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Based on previously published hydroponic plant, planktonic bacterial,
and soil microbial community research, manufactured nanomaterial
(MNM) environmental buildup could profoundly alter soil-based
food crop quality and yield. However, thus far, no single study has
at once examined the full implications, as no studies have involved
growing plants to full maturity in MNM-contaminated field soil. We
have done so for soybean, a major global commodity crop, using
farm soil amended with two high-production metal oxide MNMs
(nano-Ce0; and -Zn0). The results provide a clear, but unfortunate,
view of what could arise over the long term: (/) for nano-ZnO, com-
ponent metal was taken up and distributed throughout edible
plant tissues; (ii) for nano-Ce0O,, plant growth and yield diminished,
but also (iii) nitrogen fixation—a major ecosystem service of legu-
minous crops—was shut down at high nano-CeO, concentration.
Juxtaposed against widespread land application of wastewater
treatment biosolids to food crops, these findings forewarn of ag-
riculturally associated human and environmental risks from the
accelerating use of MNMs.

nanoparticles | nanotechnology | agriculture

s nanotechnology, and the manufactured nanomaterial

(MNM) industry specifically, continue rapid expansion (1, 2)
and become mainstream, there is concern about buildup in soils
and possible MNM entry into the food supply (3). MNMs can
enter soil through atmospheric routes (4), e.g., by nano-CeO, in
fuel additives being released with diesel fuel combustion exhaust
(5). Another route of entry is from biosolids treated in conven-
tional wastewater treatment plants (WWTPs) (6, 7). Given that
half of US biosolids are disposed to land (8), biosolids with MNMs
will enter soils (4). The US Environmental Protection Agency man-
dates pretreatment programs to limit direct industrial metal dis-
charge into publicly owned WWTPs (9) which controls toxic metal
buildup in biosolids-amended agricultural soils (10, 11). However,
MNMs—although measurable in WWTP systems (12)—are nei-
ther monitored nor regulated, have a high affinity for activated
sludge bacteria (6), and thus, concentrate in biosolids (12, 13) that
are land-applied.

Soybean is a food crop that is vulnerable to such MNM ex-
posure: currently, according to the Food and Agriculture Orga-
nization of the United Nations, it is the fifth largest crop in global
agricultural production and second in the United States (http://
faostat.fao.org/site/339/default.aspx). As of 2009, there were 77.5
million US acres planted with soybean, providing ~40% of world
production in this crop and creating a ca. $30 billion domestic
soybean agricultural economy (14). Soybean provides more edible
oil and protein than any other food crop, with most of the seed meal
after oil extraction used for livestock feed (14). Soybean agriculture
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requires comparatively less nitrogenous fertilizer (e.g., in 2006,
18.5% of soybean acres in the United States were treated with N vs.
96.6% for corn in 2005, per the US Department of Agriculture
Agricultural Resource Management Survey Farm Financial and
Crop Production Practices; http://www.ers.usda.gov/Data/ARMS/
app/default.aspx?survey_abb=CROP) as a result of N,-fixing sym-
bioses (i.e., nodules) arising on soybean roots in soil (15). Fertilizer
production is fossil fuel-intensive (16), and N is significantly lost
from fertilized fields (17) to increasingly hypoxic coastal zones
(18). Thus, replacing synthetic fertilizers with biotic N, fixation
(19) capitalizes on this important ecosystem service (20) provided
with cultivating leguminous crops.

Soybean is farmed with fossil fuel-powered equipment that can
locally deposit MNMs via exhaust (5), and surrounding fields are
routinely amended with WWTP biosolids in the United States
(21), suggesting that plants are already exposed to MNMs. In
related studies, soybean plants bioaccumulated pharmaceuticals
(22) and metals (23) from biosolids-amended soils. Further,
hydroponically grown soybean plants bioaccumulated metals
or MNMs from nano-ZnO or nano-CeO, amendments (24), and
ZnO and TiO, MNMs impacted soil microbial community di-
versity and biomass (25). Together, such reports imply that cul-
tivated soybean exposed to MNMs could be impacted directly or
through plant-microbe interactions, including N, fixing symbio-
ses that are sensitive to some metals (26).

Here, we show that soybean plants, grown fully into bean
production, bioaccumulated MNM metals from soil and, in the
case of nano-ZnO, translocated significant amounts of metal into
leaves and beans. Uptake into roots and root nodules of another
MNM, nano-CeQO,, eliminated N, fixation potentials and im-
paired soybean growth. Thus, in one case (nano-ZnO treatment),
the food quality was affected, and in the other (nano-CeO,), soil
fertility was compromised. These results indicate broader risks to
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the food supply, but also to the environment, as increased syn-
thetic fertilizer use would be required to offset lost N, fixation.

Results and Discussion

Nano-CeO, and Nano-ZnO Differently Affect Aboveground Plant
Growth and Yield. Soybean plants were grown through the seed
production stage in soil amended with nano-CeO, (0, 0.1, 0.5,
or 1 gkg™) or nano-ZnO (0, 0.05, 0.1, or 0.5 g-kg™"). Similar
concentrations of these nanoparticles affect hydroponic plants
(24, 27) and microorganisms (25, 28), but the effects on soil-
cultivated food crop plants are heretofore unknown. Plant growth
was monitored by measuring stem length, leaf count, and leaf
cover; the latter estimates total leaf area, can indicate plant
health, and is affected by water stress (29) and metal exposure
(30). Final growth and biomass measurements were made after
pod formation and before plant senescence. At harvest, plants
were separated into aboveground (stem, leaf, seed pod) and
belowground (root, nodule) parts, root nodules were counted,
and wet and dry biomasses were measured.

Plant stem length and leaf cover area increased exponentially
(Fig. 1 and SI Appendix, Fig. S1), and associated first-order
growth rate constants (SI Appendix, Tables S1 and S2) compared
well with typical soybean field (31) and mesocosm (32) studies.
The onset of vegetative (SI Appendix, Fig. S2) and reproductive
(SI Appendix, Fig. S3) plant developmental stages were normal.
However, plants in the lowest nano-CeO, treatment grew
relatively slowly (SI Appendix, Tables S1 and S2).

