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Abstract
Background: Nanoparticles are produced and used worldwide and are released to the environment, e.g., into soil
systems. Titanium dioxide (TiO2) nanoparticles (NPs), carbon nanotubes (CNTs) and cerium dioxide (CeO2) NPs are
among the ten most produced NPs and it is therefore important to test, whether these NPs affect plants and symbiotic microorganisms that help plants to acquire nutrients. In this part of a joint companion study, we spiked an
agricultural soil with TiO2 NPs, multi walled CNTs (MWCNTs), and CeO2 NPs and we examined effects of these NP on
red clover, biological nitrogen fixation by rhizobia and on root colonization of arbuscular mycorrhizal fungi (AMF). We
also tested whether effects depended on the concentrations of the applied NPs.
Results: Plant biomass and AMF root colonization were not negatively affected by NP exposure. The number of
flowers was statistically lower in pots treated with 3 mg kg−1 MWCNT, and nitrogen fixation slightly increased at
3000 mg kg−1 MWCNT.
Conclusions: This study revealed that red clover was more sensitive to MWCNTs than TiO2 and CeO2 NPs. Further
studies are necessary for finding general patterns and investigating mechanisms behind the effects of NPs on plants
and plant symbionts.
Keywords: Nanomaterials, Agriculture, Crop, Beneficial soil microbes, Ecosystem services
Background
Titanium dioxide (TiO2) nanoparticles (NPs), carbon
nanotubes (CNTs) and cerium dioxide (CeO2) NPs are
among the ten most produced NPs worldwide [1]. The
production and use of these NPs leads to increasing concentrations in the soil system. Estimated material-flow
in sludge treated soils for Europe are 2380 t−1 y−1 and
0.771 t y−1 for TiO2 and CNTs, respectively [2]. For CeO2
1400 t y−1 are assumed to end up in sludge treated soils
worldwide [1]. Thus, all of these three NP types are unintentionally released into the soil ecosystem. One NP type
that needs special attention regarding risk assessment in
soils is TiO2 because these NPs are listed in patents and
publications targeted as additives of plant protection
products [3, 4]. Thus, if such products were released to the
market and applied in the fields, higher concentrations of
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TiO2 NPs would be expected in soils. Due to the potential
for increasing amounts of NPs that enter the soil system,
it is important to test, whether these NPs affect plants and
beneficial soil microorganisms that associate with plant
roots and assist plants to acquire nutrients.
Several studies investigated effects of TiO2 NPs, CNTs
and CeO2 NPs on either plants or microorganisms with
variable results. For TiO2 NPs, contrasting results were
found and plant biomass was either decreased or not
affected when grown in soil with enhanced TiO2 NP
concentrations [5–7]. Soil microbial community structures were shown to be altered when treated with TiO2
NPs [7–9]. Also CNTs affected plants and soil microbial community structures: the number of flowers and
fruits of tomatoes increased, and bacterial community
structure changed [10]. In contrast, in another study
with much higher CNT concentrations, soil microbial
community structure was not affected [11]. Most often,
ecotoxicological tests with NPs (TiO2, CeO2 and CNTs)
in soil systems are either performed with plants, or with
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microorganisms, but the symbiosis of plants and soil
microorganisms has rarely been investigated. Plant symbionts provide important ecosystem functions as e.g.,
nitrogen-fixation by rhizobia in legumes or phosphorus acquisition by arbuscular mycorrhizal fungi (AMF)
[12]. One example is red clover which is used for animal
feeding and as green manure. Red clover associates with
nitrogen-fixing rhizobia bacteria (rhizobia) [13, 14]. Up
to 373 kg N ha−1 y−1 can be fixed by these bacteria in
root nodules of red clover plants [15]. Additionally, red
clover performs a second symbiosis with AMF [12, 16–
18]. These fungi provide plants with soil nutrients, especially immobile nutrients such as phosphorus. Up to 90 %
of plant phosphorus is provided by AMF [18]. The two
microbial symbionts, AMF and rhizobia, conduct important ecosystem functions [12], and thus it is important to
assess whether nitrogen fixation and root colonization by
AMF are affected by NPs.
Earlier studies showed that NPs had adverse effect on
the legume-rhizobia symbiosis. For soybeans it has been
reported that CeO2 NPs diminished nitrogen fixation
[19], and no effects of TiO2 and Fe3O4 NPs on nodule colonization were found [20]. For barrel clover it has been
reported that the number of nodules was decreased and
gene expression altered when exposed to biosolids containing Ag, ZnO and TiO2 NPs [21, 22]. Peas revealed
a delayed nitrogen fixation when exposed to TiO2 and
