichia coli, probably as a result of
the charge interaction by acting as nucleic acid analogues.
Consequently, the overall negative effect of polymeric W on
plant nutritional status may indicate a nonspecific inhibition of
membrane transporter proteins resulting in a decreased
nutrient uptake capacity.
We acknowledge that the analysis of W species in soils is

highly challenging and that soil solutions for speciation analysis
were obtained from saturated, unplanted soil. It therefore
cannot be ruled out that W soil solution speciation might have
been altered by the presence of soybean plants. Separation of
W polymers with chromatographic methods is complicated by
potential reactions of the analytes toward the (functionalized)
surface of the chromatographic material involved as well as by
species interconversion due to changes in pH or buffer
conditions. Accordingly, size-exclusion chromatography
(SEC) and ion chromatography are hampered by unwanted,
nonspecific interaction of the W species with the stationary
phase and by buffer pH leading to species interconversion,
respectively. Bednar et al.43 attempted to separate and quantify
polytungsten species in the soil solution of a W contaminated
soil using SEC coupled with ICP-MS and direct infusion
electrospray ionization mass spectrometry to identify W
polymers; however, the simple act of sample acidification
prior to analysis is likely to have caused changes in W
speciation. Moreover, in-source adduct formation cannot be
excluded in the electrospray process. Ogundipe et al.40

suggested that Raman spectroscopy or laser desorption−
ionization mass spectrometry combined with a time-of-flight
mass spectrometry analyzer (LDI−TOF) as potentially suitable
approaches, but so far, these techniques have not been
successfully applied to complex environmental samples. In
this situation, ultrafiltration represents a simple but effective
alternative that can be used to verify the presence of W
polymers in solution. Obtained results are free from artifacts as
the method requires neither sample dilution nor acidification or
buffering, and only inert surfaces come into contact with the
sample; however, the ultra-centrifugation approach does not
provide mass specific information about the investigated
polymers.
Effect of W on Plant Nutrition Other than N and Mo.

Plant nutrition typically changed with soil type and pH;
however, we observed mostly inconsistent effects on nutrient
uptake in the different W treatments except for a general
decrease in nutrient content in the acidic W 5000 soils and a
trend for reduced shoot Fe, Cr, Ni, and Cu at increasing W
levels (Table 3). When grown in nutrient solution culture,
Gerloff et al.44 observed a significant reduction in shoot Fe and
leaf chlorosis in tomatoes due to increasing Mo concentrations.

Considering the chemical similarity of W and Mo, it is likely
that W triggered the same antagonistic effects causing the
observed reduction of shoot Fe in soybean in the current study.
To the best of our knowledge, similar observations of a negative
effect of W or Mo on Cu, Ni, and Cr plant tissue
concentrations have not yet been reported. Molybdenum
uptake was either not affected or negatively affected by the
addition of W in the acidic soils, while a significant positive
effect on Mo tissue concentrations was observed in the limed
soils (except roots with limed W 500; Figure 2 and Table 3).
This suggests that W successfully competes for the same
sorption sites as Mo, resulting in an increase in Mo solubility,
particularly at alkaline soil pH, at which the anionic sorption
strength decreased due to the deprotonation of mineral
surfaces. Kumar and Aery33 observed the same trend of a
concurrent increase of W and Mo uptake by wheat grown on an
alkaline soil spiked with increasing W concentrations. These
findings are supported by Gustafsson,10 who demonstrated a
stronger sorption of WO4

2− than did MoO4
2− to ferrihydrite.