As a result of substantial variation, some vegetative growth
trends were not statistically significant. Still, there were noteworthy
observations. For example, the mean leaf count in the high nano-
ZnO treatment was significantly lower than the control (10.5 vs.
13.0; P = 0.02), but there were no trends with nano-ZnO dose
(8I Appendix, Fig. S2), and there were no significant effects of
nano-ZnO on final leaf cover (SI Appendix, Table S2) or maxi-
mum stem length (Fig. 1 and SI Appendix, Table S1). However,
nano-CeQ, at all concentrations reduced the leaf count compared
with the control (SI Appendix, Fig. S2). Low nano-CeO, concen-
trations exerted the most impact on leaf count, and also on total
final leaf cover (SI Appendix, Fig. S1 and Table S2). Further,
plants harvested from the lowest nano-CeO, treatment were
significantly shorter (final stem length; P = 0.05) than controls
(Fig. 1 and SI Appendix, Table S1).

As with the leaf count, there were apparent trends in soybean
pod count, subject to substantial variation. For example, within
each nanoparticle concentration series, there was a positive dose—
response trend, with more pods at high vs. low nanoparticle con-
centrations (SI Appendix, Table S3). This trend was statistically
significant when comparing the pod count for the high nano-ZnO
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Fig. 1. Soybean stem length vs. time. (4) Stem length vs. time for control
(O) and nano-CeO, treatments: low (l), medium (A) and high (). (B) Stem
length vs. time for control (O) and nano-ZnO treatments: low (), medium
(A) and high (@). Error bars represent SEM [n = 4 for all groups except low
nano-ZnO (n = 3)].
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treatment (20 + 2.9) with the low (13 + 1.5; P = 0.05) and medium
(12.8 = 1.9; P = 0.05) nano-ZnO treatments. Across all treat-
ments, soybean pods were similarly sized, averaging 0.84 + 0.1
cm (width) by 2.84 + 0.2 cm (length), and the average number of
seeds per soybean pod (1.71 = 0.1) did not vary with treatment.

We observed some variations in water content of MNM-
exposed plant tissues, and in the amount of aboveground dry
biomass. Stems from the high nano-ZnO treatment, and leaves
and pods from all nano-ZnO treatments, were significantly drier
(average P = 0.01) than control tissues (SI Appendix, Table S4).
Aboveground dry biomass, however, did not differ significantly
when comparing nano-ZnO treatments vs. control (SI Appendix,
Table S5 and Fig. S4). However, there was a trend with nano-
CeO, treatments such that dry stem and leaf biomass were lower
for the low nano-CeQ, treatment, but apparently increased (toward
control levels) with medium, then high, nano-CeO, treatments. The
soybean pod dry biomass showed a different trend: all nano-CeO,
treatment levels yielded less biomass compared with the control,
with the difference being significant for the high nano-CeO,
treatment (P = 0.05; SI Appendix, Table SS5).

In summary, plant growth was reduced in the low nano-CeO,
treatment, and less soybean pod biomass appeared across all nano-
CeO, treatments (SI Appendix, Table S5). In contrast, trends in
aboveground biomass, soybean pod biomass, and soybean pod count
suggest a stimulatory effect of nano-ZnO (SI Appendix, Table S5).

Belowground Biomass and Function Are Affected by Nano-CeO, and
Nano-Zn0. We observed treatment effects belowground on dry
biomass and moisture content. Roots from the medium (P = 0.03)
and high (P = 0.04) nano-CeO, treatments and the medium (P =
0.01) and high (P < 0.005) nano-ZnO treatments were all signif-
icantly drier than the control (SI Appendix, Table S4). There was
also more dry root biomass for the high nano-ZnO treatment
compared with the control (P = 0.02; SI Appendix, Table S5).

The root nodule counts could indicate impacts on overall ni-
trogen fixation capacity per plant, but the total number of root
nodules per plant (mean = 39 + 3) were similar across treat-
ments, and were typical (26). However, there was a trend toward
drier nodules for the medium and high nano-ZnO treatments (S
Appendix, Table S4). Related to these trends, there was signifi-
cantly more dry nodule biomass for the high nano-ZnO treatment
compared with the control (P = 0.02; SI Appendix, Table S5).

Additionally, the nitrogen fixation potential per nodule was
of interest, as variations could indicate MNM effects to the N, fix-
ation apparatus. As measured by acetylene reduction to ethylene,
the root nodule N, fixation potential was similar across the control
and nano-ZnO treatments (SI Appendix, Table S6). Although N,
fixation potential appeared to increase in the low nano-CeO,
treatment, the mean was not significantly different from that of
control. However, N; fixation potentials plummeted, i.e., decreasing
by more than 80% relative to the control, in the medium and high
nano-CeO, treatments (S Appendix, Table S6). A similar effect on
soybeans was reported with cadmium exposure, whereby high Cd
levels dramatically decreased N, fixation potentials (26).

In summary, belowground and aboveground biomass was rel-
atively more abundant, but drier, when plants were grown in the
presence of nano-ZnO, and the difference vs. controls was sig-
nificant for high nano-ZnO belowground biomass (SI Appendir,
Table S4 and Fig. S4). However, for nano-CeO,, there was
a more subtle, and functionally important, dose-dependent pat-
tern. Low amounts of nano-CeO, did not significantly alter N,
fixation in root nodules (SI Appendix, Table S6), but plant growth
(above- and belowground) was stunted. With medium and high
nano-CeO,, N; fixation (S Appendix, Table S6) was inhibited. As
exogenous fertilizer was not used, the plants treated with me-
dium and high nano-CeO, must have compensated for reduced
N, fixation by acquiring nitrogen as a solute directly from the
soil, even though nodules formed (SI Appendix, Table S5). Still,
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Table 1. Concentration of Ce in various plant parts at harvest

Ce concentration, mg Ce-kg™' dry tissue
Treatment Root Nodule Stem Leaf, x1,000* Pod
Control 0.296 + 0.02 0.117 £ 0.02  0.039 + 0.00"  0.177 + 0.02"  0.074 + 0.03"
Low nano-CeO, 0.490 + 0.07 0.427 +0.02  0.169 + 0.05*  0.112 + 0.01 0.101 + 0.02"
Medium nano-CeO, 174.46 + 28.25" 19.83 + 5.42" 0.206 + 0.10™* 0.247 + 0.03™* 0.133 + 0.07
High nano-CeO, 210.72 +17.21"  11.28 £+ 5.01" 0.116 + 0.04"* 0.289 + 0.04*  0.090 + 0.03"

n = 4 individual plants.
*Multiplied by 1,000; units are pg Ce-kg™" dry tissue.