ZnO in hydroponic systems [23, 24], and for faba beans,
nodulation and nitrogenase activity were delayed by
Ag NPs [25]. AMF root colonization has been reported
to not being affected in soybeans exposed to TiO2 and
Fe3O4 NPs [20], while colonization of white clover roots
was increased by Ag and FeO NPs [26]. Because of these
effects on legume-rhizobia and AMF systems, it is important to assess whether root colonization by AMF and
nitrogen fixation in soil-grown red clover are affected
by NPs, e.g. TiO2, CeO2 and CNTs, because these effects
might be species and NP dependent. To our best knowledge, there are no studies available on the effects of CNTs
on legume-rhizobia-AMF systems.
In the present study, we investigated the effects of three
different NP types, i.e., TiO2 NPs, multi-walled CNTs
(MWCNTs) and CeO2 NPs, on red clover growth, biological nitrogen fixation with rhizobia and on root colonization
of AMF in a soil system. We investigated if these NPs affect
(1) plant growth, (2) biological nitrogen fixation in plants,
(3) AMF root colonization, and (4) phosphorus uptake
by red clover. As positive control we chose ZnSO4·7H2O
because Zn2+ was reported to decrease plant growth and
affect nitrogen fixation of legumes [27]. Effective soil elemental titanium and MWCNT (black carbon) concentrations, their vertical translocation and plant uptake were
investigated in detail in a companion paper [28].
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Results
Red clover plants were exposed for 14 weeks to agricultural soil spiked with different concentrations of
NPs, i.e., TiO2 NPs (P25), a bigger non-nanomaterial [29] TiO2 particle (NNM-TiO2, 20 % particles
<100 nm), MWCNTs, CeO2 NPs and a ZnSO4 treatment. The biomass of red clover plants did not differ
between NP spiked substrate and controls without NP
addition, both for root and shoot dry weight separately
and for total plant dry weight (Fig. 1; Additional file 1:
Table S1). Total plant dry weight and effective titanium
content per pot were correlated explaining 20 % of variance (Pearson’s correlation: p = 0.041, r = 0.45). The
root-shoot ratio was 0.49 ± 0.04 on average, and was
also not affected by the presence of NPs (p > 0.05). The
number of flowers decreased in the 3 mg MWCNT
kg−1 soil treatment by 34 % (p = 0.049, Fig. 1; Additional file 1: Table S1). The higher concentration of
3000 mg MWCNT kg−1 exhibited a similar decrease
in mean number of flowers (33 %), but the variation was higher and therefore the number of flowers
was not significantly different from the control plants
(p = 0.160).
In addition to plant performance, the interaction
of red clover with rhizobia was investigated. All harvested red clover plants contained root nodules and the
root nodules had a reddish color which indicates that
they fixed nitrogen [14]. In addition, the percentage of
fixed nitrogen was assessed based on the 15N concentrations of clover and a reference plant (rye grass; see
formula 1 in the “Methods” section). The percentages
of fixed nitrogen of control red clover plants and NP
treated plants were compared, and confirmed that biological nitrogen fixation took place (Fig. 2). All of the
treated red clover plants fixed nitrogen and NP application did not affect nitrogen fixation levels in most of
the treatments. Only in the 3000 mg MWCNT kg−1
treatment, biological nitrogen fixation was increased by
8 % (p = 0.016). Pearson’s correlation revealed a correlation of nitrogen fixation and total biomass of r = 0.28
(p = 0.012).
The second symbiotic partner of red clover, AMF, was
assessed by determining root colonization by staining
fungal tissue and counting fungal structures by microscopy [30, 31]. In addition the phosphorus content of
red clover shoots was assessed, as AMF can contribute
significantly to plant P nutrition. Total root colonization by AMF, i.e., % arbuscules, vesicles and hyphae per
investigated root intersection, was similar in all treatments (on average 51 ± 4 %; Additional file 1: Figure
S1). Also the arbuscular and vesicular colonization
revealed no differences between the control and NP
treatments (average 23 ± 3 and 6 ± 2 %, respectively;
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Fig. 1 Plant weight and flowers. a Red clover plant dry weight
divided in shoot (grey) and root (white), and b number of flowers
per pot at the end of the 3 month exposure for control, TiO2 (P25,
non-nanomaterial NNM), MWCNT, CeO2 NPs, and ZnSO4·7H2O. The
number behind the treatment name is the nominal concentration
in mg kg−1. Error bars show the standard deviations (n = 7). Capital
letters show significant differences for shoot biomass and number of
flowers, and small letters for root biomass compared to the control
plants (p ≤ 0.05). The two blocks of starting time were included in the
statistical model