Effect of pH-Dependent W Solubility and Soil Texture
on Molybdoenzyme Activity and Plant N Nutrition. Due
to its symbiosis with N2-fixing rhizobial bacteria, soybean can
rely on both NO3

− assimilation via NR as well as on the
exchange of microbially fixed N2 (via nitrogenase) in the form
of ureides for photosynthates in the form of sugars. In
uncontaminated soils, high NO3

− concentrations were found to
significantly reduce nodulation and symbiotic N2 fixation.45

Although we did not directly measure NO3
− concentrations in

our soils at the beginning of our experiments, our results
indicate a difference of available NO3

− concentrations affecting
the observed patterns of molybdoenzyme activity. Generally, in
legumes, nodulation and nif-gene abundance decline at high
levels of available soil N due to high C investments of plants to
nodules and the N2-fixation process,46 which only pays off
under N-limiting conditions. Typically, sandy soils are more
prone to NO3

− leaching than clay soils,47 and nitrification was
repeatedly shown to be inhibited under acidic conditions.48,49

Therefore, our data suggest a lower NO3
− availability in the

acidic sand control soil, resulting in a low NR activity that was
overcompensated by high nodule biomass and high symbiotic
N2 fixation (percent NdfA) (Figures 1C and 3B). Similar to
other studies, a positive effect of enhanced nodulation on total
plant N46 and biomass production was observed in the acidic
sand soil control treatment (Figures 1 and 3C). Liming,
however, is known to increase net nitrification,49 suggesting
that a higher NO3

− availability was responsible for the higher
NR activity accompanied by a decrease in symbiotic N2 fixation
(percent NdfA) in the limed sand soil control treatment
(Figure 3A,B). We attribute the lack of differences in NR
activity in the clay control soils to the stronger physical
protection of soil organic matter by the high clay content
against mineralization and nitrification.50

Despite its potential negative effect on eukaryotic life,32 W,
like Mo, is a bioelement but, however, not a universal one. All
eukarya and most bacteria strictly depend on Mo; however,
several archaea and some bacteria have been identified that
either are strictly dependent on W, have the ability to choose
between W and Mo depending on the environmental
conditions, or evolved to use Mo and W interchangeably for
distinct functions.51 Nevertheless, a significant decrease in
nitrogenase activity of several free living N2 fixing bacteria in
the presence of W was reported.15,16,52 Although the exact
toxicity mechanism is not known, it was suggested that a
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replacement of Mo by W renders the N2-fixing nitrogenase
enzyme inactive.53 Also, the activity of nitrate reductase, a
molybdoenzyme responsible for the assimilatory reduction of
nitrate to nitrite, was repeatedly shown to be inhibited in the
presence of monomeric tungstate with its negative effect again
being attributed to the prevention of the formation of an active
Mo cofactor required for NR catalytic activity.54−56 Deng et
al.54 found that W inactivated NR but simultaneously increased
NR protein abundance and corresponding mRNA tissue
concentrations, leading to an over-expression of the NR
genes. In our study, W had contrasting effects on the
interrelated activities of the studied molybdoenzymes (i.e.,
nitrate reductase, and nitrogenase, respectively) in nodulated
soybeans, indicating complex interactions between (pH-
dependent) W solubility and speciation, pH and texture-driven
organic N mineralization and stabilization, and molybdoen-
zyme-driven plant N nutrition. Irrespective of W addition, NR
activity in the control soils was negatively related to nodule
biomass (r = 0.55, p < 0.05; Figures 1 and 3). However,
excluding the limed W 5000 treatment and the acidic W 5000
sand, soybean plants managed to maintain biomass production
and N acquisition at or even above (acidic W 500 clay) control
levels (Figures 1 and 3C). This suggests that a W-driven loss of
NR functionality can be compensated by increasing nodulation
(Figure 1C) and enhanced symbiotic N2 fixation activity
(Figure 3B,D; acidic W 5000 clay). Compensation of decreased
NR activity by enhancing nodule biomass was particularly
observed in the limed soils with intermediate W contamination
(500 mg W kg−1). Nodulation and, therefore, symbiotically
derived plant N (percent NdfA) as well were more strongly
enhanced in the limed W 500 clay soil compared to the limed
W 500 sand soil (Figure 3B), presumably due to higher N
mineralization rates in the limed sand soils due to a weaker
protection of soil organic matter compared to the clay soil.50