"*No significant difference within plant part among treatments, i.e., P> 0.05 (t test) vs. other entries in the same

column with a matching symbol.

there was a cost if the N source was switched from air to soil: pod
biomass was diminished, particularly with the high nano-CeO,
treatment (SI Appendix, Table S5).

Ce and Zn Accumulate in Different Plant Tissues. Dried plant tissues
were assayed for Ce or Zn. Plants grown with nano-CeO, were
also assayed for Zn to assess treatment effects on uptake of
background soil Zn. We learned that these MNMs entered and
accumulated in plants, and thus are bioavailable in this farm soil.
Ce was mobilized from soil and accumulated into the roots with
uptake levels similar to those observed in a hydroponic study
(24). However, our results show that root nodules also acquire
nano-CeO,, a finding only made possible from studying soil-
grown plants. Ce concentrations in the roots and nodules from
medium and high nano-CeO, treatments were high, with nearly
400 times more in the roots, and 40 times more in the nodules,
than in the low nano-CeO, treatment (Table 1). However, Ce
did not measurably translocate from below- into aboveground
biomass (Table 1), and, except for the stems from the high nano-
CeO, treatment, nano-CeO, did not alter uptake of soil Zn (SI
Appendix, Table S7).

Like with Ce, we observed substantial amounts of Zn in be-
lowground biomass. For the high nano-ZnO treatment, the roots
and root nodules accumulated nearly four times and two times
the amount of Zn in the control, respectively (Table 2). Zn
concentrations in the control soybean pods were approximately
three times higher than typical nutritional levels (34) as a result
of background Zn in the study soil (Methods). However, unlike
Ce, which did not translocate aboveground, Zn substantially
moved aboveground from nano-ZnO treated soils: Zn concen-
trations increased in a dose-dependent fashion in the stem, leaf,
and soybean pod tissues, with more than six times more Zn in the
stem, four times more in the leaf, and nearly three times more
in the soybean pod, when comparing the high nano-ZnO treat-
ment vs. control. The amount of Zn in the leaves was nearly
three times greater than that in the stem for the high nano-ZnO
treatment, indicating that the leaves were bioaccumulation “hot
spots” for Zn (Table 2). Such Zn concentrations in various plant
tissues were similar for equivalently dosed soybean (on a Zn

mass basis) grown with Zn salts (33). However, nano-ZnO
must have been highly bioavailable in this study soil, as Zn also
substantially bioaccumulated in nano-ZnO-treated plants in
a previous hydroponic study (24). Very high Zn accumulations
could cause long-term impacts to either plant or human health
(SI Appendix), but the extent and relationship to Zn form
(including nano-ZnO) in the plant are unknown.

Metal Accumulations Were Visible by EM. Environmental scanning
EM (ESEM; wet mode with a backscatter secondary electron
detector), and energy dispersive X-ray spectroscopy (EDS) of
embedded fresh plant specimens were used to image and analyze
ultrastructural variations and metal accumulation tissue regions.
At higher magnification for some tissues, dark-field scanning
transmission EM (STEM) with EDS was performed. X-ray mi-
croscopy (XRM) was used for one specimen to image metal
accumulations in three dimensions across a larger tissue sample.
Because Ce had bioaccumulated in root nodules (Table 1),
particularly for the medium and high nano-CeO, treatments, and
because the N, fixation potential was also severely diminished for
these treatments (SI Appendix, Table S6), imaging for the nano-
CeO,; treatments was prioritized toward root nodules. For the
low nano-CeQO, treatment, nodules appeared similar to the control,
with apparently similar bacteroid density in plant cells. Electron-
dense regions, which would appear bright in ESEM (with back-
scatter secondary electron detector), were not observed in nodules
from the low nano-CeQO, treatment. However, for the high nano-
CeO, treatment, bright regions were observed at low magnifi-
cation, indicating electron-dense accumulations along the plant
cell walls. Bacteroids were relatively absent for the high nano-
CeO, treatment, compared with the control (Fig. 2); this was
similar to a report of cadmium effects on root nodule bacteroids
(33). The Ce atomic mass percentage, as measured from EDS
spectra acquired over select regions (Fig. 2), supported that the
nodules from high nano-CeO, treatments were relatively enriched
in Ce compared with the control (SI Appendix, Fig. S5). X-ray to-
mography of a larger nodule tissue specimen from the high nano-
CeO, treatment showed X-ray absorbing regions concentrated
along cell walls, appearing as striations (SI Appendix, Fig. S6).

Table 2. Concentration of Zn in various plant parts at harvest

Zn concentration, mg Zn-kg™" dry tissue

Treatment Root Nodule Stem Leaf Pod
Control 31.61 + 2.12 19.68 + 3.59* 19.48 + 1.46 85.59 + 7.59 32.04 + 2.83*
Low nano-ZnO 46.14 + 1.44* 9.21 + 8.03* 3294 +3.58 125.76 = 10.14 38.69 + 3.13*
Medium nano-ZnO  45.73 + 4.10* 24.20 + 3.61*"  46.63 + 427 165.98 + 1541 57.46 + 5.75
High nano-ZnO 123.16 + 11.67 34.77 + 3.94" 126.23 + 891 344.07 +43.12 81.69 + 3.19

n = 4 individual plants, except for the low nano-ZnO treatment (n = 3)
“'No significant difference within plant part among treatments, i.e., P > 0.05 (t test) vs. other entries in the same

column with a matching symbol.
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Fig. 2. EM images of soybean root nodules. (A and B) High nano-CeO,
treatment. The highlighted region (white rectangle) in A is shown in greater
detail in B. Note the lack of bacteroid cells and the presence of nano-sized
particles (arrows). This region was analyzed for Ce content by EDS. (C) Control
nodule interior shows infection zone (INF) containing bacteroid cells.