Table 1). Phosphorus concentrations of the red clover shoots were not affected in any of the treatments
(Additional file 1: Figure S1b, Table S1). Plant phosphorus content and total root colonization by AMF
were not correlated (Pearson correlation coefficient:
p = 0.199; r = 0.15).
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Discussion
In the present study effects of different NPs, i.e., TiO2
NPs, MWCNTs and CeO2 NPs, on red clover and its
symbiosis with rhizobia and AMF were assessed in a soil
system. Both tested TiO2 treatments (i.e. P25 and NNMTiO2) in all concentrations did not affect plant biomass
in our experiment. The absence of effects of TiO2 NPs on
plant biomass are in agreement with other studies, using
different plant species. For example plant growth was not
affected when soybeans and corn were exposed to 200 mg
TiO2 NP kg−1 [7] and when tomatoes were exposed to
concentrations between 1000 and 5000 mg P25 TiO2 NP
kg−1 [6]. However, in wheat 90 mg TiO2 NPs kg−1 was
shown to decrease plant biomass by 13 % [5]. MWCNTs did not affect red clover biomass in our experiment.
Contrary to our findings, MWCNTs have been reported
to increase biomass of tomatoes exposed to 50 and
200 µg ml−1 MWCNTs per plant [10]. In our experiment
red clover biomass did not respond to the CeO2 NP treatment, which is in agreement to a study using CeO2 NPs
at concentrations between 0.1 and 1 g kg−1 in an experiment with soybeans [19]. Thus, effects on plant biomass
might be influenced by plant species (as shown for the
TiO2 NPs and MWCNTs) as well as by NP type. All of
the above cited studies used different soils. Depending
on soil properties, NPs might be differently bound to soil
particles [32] which could influence the exposure and the
effects of NPs on plants.
The number of flower heads was not affected in both
TiO2 and CeO2 NP treatments at all tested concentrations. However, MWCNTs decreased number of
flowers by 34 % (p = 0.049) at the lower concentration
(3 mg kg−1). The higher MWCNT concentration showed
a similar decrease of flower number (33 %), but the variance between the samples was higher and there was no
statistically significant difference (p = 0.16). Our results
indicate that the number of flowers is sensitive to MWCNTs. Khodakovskaya et al. showed that the number of
flower increased significantly, when watered weekly
with 50 ml of 50 and 200 µg ml−1 MWCNTs per pot for
9 weeks [10]. The direction of the effect was in contrast
to our observations. Nevertheless, the number of flowers
was affected and further research is needed to determine
the mechanism responsible for the effects of MWCNT
on flowering.
To test effects of NPs on biological nitrogen fixation,
the natural abundance of 15N was determined in the red
clover shoots and in a reference plant (rye grass) and subsequently the fraction of biological fixed nitrogen in red
clover was assessed (see “Methods” section). No nitrogen
was added to the pots because increasing the availability
of mineral nitrogen has been reported to decline nitrogen
fixation rate progressively [33]. The percentage of fixed
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Fig. 2 Biological nitrogen fixation. Percentage of atmospheric nitrogen derived from biological nitrogen fixation in red clover shoots for
the control, P25 and NNM-TiO2, MWCNTs, CeO2 NPs, and ZnSO4·7H2O.
The number behind the treatment name is the nominal concentration in mg kg−1. Rye grass was used as non-nitrogen fixing plant and
the B value was assumed to be zero (see text). Error bars show the
standard deviations (n = 7). Capital letters show significant differences
compared to the control plants (p ≤ 0.05)