Growing soybean in hydroponics at high nitrate availability,
Harper57 also observed an increase in nodulation alongside
with enhanced acetylene reduction activity (i.e., a measure for
N2 fixation activity) in the presence of up to 300 μM sodium
tungstate (Na2WO4), followed by a slight decline at 400 μM
Na2WO4 (corresponding to 74 mg W L−1). No corresponding
N and W tissue concentrations were reported in this study. In
accordance with this study,57 our results also suggest that
nitrate assimilation (NR activity) is more strongly inhibited by
increasing W concentrations than is symbiotic N2 fixation until
W concentrations become too toxic and inhibit nodule
formation. Considering that W concentrations were about 3
times higher in nodules than in shoots at W 500 (Figure 2), this
indicates a higher tolerance or better detoxification mechanism
in the symbiosomes.
In contrast to intermediate W levels, the high contribution of

polymeric W species in the acidic W 5000 soils (48−68% 10
kDa−0.45 μm) and the extremely high concentrations of
monomeric and oligomeric W in the corresponding limed
treatments (83−85% <10 kDa; Table 4) drastically reduced
(acidic soils) or completely inhibited nodule formation (limed
soils; Figure 1C). However, in one treatment (acidic W 5000
clay soil), the nodule fixation activity (grams of nitrogen fixed
per gram of nodule dry weight) was strongly increased in the
presence of high W concentrations, keeping the total plant N
accumulation at control levels (Figure 3B,D). Unlike the acidic
W 5000 sand soil, NR activity was particularly low in this
treatment, with levels comparable with the plants in the limed
W 5000 soils that died after 3 weeks of soil growth (Figure 3A).

Unfortunately, nodule biomass in the acidic W 5000 clay soil
was insufficient for reliable analysis of W concentration in
nodule tissue (Figure 2C). Consequently, we can only
speculate whether or not the differences in N2-fixation activity
between acidic W 5000 sand and clay soils were triggered by
the extremely low NR activity or caused by differences in W
nodule tissue concentrations. W speciation in soil solution
(Table 4, monomeric and oligomeric fraction of <10 kDa) as
well as root and shoot W tissue concentrations suggest
comparable W accumulation in nodules in the acidic W 5000
sand and clay soils (Figure 2); however, soil-specific differences
in the W polymer structure and composition and, thus, toxicity
cannot be ruled out.
Even though previous studies reported negative effects of W

on nitrogenase activity of free-living N2-fixing bacteria, a higher
nitrogenase abundance in the few nodules formed, a different
W-species-dependent compartmentalization and detoxification
mechanism, or both could have offset the effect of W-blocked
nitrogenase enzymes. This could explain the increase in nodule
fixation activity in the acidic W 5000 clay soil that kept total
plant N comparable with the respective control levels (Figure
3C,D); however, direct evidence for the proposed mechanisms
is lacking. Low N availability as well as Mo deficiency have been
found to induce relocation of the intermediately phloem mobile
Mo from shoots to nodules.58 It remains unclear whether
increased nodule Mo was simply a result of increased solubility
(liming effect and competitive desorption by W), W-induced N
deficiency triggered preferential transport of Mo (and,
mistakenly, W as well) into nodule tissue to maintain N2
fixation at a sufficient level, or a combination of both.
Nevertheless, shoot Mo remained above the critical concen-
tration (0.1−1 mg kg−1)59 for plant development in all
treatments, clearly demonstrating that the reduction of NR
activity was a direct effect of the increasing presence of W in the
plant tissue rather than insufficient shoot Mo supply. Pandey et
al.15 showed that the inhibitory effect of W on N2 fixation of
free-living Plectonema boryanum was less-pronounced under
Mo-sufficient than Mo-deficient conditions. Taking all of this
together, our results highlight the importance of taking soil pH
into consideration when conducting risk assessment studies of
W in the plant−soil environment, which has been largely
neglected in the past.
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