EM of nano-ZnO treatments emphasized the seeds and leaves as
aresult of the high concentration of Zn in these tissues (Table 2). EM
images of seeds from the high nano-ZnO treatment revealed bright
(i.e., electron-dense) accumulations along cell walls that were not
apparent in the control (Fig. 3) and were confirmed by EDS to
contain Zn enrichments (SI Appendix, Fig. S7). Cross-sections of
leaves clearly showed where Zn accumulated in the vascular
bundles of high nano-ZnO treatments (Fig. 4), again with EDS
confirming the relative enrichment of Zn (SI Appendix, Fig. S7).
High-resolution dark-field STEM images showed unusual, bright,
nano-sized spots in the leaf tissue epidermis and mesophyll tissues,
with particularly abundant spots in the epidermis (Fig. 5).

Conclusions

There is great concern, but a dearth of information, regarding
potential MNM impacts to agriculture and the food supply (3).
Previous soil-grown soybean studies regarded metal salts (33,
35), but studies examining plant-MNM interactions generally
used aqueous exposure systems (24, 36-38). There has been con-
tradictory evidence from studying soil microbial communities, i.e.,
that some MNMs are not bioavailable in soil (39), but also evi-
dence to the contrary for other MNMs (25). Although insight
into plant responses to metals and/or MNMs can be gained from
hydroponic studies, and MNM impacts on soil microbial com-
munities imply MNM bioavailability, such piecemeal evidence
is inadequate to infer how MNMs will impact crops grown in
MNM-contaminated soils. Here, soybean plants grown under
realistic conditions in MNM-contaminated organic farm soil
were impacted in concerning ways. Although nano-ZnO slightly
stimulated plant growth, most striking was the degree to which
Zn bioaccumulated in all tissues and especially in the leaves.
Because the final Zn bioconcentrations were similar to those in
a previous study in which soybean was treated with Zn salts (33),
Zn that translocated aboveground in the present study may have
been substantially dissolved from the nano-ZnO added to the
soil. Nano-CeO, impacts were different: there was insignificant
aboveground translocation, but low nano-CeO, exposure stunted
plant growth and soybean pod biomass. Further, CeO, nano-
particles substantially entered the roots and root nodules, with
higher amounts of nano-CeO, nearly paralyzing nodule-associated
N, fixation. In conclusion, this study shows that two high production
MNDMs are apt to change soybean agriculture, and demonstrates the
importance of managing waste streams to control such exposures.

Methods

Soil Source and Characteristics. Organic farm soil was obtained from
Carpinteria, CA (N 34° 23’ 40", W 119° 28’ 40"). The soil was sieved (2 mm),
air-dried at room temperature, and stored at 4 °C before use. Sieved soil
was characterized (S/ Appendix, Table S8) by the University of California,
Davis, Analytical Laboratory (http://anlab.ucdavis.edu/) for texture, pH, sat-
uration, cation exchange capacity, soluble salts, organic matter, total nutrients
(C, Cu, Fe, Mn, N, Zn), extractable nutrients (B, Ca, Cl, Cu, Fe, Mg, Mn, Na, P,
Zn, HCO3, CO3, NHy, NO3), and exchangeable nutrients (Ca, K, Mg, Na).
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Nanoparticles and Addition to Soil. Nano-ZnO and nano-CeO, (Meliorum
Technologies), described by the manufacturer as having mean diameters
of ~10 nm and ~8 nm, respectively, were added to the soil ~24 h before
planting. Nanoparticles initially were added as a powder to soil in concen-
trations (dry mass/dry mass basis) of 5, 10, and 50 g-kg~" for ZnO, and 10, 50,
and 100 g-kg™" for CeO,. The nanoparticles were mixed mechanically (5 min
with separate handheld kitchen mixers) into the soil. The nanoparticles were
diluted twice by the addition of unspiked soil into each mixture. After each
dilution, the soil/nanoparticle mixtures were mixed as described earlier.
The first dilution resulted in concentrations of 0.5, 1, and 5 g-kg™" for ZnO,
and 1, 5, and 10 g-kg~" for CeO,. The second dilution resulted in the working
concentrations of 0.05, 0.1, and 0.5 g-kg™" for ZnO, and 0.1, 0.5, and 1.0 g-kg™
for CeO,. The soil/nanoparticle mixtures were stored at 4 °C before planting.

Bacterial Strain, Test Plant, and Application. Bradyrhizobium japonicum
strain USDA 110 (US Department of Agriculture) was reconstituted from
a lyophilized culture by using modified arabinose gluconate medium, pH 6.6
(component concentrations g-L~", Hepes, 1.3; Mes, 1.1; yeast extract, 1.0;
arabinose, 1.0; gluconic acid, 1.0; KH,PO4, 0.22; Na,SO4, 0.25; NH4Cl, 0.32;
FeCls, 0.0067; CaCl,, 0.015; and MgSO,, 0.18). The culture was incubated for
5 d at 30 °C (dark, shaking at 200 rpm). Following incubation, the culture
was centrifuged (10,000 x g, 10 min) and the supernatant discarded. The cell
pellet was resuspended in 1 M MgSO, to an optical density of 1.0 (x value,
600 nm). Dwarf soybean seeds (variety Early Hakucho, product no. 5555)
were purchased from Park Seed Company. All seeds were selected from the
same lot (no. AD40). Soybean seeds were soaked in the resuspended cells
for 10 min before being inserted into 4-cm-diameter peat-filled seed starting
pellets. Following seed planting, 100 pL of the resuspended B. japonicum
culture was deposited into the peat pellet holes. The holes were covered
with a thin layer of soil, and the pellets were placed in the greenhouse for
seedling growth. The pellets were contained in a shallow PVC tray and were
watered daily to ensure continuous moisture. Cotyledons emerged from
the seed peat pellets after 4 to 7 d.