Table 1 Mean values and standard deviation of the arbuscular and vesicular root colonization
Arbuscular coloni- Vesicular colozation (%)
nization (%)
Mean

SD

Mean

SD

Control

23

8

4

2

P25-TiO2 10 mg kg−1

22

7

3

3

P25-TiO2 100 mg kg−1

22

8

6

9

P25-TiO2 1000 mg kg−1

21

10

8

7

NNM-TiO2 10 mg kg−1

19

10

7

5

NNM-TiO2 100 mg kg−1

24

11

6

3

NNM-TiO2 1000 mg kg−1

25

11

7

8

CNT 3 mg kg−1

20

9

2

2

CNT 3000 mg kg−1

29

7

5

5

CeO2 860 mg kg−1

24

9

8

5

ZnSO4·7H2O 1000 mg kg−1

27

8

6

4

nitrogen was high and ranged between 89 and 100 %
and was not affected by the TiO2 NPs in our experiment.
These results contrast those of another study performed
in a hydroponic system using pea and rhizobia [23]. This
study showed that nodulation was negatively affected and
that the nitrogen fixation was delayed when TiO2 NPs
were present. However, it needs to be tested whether the
results from hydroponic systems can be directly extrapolated to soil systems. In soils, TiO2 NPs interact with

soil particles and are probably heteroaggregated with
soil particles such as clay minerals [32]. Thus, the plant
roots in soils might be less exposed to the NPs than in
hydroponic systems and therefore roots and nodules
might be less affected in soils, as indicated by the limited
transport of TiO2 NPs in soils in our experiment [28]. For
the higher concentration of MWCNTs (3000 mg kg−1),
nitrogen fixation increased by 8 % (p = 0.01) compared
to the control and 100 % of the nitrogen content in the
shoots originated from nitrogen fixation. Even though
the biomass and total nitrogen content of these MWCNT
treated plants were not different from those in the control treatment, correlation between biologically fixed
nitrogen and total biomass over all treatments was significant but only 8 % of the variation could be explained
(R2 = 0.08; p = 0.012). This indicates that enhanced
nitrogen fixation had only a small beneficial effect on
plant growth. In our experiment, nitrogen fixation was
not affected by CeO2 NPs. For soybeans however, the
CeO2 NPs have been reported to decrease nitrogen fixation potential up to 80 % [19]. This reference investigated a different plant species and effects of NPs might
be plant and rhizobia species specific [19]. Also the use
of different soils with different soil characteristics might
influence the results. Further experiments are needed to
consolidate our understanding of the mechanisms of how
NPs affect nitrogen fixation.
Total arbuscular, as well as vesicular root colonization of red clover by AMF were not affected in any of
the treatments. In support of this finding, but again with
another plant species, Burke et al. [20] reported no effects
of TiO2 NPs on AMF root colonization in soybeans using
a DNA based approach instead of counting the root
colonization. AMF provide plants with nutrient, such as
phosphorus [17, 34]. Therefore we assessed phosphorus
content in red clover shoots at the harvest. Phosphorus
content of red clover shoots was not affected in any of the
treatments and there was no correlation between plant
phosphorus content and total AMF root colonization
(p = 0.2). Again, for TiO2 NPs this is in agreement with
Burke et al. who did not find differences in phosphorus
content of soybean leaves [20]. Even though root colonization was not affected by the tested NPs in our experiments, community structure of AMFs in soils might
change as shown in Burke et al. [7].
Contrary to our expectations, the ZnSO4 control did
not affect any of the measured endpoints. It is known
that Zn2+ availability is limited at high soil pH conditions
[35]. Soil pH was 7.7 [28] and the concentration added
was probably not high enough to release enough free
Zn2+ to cause harmful effects.
The amount of NPs applied to the soil was high and
partly outside the exposure range expected in the field.
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They were chosen to represent a potential agricultural
application scenario, where fluxes between several micrograms to grams of NPs per kilogram of soil are estimated
[3]. The highest concentration also simulates accidental
spill during transport or pollution in industrial areas or
in the field. In our experiment also lower concentrations,
i.e. 10 and 100 mg kg−1 soil, were tested. This approach
ensures that potential negative effects can be detected
before a NP is widely used and applied. This approach
also facilitates the detection of potential harmful NPs in
comparison to non-toxic or less harmful NP. Moreover,
in order to be able to detect and measure concentrations
of some NPs in the environment (e.g. titanium oxides for
this study), high amounts have to be added because element like titanium occur naturally in the soil and the
concentrations added need to be higher as natural background levels. For instance, for TiO2 NPs the lowest concentration of 10 mg kg−1 is realistic in comparison with
estimations for soils treated with NP containing plant protection products, while the highest tested concentration
(1000 mg kg−1) rather represents a worst case scenario
[3]. For MWCNTs, yearly increases of estimated environmental concentrations are estimated to range from 5
to 990 ng kg y−1 [2]. Hence, both tested concentrations in
our experiment are above natural values and represent an
upper limit. The addition of these high concentrations was
necessary to distinguish the added MWCNTs from the
black carbon background of the soil [28, 36]. New methods are currently being developed to distinguish NPs from
natural backgrounds as reviewed by others [37, 38]. Further research is needed to measure and characterize NPs
in soils at predicted environmental concentrations, both
for fate and behavior studies, and to accompany environmentally relevant ecotoxicological tests.

Conclusions
The investigated TiO2 NPs and CeO2 NPs did not affect
red clover growth, biological nitrogen fixation and AMF
root colonization. Opposite to other studies with TiO2
and CeO2 that observed effects on N fixing legumes,
no effects were observed here with red clover. Further
research is needed to search for general patterns and
investigate the mechanisms behind such effects. MWCNTs increased nitrogen fixation and decreased the number of flowers compared to the control treatment, which
might affect fitness of red clover. However, these effects
occurred at concentrations much higher than expected in
the environment.
Methods
NPs used for the experiment

P25 (Sigma Aldrich, USA, art. No. 718467) with a particle
size of 29 ± 9 nm [28] was used as representative for TiO2
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NPs. In addition, NNM-TiO2 (Sigma Aldrich, USA, Art.
No. 232033) with an average particle size of 145 ± 46 nm
[28] was used as non-nano-material, i.e. less than 50 %
NPs [29]. MWCNTs were purchased from Cheap Tubes
Inc. (USA). They had a length of 10–30 μm, outer diameter of 20–30 nm, a purity of >95 % and an elemental carbon content of >98 % (Additional file 1: Table S2) [28].
CeO2 NPs (Sigma Aldrich, USA, art. No. 700290) had a
diameter of less than 50 nm with cubic crystal structure
according to the manufacturer’s specifications.
Mixing NPs into the soil