Planting. Four-liter polyethylene/polypropylene blend garden pots were
lined at the base (inner) with polyethylene mesh (Easy Gardener). To aid in
water drainage and prevent root rot, ~400 g of washed gravel (1.25-2.5 cm)
was placed above the polypropylene mesh. The soil was contained within
polyethylene bags placed within the garden pots and above the gravel. The
bags enclosed the entire root system and allowed for easier removal from
the pots at harvest time. Each bag was perforated with 5 mm holes (n = 20)
to allow for drainage. Eight pots, each containing 2.4 kg of soil, were pre-
pared for each of the seven treatments (nanoparticle-free control, nano-
Ce0; at 0.1, 0.5, and 1.0 g-kg™", and nano-ZnO at 0.05, 0.1, and 0.5 g-kg™").
Four of the eight pots from each treatment received transplanted seedlings,
whereas the remaining pots served as unplanted controls. At the center of
each pot receiving a seedling, at the soil surface, a 3.8-cm-diameter, 5-cm-
deep hole was drilled for the placement of transplanted seedlings.
Seedlings (including the peat pellets) were transplanted to the pots once the
true leaves emerged [stage VC (40); 18 d after planting; S/ Appendix, Fig. S8].
Before transplanting, the seedlings were ranked according to size into four clas-
ses. Each treatment received one seedling from each size class. We began taking
measurements three days after seedlings had been transplanted (i.e., time 0).

Soil Sensing of Water Content, Temperature, and Conductivity. Model 5TE
sensors (Decagon) were inserted to a depth of 13 cm into the soil of 10 pots:
control (with and without plant), 0.1 g-kg‘1 nano-CeO, (with and without

A

Fig. 3. EM images of soybean seeds. (A and B) High nano-ZnO treatment.
The seed coat (SC) and cotyledon tissue (marked with “C") are visible. B is a
magnification from a region of A (white rectangle). Regions of high electron
density (triangle, B) were enriched with Zn according to EDS. Nano-sized
accumulations within cells (arrows) were visible. (C) Control soybean: the bright
electron-dense regions between cells are not apparent as in the high nano-ZnO
treatment. Nano-sized accumulations are also not visible in the control.
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Fig. 4. EM images of soybean leaf cross-sections. (A and B) High nano-ZnO
treatment. The epidermis (marked with “E"), mesophyll (“M"), and vascular
bundles (VB) are visible. A vascular bundle cross-section in A is highlighted
(white rectangle) and magnified to higher resolution in B. The nano-ZnO-
exposed vascular bundles were highly electron-dense, as indicated by the
intense brightness, and showed an elevated Zn signal in EDS compared with
controls. (C) Control leaf section show a vascular bundle and mesophyll. The
control vascular bundles exhibited less electron density (i.e., less brightness),
and were not enriched with Zn according to EDS.

plant), 1.0 g-kg‘1 nano-CeO, (with and without plant), 0.05 g-kg‘1 nano-ZnO
(with and without plant), and 0.5 g-kg‘1 nano-ZnO with and without plant).
Water content, conductivity, and temperature were measured immediately
before and after each watering by using a ProCheck data recorder (Decagon;
SI Appendix, Figs. S9-511).

Greenhouse Conditions. The experiment was conducted in a climate-controlled
greenhouse under full sunlight. The nominal maximum temperature in the
greenhouse was set at 27 °C. Temperatures during a typical 60-h span (days
7-9) fluctuated between a maximum of 31 °C and a minimum of 12 °C.

Watering. The pots (with and without plants) were watered with tap water,
on average, once every 72 h to achieve an average soil water content of
0.15 m3m~3 (S/ Appendix, Fig. $9). Initially, the planted and unplanted pots
were watered with equal volumes (100 mL). As a result of increased water
loss from transpiration and growth, the planted pots received averages of
200 mL per watering from days 9 to 21, 250 mL per watering from days 21 to
27, and 300 mL per watering from day 27 until the completion of the ex-
periment. The unplanted pots received an average of 100 mL per watering
for the duration of the experiment.

At each watering, a subsample of H,O was removed and measured for Zn
and Ce concentrations by inductively coupled plasma (ICP) atomic emission
spectroscopy. Ce was not present in measurable concentrations in the irri-
gation water. Zn was present in concentrations ranging from 0 to 0.17 mg-L™",
and accounted for a cumulative addition of <0.1 mg per pot.

Plant Growth Metrics. At weekly intervals, the number of leaves, flowers, and
pods were counted and stem length (as a proxy for plant height) measured.
Additionally, the reproductive and vegetative developmental stages of each
plant were recorded. To estimate total leaf area, we measured leaf cover
from aerial images taken directly above the plant. Leaf cover (calculated
by using Adobe Photoshop software) was defined as the percentage of soil
covered by the leaves (S/ Appendix, Fig. S12). This does not give an absolute
value of total leaf area (because of leaf overlap), but provides a dynamic
estimate that can be used for comparison across treatments.

Harvesting Description. The plants were harvested after ~48 d of growth
[developmental stage R5 (40); SI Appendix, Fig. S8]. Aboveground plant
tissue was removed from the root system with a razorblade, and mass was
immediately measured. The plants were then divided according to tissue
type—stem, leaves, and pods—and weighed separately. Leaves and pods
were photographed for size analysis and leaf cover measurements, re-
spectively. Subsamples of each tissue type were removed and refrigerated
(4 °C) for examination with EM. The remaining tissues were oven-dried
(70 °C for 72 h) separately in paper bags before ICP optical emission spec-
troscopy (OES) analysis. Masses were recorded before and after drying to
determine dry mass and water content.

The root system of each plant was removed by first carefully breaking apart
the soil with a metal Scoopula, followed by a rinse (1 min, three times) in
deionized (DI) H,0. The root system was allowed to air dry (~15 min) before
weighing for wet mass. Nodules were removed from the roots by using for-
ceps, massed, and allocated for N, fixation potential, ICP-OES analysis, and
EM. The nodules for N, fixation potential were used immediately. Nodules
for EM were refrigerated (4 °C) until use. Nodules for ICP-OES analysis were
massed, oven-dried (70 °C for 72 h), and massed a second time to determine
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water content. Root tissue for EM was refrigerated (4 °C) until use. Root tissue
for ICP-OES analysis was dried and massed as described earlier. Soil from
planted and unplanted pots was stored (4 °C and —80 °C) for future analysis.

Acetylene Reduction. Acetylene (C;H;) can be reduced to ethylene (C;H,) by
nitrogenase, the enzyme responsible for catalyzing N fixation by bacteria in
root nodules. C;H, conversion to C;H,4, quantified by gas chromatography,
provides evidence of nodule activity and N, fixation (41). To quantify effects
of nanoparticle exposure on nitrogenase activity in soybean root nodules,
CyH, reduction to C;H4 by collected nodules was measured as described
previously (41) with several adjustments. Briefly, C;H, was generated by
combining several grams of solid calcium carbide (CaC,) with deionized
water in a 1-L plastic bottle. The gas was immediately collected in a sterile
bladder with a septum. Root nodules collected from individual plants were
gently washed and placed in sterile 60-mL plastic syringes. The syringes were
filled with 54 mL of air, followed by 6 mL of C;H,, to yield 60 mL of a 10%
CyH, mixture. At 0, 15, 30, 45, and 60 min after C;H, addition, 10 mL of gas
from the syringe was injected manually into the gas chromatograph (SRI
8610; SRI Instruments) equipped with a silica gel column. The oven tem-
perature was held constant at 145 °C, with a carrier flow rate of 20 mL-min~'
Two distinct peaks were observed, with C;H,4 having a shorter retention time
(~1.09 min) compared with C;H, (~1.73 min). Peak areas were estimated by
using an integration tool (PeakSimple 2.83; SRl Instruments), and were
converted into C;H, and C,H,4 concentrations by using data from standard
curves. Calculations accounted for the decrease in total volume space over
the course of sampling (i.e., the 10-mL reduction in volume at each reading).
CoH,4 production rates (in mol/min) were normalized to the total dry mass of
nodules in each sample (in mol/min/g).

ICP-OES and ICP-MS Analyses. Soil and tissue samples were analyzed for
MNM metal content by ICP. Before ICP analysis, samples were digested by using
a microwave acceleration reaction system (CEMCorp). Plant tissue samples
treated with nano-ZnO were digested by using Environmental Protection
Agency method 3051. Soil samples were digested with a mixture of concen-
trated plasma-pure HNOs and HCI (1:3; i.e., aqua regia). The nano-CeO; treated
samples were digested with concentrated plasma-pure HNO3 and H,0, [30%
(vol/vol); 1:4] as described previously (42) with slight modifications.

Ten blanks were analyzed to calculate the detection limit for Zn and Ce.
Standard reference materials from National Institute of Standards and
Technology 1547, 1570a, and 2709a were used to validate the digestion and
analytical method obtaining recoveries between 90% and 99%. For quality
control of the ICP readings, every 10 samples, the blank and a spiked sample
containing Ce and Zn at 10 mg-L~" were read. The average readings for Ce and
Zn in the spiked samples were 10.1 + 0.30 mg-L~" and 9.9 + 0.20, respectively.

The total Ce and Zn concentrations in the tissues and soil were determined
using ICP-OES (Optima 4300 DV; Perkin-Elmer) and ICP-MS (ELAN DRC II;
Perkin-Elmer). Zn-treated samples were analyzed with ICP-OES, whereas
Ce-treated and control samples were analyzed with ICP-OES and ICP-MS. ICP-
MS allowed for the detection of trace amounts of Ce in the plant tissue. The
ICP-OES parameters used were as follows: nebulizer flow, 0.80 L-min~"; power,
1,450 W; peristaltic pump rate, 1.5 mL-min~"; flush time, 15's; delay time, 20's;
read time, 10 s; and wash time, 60 s. Every sample was read in triplicate. The
ICP-MS parameters used were as follows: plasma radiofrequency power,
1,400 W; plasma gas flow (Ar), 18 | min~"; scanning mode peak hopping;
nebulizer flow, 0.95 | min~"; dwell time, 35 ms; sweeps, 30; and replicates, 3.

EM and EDS. To determine metal localization in plant tissues, samples were

visualized by EM; elemental analysis during EM was by EDS. Soybean plant
tissues were fixed with 2% glutaraldehyde for 24 h before embedding in

A

Fig. 5. High-resolution EM images of soybean leaf tissue. All panels show the
epidermis (marked with “E”) and mesophyll (“M"”). No electron-dense accu-
mulations are visible in leaf from control (A) or high nano-CeO, treatment (B).
In the high nano-ZnO treatment (C), numerous nano-sized accumulations
(arrows) are visible, and are concentrated at the outer region of the epidermis.
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Eponate 12 resin (100% vol/vol; cured at 60 °C for 24 h) and sectioning (5 pm
thickness) for analysis by ESEM using a backscatter secondary electron de-
tector and high-resolution STEM (60 nm thickness). Thin sections for ESEM
were deposited on carbon tape on a 100% silicon substrate. For STEM, thin
sections were placed on a Formvar-coated 200 mesh copper grid. An XL30
ESEM FEG microscope (FEI) was used for ESEM and STEM. ESEM was per-
formed with a 20-kV accelerating voltage, 4-Torr chamber pressure, and
10.2-mm working distance under environmental (i.e., wet) mode. For STEM,
the microscope was operated with an attached STEM detector at an accel-
erating voltage of 30 kV with a 6.8-mm working distance under high vacuum
mode. EDS was performed on selected areas of 25 ym? (for ESEM) and
100 nm? (for STEM) by using an X-ray spectrometer (EDAX) with Genesis
analytical software. The spectra were analyzed to obtain mass percentages
for Zn and Ce when including (Na, Mg, Al, Si, P, S Cl, K, Ca, CeL, Fe, Zn) in the
analytical elemental parameter.

XRM. XRM allowed for the visualization of MNM metal distribution over large
specimen regions, relative to EM. Dried root specimens were mounted to a thin
wire and imaged in 3D by using laboratory XRM. For these experiments, the
Xradia UltraXRM-L200 microscope (Xradia) was used, operating at 8 keV and
configured for 150-nm resolution with a 65-pm field of view. The Zernike phase-
contrast imaging mode was used to enhance the contrast of the root matrix
interfaces and internal materials, including the CeO, nanoparticles (43).
Transmission X-ray micrographs were collected across a 180° rotation range in
0.2° steps, with a 4-min integration time per view. The resulting tomography
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series was reconstructed by using the XMReconstructor software package,
which produced a stack of tomograms corresponding to virtual slices inside the
specimen. These tomograms were finally loaded into the XM3DViewer soft-
ware for 3D visualization in planar and volumetric formats.