For preparing the substrate, soil classified as brown
earth with a sandy loamy to loamy fine fraction was collected from an agricultural field at Agroscope Institute
for Sustainability Sciences in Zurich, Switzerland (coordinates N47° 25′ 39.564″ E8° 31′ 20.04″). For this, the
top 5 cm were removed and the underlying 15 cm soil
were collected and sieved (<0.5 cm). The soil was mixed
with quartz sand (50 % v/v) and then characterized as
described by Gogos et al. (Additional file 1: Table S3)
[28]. Nutrient contents in the mixture were 37.6 mg kg−1
phosphorus and 85.3 mg kg−1 potassium determined by
ammonium acetate EDTA extraction [39]. Soil pH was
7.7. Each of the different NPs was premixed in 300 g substrate (soil and sand) on an overhead mixer (Turbula T2F,
Switzerland) in 500 ml Schott bottles by adding 0.3, 3 and
30 g of P25 or NNM-TiO2, 90 mg and 88 g MWCNTs,
25 g CeO2 NPs and 30 g ZnSO4·7H2O (Sigma Aldrich,
USA, art. No. Z0251), respectively. P25 (30 g) and MWCNTs (88 g) revealed a too large volume for the 500 ml
Schott bottles, necessitating the division of the soil and
additives into several bottles (300 g of substrate for each
bottle). For P25 15 g were added to two Schott bottles,
and for MWCNTs 22 g were added to four bottles. Each
of these pre-mixtures was diluted with substrate to a total
volume of 30 kg and mixed in a cement mixer for 6 h.
Experimental setup

Pots were prepared by gluing PVC-sewer pipes (15 cm
diameter, 20 cm long) on a plastic board with a ball
valve as draining device (Fig. 3). A plastic mesh (Propyltex 500 µm, Sefar, Switzerland) was placed on the
top of the valve to prevent blockage of the valve by
the substrate. Pots were filled with a 500 g quartz sand
layer as drainage and 3.3 kg spiked substrate or control
substrate. Seven replications per treatment were prepared, i.e., control, P25, NNM-TiO2, MWCNT, CeO2
NPs, and ZnSO4·7H2O. Total elemental titanium, black
carbon (BC, for MWCNT treatments) and elemental
cerium concentrations were determined in the substrate as described in the accompanying study [28].
Average total elemental titanium concentration of the
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Fig. 3 Experimental setup. Sketch of the experimental setup of the pots and picture of a part of the pots in the greenhouse 12 weeks after the start
of the experiment. All of the pots were randomly arranged in the greenhouse

highest tested concentrations was determined at the
end of the experiment using X-ray fluorescence (XRF)
and was 1332 ± 100 for the control treatment without
titanium, 2059 ± 105 for 1000 mg kg−1 (nominal) P25
and 2007 ± 79 mg kg-1 for the NNM-TiO2 treated soils,
respectively [28]. For MWCNT the background of BC in
control soils was on average 0.50 ± 0.06 mg g−1 and BC
concentration in MWCNT 3000 mg kg−1 treated soil was
2400 ± 100 mg kg−1 as quantified by chemothermal oxidation [28]. Average elemental cerium concentration in
the 830 mg kg−1 CeO2 treatment was 416 ± 19 mg kg−1
determined with XRF at the end of the experiment.
Cultivation of red clover in NP spiked substrate

Red clover (Trifolium pratense var. Merula) was germinated on filter paper for 5 days. Thereafter, seven
seedlings of equal size were transferred to the pots with
substrate spiked with NPs or control soils in a greenhouse
(16 h 25 °C 300 W m2, and 8 h 16 °C in the dark). In addition seven pots with ryegrass (Lolium perenne var. Arolus)
were prepared in the same way. These plants were grown
because a non-nitrogen-fixing plant was needed to estimate biological fixed nitrogen in red clover (see below).
The experiment was started in two blocks (n = 4 and 3,
respectively), time-shifted with 1 week difference. All pots
were regularly watered to keep the water holding capacity
between 60 and 70 % (controlled by weighing and adding
every time the same amount of water to all of the pots).
Clover was fertilized after 6 and 9 weeks with 10 ml of ·

KH2PO4 (5 mM), MgSO4·7H2O (1 mM), KCl (50 µM),
H3BO3 (25 µM), MnSO4·H2O (1.3 µM), ZnSO4·7H2O
(2 µM), CuSO4·5H2O (0.5 µM), (NH4)6Mo7O27·4H2O
(0.5 µM), and Fe(III) EDTA (20 µM). This is comparable to
a phosphorus addition of 1.7 kg P ha−1.
After 14 weeks NP exposure of red clover, the number of flowers (flower heads) was determined and the
plant shoots were harvested. Soil cores were taken to
assess NP concentration as described in Gogos et al. [28].
Roots were separated from the soil and washed. Then
the roots were cut in 1 cm pieces, mixed in water and
a randomized root subsample of approximately 2 g was
taken for determining the AMF colonization. Roots were
padded with a paper towel and weighed. The subsample
was weighed separately and then stored at 4 °C in 50 %
ethanol in Falcon tubes until the colonization was determined. The remaining roots as well as the red clover and
ryegrass shoots were dried at 70 °C until they reached
constant dry weight and dry weight of roots, shoots and
total biomass (root + shoot weight) were determined.
The dry weight of the AMF colonization root sample was
calculated using the dry/wet weight ratio of the root sample. This AMF sample dry weight was added to the total
root dry weight. Shoots of red clover and ryegrass were
ground with a centrifugation mill (0.2 mm sieve, Retsch
ZM200, Germany) and 2 mg samples were sent for 15N
analysis by isotope ratio mass spectrometry at the stable isotope facility at Saskatchewan University (Canada).
Root colonization of AMF was analyzed by microscopy
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following the protocols of Vierheilig et al. [31] for staining the roots and McGonigle et al. [30] for counting the
AMF structures. In short, roots were rinsed with deionized water, and transferred to 10 ml 10 % KOH for 20 min
at 80 °C. Roots were rinsed again with water and stained
in 5 % (v/v) ink (Parker Quink, black) in vinegar for
15 min at 80 °C. After rinsing the stained roots, they were
transferred to 50 % glycerol for storage until root colonization was assessed. For microscopy, the root pieces were
aligned in parallel onto a glass slide, covered with 50 %
glycerol, and the roots were covered with a cover slip
[30]. AMF structures in plant roots, i.e., hyphae, arbuscules, and vesicles, were counted for 100 intersections as
described by McGonigle et al. [30]. Phosphorus content
of shoots was assessed by ICP-OES using a hydrochloric
acid digestion of the ashed residues [40].
Nitrogen fixation [%] was calculated using Eq. 1 where
B is the value of δ15N of shoots of plants, that are fully
dependent upon nitrogen fixation [33]. For our experiment, a B value of 0 was assumed which reflects δ15N of
plants that are totally dependent on nitrogen fixation. The
reference plant δ15N was derived from the ryegrass shoots.
% Nitrogen fixation =

δ 15 N of reference plant − δ 15 N of N2 fixing plant
δ 15 N of reference plant − B
100
(1)
×
1

Statistics

All statistical analyses were performed with R [41]. A
generalized linear model with Gaussian distribution was
applied to determine differences of each treatment to the
control. Thereby the two blocks of the different starting
dates of the pot experiment were included as error term.
The model was analyzed for homogeneity (Bartlett test)
and normality (Shapiro test). Additionally a Dunnett
test was performed (R library SimComp) using adjusted
p-values for multiple testing [42] when normality and
homogeneity were fulfilled. For non-normal residuals or
inhomogeneous data, a Mann–Whitney test was used
and p-values were adjusted for multiple testing according
to Benjamini and Hochberg [43]. Pearson’s correlations
were calculated with the R command cor.test.

Additional file
Additional file 1. Supplementary information on arbuscular mycorrhizal fungal root colonization, multi walled carbon nanotubes (MWCNT)
characterization, and soil properties.

Abbreviations
AMF: arbuscular mycorrhizal fungi; CeO2: cerium dioxide; CNT: carbon
nanotubes; MWCNT: multiwalled carbon nanotubes; 15N: nitrogen isotope;
NNM-TiO2: non-nanomaterial titanium dioxide; NP: nanoparticle; TiO2: titanium
dioxide.

Page 7 of 8

Authors’ contributions
JM carried out the study, analyzed data and wrote the manuscript. AG
performed the physical–chemical NP analyses and revised the manuscript.
MGAvdH, TDB, and FW participated in the design of the study and revised the
manuscript. All authors read and approved the final manuscript.
Author details
1
Agroscope, Institute for Sustainability Sciences ISS, 8046 Zurich, Switzerland.
2
Plant‑Microbe‑Interactions, Department of Biology, Utrecht University, 3508
TB Utrecht, The Netherlands. 3 Institute of Evolutionary Biology and Environmental Studies, University of Zurich, Winterthurerstrasse 190, 8057 Zurich,
Switzerland.
Acknowledgements
We thank Florian Klingenfuss for providing assistance for harvesting the
experiment.
Competing interests
The authors declare that they have no competing interests.
Funding
This work is part of the project “Effects of NANOparticles on beneficial soil
MIcrobes and CROPS (NANOMICROPS)”, within the Swiss National Research
Programme NRP 64 “Opportunities and Risks of Nanomaterials”. We thank the
Swiss National Science Foundation (SNF) for financial support.
Received: 21 January 2016 Accepted: 22 April 2016