Statistical Analyses. Statistical analyses of sample replicates were performed by
using Microsoft Excel 2010 software. Means were compared using Student'’s t
test, assuming a two-tailed distribution and two-sample unequal variance.
Tested sample sizes were n = 4 except for the low nano-ZnO treatment (n = 3).
Plant leaf cover and stem length elongation rates were calculated as the slope
of aregression line from the linear region of the plot of the natural logarithm
of each measured parameter vs. time. When applicable, SEs were calculated
and propagated according to standard methods (44).
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Table S1: Soybean Plant Stem Elongation Rate Constants and Maximum Stem

Length According to Treatment’

Treatment | Rate Constant (d') | Time Period (d) | R* Range Max. Length (cm)
Control 0.057 + 0.004° 1-36 0.98 — 0.99 33.3+1.3°

Low nano-CeO, | 0.047 +0.002*¢ 1-43 0.93-0.94 24.1 +4.1*°

Med nano-CeO, | 0.058 + 0.004° 1-29 0.90-0.99 27.8+3.1°¢

High nano-CeO, | 0.055 + 0.003° 1-36 0.95-0.98 30.9 + 1.0°¢

Low nano-ZnO | 0.061 + 0.004° 1-22 0.96 — 0.99 33.8 +3.0°°

Med nano-ZnO | 0.055 + 0.005”¢ 8-36 0.86—0.96 29.2 +2.7°¢

High nano-ZnO | 0.060 + 0.002° 1-36 0.96-0.98 34.1+2.7°

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column

and indicate no significant difference (P > 0.05) within plant part.




Table S2: Rate Constants for Soybean Plant Leaf Cover (% Covering Soil From

Aerial Photos) and Maximum Leaf Cover (% Cover), According to Treatment

Treatment Rate Constant (d™) | Time Period (d) | R*> Range Max. Area (% cover)
Control 0.128 + 0.014° 1-29 0.88-0.94 |257.6+26.9°
Low nano-CeO, | 0.083 +0.013*¢ 1-43 0.58-0.99 | 175.1+40.4°
Med nano-CeO, | 0.120 + 0.007° 1-29 0.78-0.96 |236.9+35.3°
High nano-Ce0O, | 0.132 +0.030°¢ 1-29 0.77-0.99 | 260.4+30.7°
Low nano-ZnO 0.117 + 0.016"° 1-29 0.85-0.92 |222.7+26.6°
Med nano-ZnO 0.124 + 0.015" 1-29 0.82-0.97 |232.9+33.2°
High nano-ZnO 0.130 + 0.023"¢ 1-29 0.93-0.94 |232.7+20.2°

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column
and indicate no significant difference (P > 0.05) within plant part.

“Maximum value from the time course shown in Fig. S1.




Table S3: Soybean Pods Per Plant, Seeds Per Pod, Pod Dimensions, and Pod

Aspect, According to Treatment’

Trmt Pods per | Seeds per | Pod Length | Pod Width Ratio: Pod
Plant Pod (cm) (cm) Length to
Width
Control 17.0+1.5*® | 1.6 +0.1*" 2.7+0.2%° 0.8+0.1*° 3.6+0.1°
Low nano-CeO, | 10.3+4.1° |1.9+0.1*° 3.2+0.3° 0.9+0.1*° 3.5+0.1°
Med nano-CeO, | 15.3+3.4*® |1.7+0.1° 2.9+0.2* 0.9+0.1*° 3.6+0.1°
High nano-CeO, | 16.8 +2.6*° | 1.7+0.1° 2.6+0.2° 0.8+0.1° 3.7+0.1°
Low nano-ZnO 13.0+1.5° |1.7+0.3° 2.8+0.3*° 0.8+0.1%° 3.5+0.1°
Med nano-ZnO | 12.8 +1.9° | 1.7 +0.1%° 3.0+0.2%° 0.9+0.1° 3.5+0.1°
High nano-znO | 20.0+2.9° | 1.7+0.1*° 2.7+0.2°° 0.8 +0.1*° 3.6+0.1°

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column
and indicate no significant difference (P > 0.05) within plant part.

Table S4: Moisture Content (g H,0 / g dry biomass) of Soybean Plant Parts

According to Treatment’

Trmt Stem Leaf Pod Root Nodule

Control 0.68 +0.01*° 0.72 + 0.00° 0.80 +0.01°>%% | 0.87 +0.01° 0.80 + 0.01°
Low nano-CeO, | 0.74 +0.04*>%° | 0.72 +0.01° 0.79 + 0.00° 0.85+0.01° | 0.80 +0.02°
Med nano-CeO, | 0.69 +0.01° 0.71 +0.01° 0.82 +0.00° 0.83+0.01°° | 0.81 +0.02°
High nano-CeO, | 0.68 +0.01*"“® | 0.68 + 0.01*"° | 0.79 + 0.00° 0.83 +0.01° 0.80 + 0.01°
Low nano-ZnO 0.66 + 0.01** 0.68 + 0.00°¢ | 0.77 + 0.00° 0.71+0.10*> | 0.80 + 0.01°
Med nano-ZnO | 0.67 +0.01>Y | 0.67 £0.01*° | 0.77 +0.00° 0.76 + 0.02° 0.77 +0.02°
High nano-ZznO | 0.66 + 0.00%* 0.67 +0.01° 0.77 + 0.00° 0.78 +0.01° 0.77 +0.01°

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column

and indicate no significant difference (P > 0.05) within plant part.




Table S5: Soybean Plant Part Dry Biomass and Total Dry Biomass (g / plant), According to Treatment’

Trmt Stem Leaf Pod Root Nodule Total
Control 0.90 +0.09*° | 2.27+0.16° | 1.82+0.18°° | 0.83+0.09° | 0.19+0.00° | 6.01+0.32*°
Low nano-CeO, | 0.54+0.21° |1.59+0.39° | 1.44+0.28*° | 0.69+0.08° | 0.14+0.04° | 4.40+0.96°
Med nano-CeO, | 0.80+0.16*° | 2.21+0.32* | 1.52+0.14*° | 0.95+0.11*° | 0.24 +0.05*" | 5.72 +0.67*°
High nano-CeO, | 0.97 +0.13*® | 2.43+0.22° | 1.41+0.09° | 0.91+0.14* | 0.19+0.03*® | 5.90 + 0.58°°
Low nano-ZnO 0.87+0.10*° | 2.06 +0.28° | 1.85+0.17°° | 1.23 +0.38*° | 0.18 +0.06*" | 6.20 + 0.76*°
Med nano-ZnO | 0.90+0.21*° | 2.33+0.44® | 1.71+0.10°° | 1.01 +0.14*° | 0.26 +0.07*" | 6.22 + 0.82*°
High nano-znO | 1.03+0.06° |2.40+0.08" |1.95+0.17° | 1.11+0.05> |0.25+0.02° |6.74+0.20°

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column and indicate no significant difference

(P >0.05) within plant part.
"~ Total plant dry biomass.