References
1. Keller A, McFerran S, Lazareva A, Suh S. Global life cycle releases of engineered nanomaterials. J Nanopart Res. 2013;15:1–17.
2. Sun TY, Gottschalk F, Hungerbühler K, Nowack B. Comprehensive probabilistic modelling of environmental emissions of engineered nanomaterials. Environ Pollut. 2014;185:69–76.
3. Gogos A, Knauer K, Bucheli TD. Nanomaterials in plant protection and
fertilization: current state, foreseen applications, and research priorities. J
Agric Food Chem. 2012;60:9781–92.
4. Khot LR, Sankaran S, Maja JM, Ehsani R, Schuster EW. Applications of
nanomaterials in agricultural production and crop protection: a review.
Crop Prot. 2012;35:64–70.
5. Du WC, Sun YY, Ji R, Zhu JG, Wu JC, Guo HY. TiO2 and ZnO nanoparticles
negatively affect wheat growth and soil enzyme activities in agricultural
soil. J Environ Monit. 2011;13:822–8.
6. Song U, Jun H, Waldman B, Roh J, Kim Y, Yi J, Lee EJ. Functional analyses of
nanoparticle toxicity: a comparative study of the effects of TiO2 and Ag on
tomatoes (Lycopersicon esculentum). Ecotoxicol Environ Saf. 2013;93:60–7.
7. Burke DJ, Zhu S, Pablico-Lansigan MP, Hewins CR, Samia ACS. Titanium
oxide nanoparticle effects on composition of soil microbial communities
and plant performance. Biol Fertility Soils. 2014;50:1169–73.
8. Ge Y, Schimel JP, Holden PA. Identification of soil bacteria susceptible to TiO2 and ZnO nanoparticles. Appl Environ Microbiol.
2012;78:6749–58.
9. Ge YG, Schimel JP, Holden PA. Evidence for negative effects of TiO2 and
ZnO nanoparticles on soil bacterial communities. Environ Sci Technol.
2011;45:1659–64.
10. Khodakovskaya MV, Kim B-S, Kim JN, Alimohammadi M, Dervishi E,
Mustafa T, Cernigla CE. Carbon nanotubes as plant growth regulators:
effects on tomato growth, reproductive system, and soil microbial community. Small. 2013;9:115–23.
11. Shrestha B, Acosta-Martinez V, Cox SB, Green MJ, Li S, Cañas-Carrell
JE. An evaluation of the impact of multiwalled carbon nanotubes on
soil microbial community structure and functioning. J Hazard Mater.
2013;261:188–97.
12. van der Heijden MGA, Bruin Sd, Luckerhoff L, van Logtestijn RSP,
Schlaeppi K. A widespread plant-fungal-bacterial symbiosis promotes
plant biodiversity, plant nutrition and seedling recruitment. ISME J.
2016;10(2):389–99.

Moll et al. J Nanobiotechnol (2016) 14:36

13. Heidstra R, Bisseling T. Nod factor-induced host responses and mechanisms of Nod factor perception. New Phytol. 1996;133:25–43.
14. Somasegaran P, Hoben HJ. Handbook for Rhizobia. New York: SpringerVerlag; 1994.
15. Carlsson G, Huss-Danell K. Nitrogen fixation in perennial forage legumes
in the field. Plant Soil. 2003;253:353–72.
16. Smith FA, Smith SE. What is the significance of the arbuscular mycorrhizal
colonisation of many economically important crop plants? Plant Soil.
2011;348:63–79.
17. Smith SE, Read D. 5-Mineral nutrition, toxic element accumulation and
water relations of arbuscular mycorrhizal plants. In: Read SES, editor.
Mycorrhizal symbiosis. 3rd ed. London: Academic Press; 2008. p. 145–8.
18. van der Heijden MGA, Martin FM, Selosse M-A, Sanders IR. Mycorrhizal
ecology and evolution: the past, the present, and the future. New Phytol.
2015;205:1406–23.
19. Priester JH, Ge Y, Mielke RE, Horst AM, Moritz SC, Espinosa K, Gelb J, Walker
SL, Nisbet RM, An Y-J, et al. Soybean susceptibility to manufactured nanomaterials with evidence for food quality and soil fertility interruption. Proc
Natl Acad Sci USA. 2012;109:E2451–6.
20. Burke DJ, Pietrasiak N, Situ SF, Abenojar EC, Porche M, Kraj P, Lakliang
Y, Samia ACS. Iron oxide and titanium dioxide nanoparticle effects
on plant performance and root associated microbes. Int J Mol Sci.
2015;16:23630–50.
21. Chen C, Unrine JM, Judy JD, Lewis RW, Guo J, McNear DH Jr, Tsyusko OV.
Toxicogenomic responses of the model legume Medicago truncatula
to aged biosolids containing a mixture of nanomaterials (TiO2, Ag, and
ZnO) from a pilot wastewater treatment plant. Environ Sci Technol.
2015;49:8759–68.
22. Judy JD, McNear DH, Chen C, Lewis RW, Tsyusko OV, Bertsch PM, Rao W,
Stegemeier J, Lowry GV, McGrath SP, et al. Nanomaterials in biosolids
inhibit nodulation, shift microbial community composition, and result
in increased metal uptake relative to bulk/dissolved metals. Environ Sci
Technol. 2015;49:8751–8.
23. Fan R, Huang YC, Grusak MA, Huang CP, Sherrier DJ. Effects of nano-TiO2
on the agronomically-relevant Rhizobium-legume symbiosis. Sci Total
Environ. 2014;466–467:50–512.
24. Huang YC, Fan R, Grusak MA, Sherrier JD, Huang C. Effects of nano-ZnO
on the agronomically relevant Rhizobium–legume symbiosis. Sci Total
Environ. 2014;497:78–90.
25. Abd-Alla MH, Nafady NA, Khalaf DM. Assessment of silver nanoparticles
contamination on faba bean-Rhizobium leguminosarum bv. viciae-Glomus
aggregatum symbiosis: implications for induction of autophagy process
in root nodule. Agric Ecosyst Environ. 2016;218:163–77.
26. Feng Y, Cui X, He S, Dong G, Chen M, Wang J, Lin X. The role of metal
nanoparticles in influencing arbuscular mycorrhizal fungi effects on plant
growth. Environ Sci Technol. 2013;47(16):9496–504.
27. Vesper SJ, Weidensaul TC. Effects of cadmium, nickel, copper, and zinc on
nitrogen fixation by soybeans. Water Air Soil Poll. 1978;9:413–22.

Page 8 of 8

28. Gogos A, Moll J, Klingenfuss F, van der Heijden M, Irin F, Green M, Zenobi
R, Bucheli T. Vertical transport and plant uptake of nanoparticles in a soil
mesocosm experiment. J Nanobiotechnol (in press).
29. Commission recommendation on the definition of nanomaterial (http://
eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040
:EN:PDF).
30. McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA. A new method
which gives an objective measure of colonization of roots by vesicular
arbuscular mycorrhizal fungi. New Phytol. 1990;115:495–501.
31. Vierheilig H, Coughlan AP, Wyss U, Piche Y. Ink and vinegar, a simple staining technique for arbuscular-mycorrhizal fungi. Appl Environ Microbiol.
1998;64:5004–7.
32. Fang J, Shan X-q, Wen B, Lin J-m, Owens G. Stability of titania nanoparticles in soil suspensions and transport in saturated homogeneous soil
columns. Environ Pollut. 2009;157:1101–9.
33. Unkovich M, Herridge D, Peoples M, Cadisch G, Boddey B, Giller K, Alves
B, Chalk P. Measuring plant-associated nitrogen fixation in agricultural
systems. Bruce: ACIAR; 2008.
34. Van Der Heijden MGA, Bardgett RD, Van Straalen NM. The unseen majority: soil microbes as drivers of plant diversity and productivity in terrestrial
ecosystems. Ecol Lett. 2008;11:296–310.
35. Lindsay WL. Zinc in soils and plant nutrition. In: Brady NC, editor.
Advances in agronomy, vol. 24. Cambridge: Academic Press; 1972. p.
147–86.
36. Sobek A, Bucheli TD. Testing the resistance of single-and multi-walled
carbon nanotubes to chemothermal oxidation used to isolate soots from
environmental samples. Environ Pollut. 2009;157:1065–71.
37. Farré M, Sanchís J, Barceló D. Analysis and assessment of the occurrence,
the fate and the behavior of nanomaterials in the environment. TrAC
Trends Anal Chem. 2011;30:517–27.
38. Von der Kammer F, Ferguson PL, Holden PA, Masion A, Rogers KR, Klaine
SJ, Koelmans AA, Horne N, Unrine JM. Analysis of engineered nanomaterials in complex matrices (environment and biota): general considerations
and conceptual case studies. Environ Toxicol Chem. 2012;31:32–49.
39. Stünzi H. The soil P extraction with ammonium acetate EDTA (AAE10).
Agrarforschung. 2006;13:448–93.
40. Bassler R. Ausgewählte Elemente in pflanzlichem Material und Futtermitteln mit ICP-OES. In: VDLUFA-Methodenbuch—Band III—Die chemische
Untersuchung von Futtermitteln. Vol 3; 1993.
41. R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2014.
42. Hasler M, Hothorn LA. A Dunnett-type procedure for multiple endpoints.
Int J Biostat. 2011;7:1–15.
43. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Roy Stat Soc Ser B (Stat
Method). 1995;57:289–300.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