Table S6: N, Fixation Potential Normalized to Root Nodule Dry Biomass

Trmt Zero Order Rate (1E8 moles ethylene min™ g*) Points Avg. R?
Control 1.97 £ 0.99° 5 0.96
Low nano-CeO, | 2.87 +0.92° 4t05 0.96
Med nano-CeO, | 0.39 + 0.09° 5 0.99
High nano-CeO, | 0.28 +0.16° 4t05 0.93
Low nano-ZnO 1.91 +1.16° 5 0.83"
Med nano-ZnO 255+ 1.16° 5 0.97
High nano-ZnO 0.99 + 0.58° 5 0.98

‘n=4, except for the low nano-ZnO treatment where n = 3; like letters apply within a column
and indicate no significant difference (P > 0.05) within plant part.
“number of points used in regression, including a t=0 point of 0.0 moles ethylene.

*poor fit to the zero-order (linear) model because, as indicated by a superior fit to a first-order
model (exponential), either the substrate or enzyme were not saturating.

Table S7: Concentration of Zinc in Various Plant Parts Harvested from the Ceria

Treatments (mg Zn kg’ dry tissue)”

Trmt Root Nodule Stem Leaf Pod

Control 31.61+2.12° | 19.68+3.59° | 19.48 + 1.46° | 85.59 + 7.59° 32.04 +2.83°
Low nano-CeO, | 27.72+1.74* | 25.24+2.57° | 18.12+2.90° | 88.51 + 8.54° 34.60 + 15.38°
Med nano-CeO, | 31.45+2.37° | 25.07 +3.47° | 20.47 + 1.12*® | 98.33 + 8.94° 40.22 +9.79°
High nano-CeO, | 32.72+3.23° |32.59+5.88° |27.25+3.14° | 102.22 +16.31° | 52.12 + 15.20°

“n = 4 individual plants; like letters apply within a column and indicate no significant difference
(P >0.05) within plant part.




Table S8: Characteristics of soil used in this study

Characteristic Mean SE’
Saturation % (SP) 28.00 NA™
pH 6.78 0.01
Sand (%) 66.00 0.00
Silt (%) 22.00 0.00
Clay (%) 12.00 0.00
Estimated Soluble Salts (EC) (dS m™) 0.58 0.00
Cation Exchange Capacity (CEC) (meq per 100g) 8.72 0.09
B, saturated paste extract (meq L) 0.25 0.00
Ca, saturated paste extract (meq L) 2.43 0.01
Ca, exchangeable (meq per 100 g) 6.30 0.03
Cl, saturated paste extract (meq L™) 0.50 0.01
Cu, DTPA extraction (ppm) 6.50 0.10
Cu, total (ppm) 32.00 0.00
Fe, DTPA extraction (ppm) 27.10 0.30
Fe, total (ppm) 12700.00 0.00
K, exchangeable (ppm) 290.00 16.00
K, exchangeable (meq per 100 g) 0.74 0.04
Mg, saturated paste extract (meq L") 1.04 0.02
Mg, exchangeable (meq per 100 g) 1.55 0.01
Mn, DTPA extraction (ppm) 6.75 0.05
Mn, total (ppm) 314.50 1.50
Na, saturated paste extract (meq L") 1.34 0.01
Na, exchangeable (ppm) 29.00 1.00
Na, exchangeable (meq per 100 g) 0.13 0.01
P, extractable (ppm) 51.30 3.00
Zn, DTPA extraction (ppm) 9.35 0.05
Zn, total (ppm) 84.00 0.00
HCO5, saturated paste extract (meq L) 1.00 0.00
€057, saturated paste extract (meq L) <0.1 NA
Total C (%) 0.71 0.00
Organic Matter, loss on ignition (LOI) (%) 1.44 0.04
Total N (%) 0.07 0.00
NH.", extractable (ppm) 0.23 0.02
NOj’, extractable (ppm) 7.85 0.10

" Each sample (except saturation % and CO3) was measured in duplicate. The Means and

standard errors of the duplicates are shown.

* % . .
NA = not available; a single measurement was made.
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Figure S1. Time course of soybean leaf cover, expressed as a percent coverage projected onto
pot soil surface area. a. Leaf cover versus time for control (open symbols), low nano-CeO,
(squares), medium nano-CeO, (triangles) and high nano-CeO, (diamonds) treatments. b. Leaf
cover versus time for control (open symbols), low nano-ZnO (squares), medium nano-ZnO
(triangles) and high nano-ZnO (diamonds) treatments. Error bars represent the standard error
of the mean (n= 4 plants, except Zn low where n=3 plants).
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Figure S2. Time course of soybean vegetative developmental stage. a. Vegetative
developmental stage (as determined by trifoliate leaf count) versus time for control (open
symbols), low nano-CeO, (squares), medium nano-CeO; (triangles) and high nano-CeO,
(diamonds) treatments. b. Vegetative developmental stage versus time for control (open
symbols), low nano-ZnO (squares), medium nano-ZnO (triangles) and high nano-ZnO
(diamonds) treatments. Error bars represent the standard error of the mean (n= 4 plants,
except Zn low where n=3 plants).
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Figure S3. Soybean reproductive developmental stage versus time. a. Reproductive
developmental stage (as determined by flower count) versus time for control (open symbols),
nano-CeO; (grey symbols) and nano-ZnO (black symbols) treatments. Low, medium and high
nanoparticle concentrations are represented by squares, triangles and diamonds, respectively.
b. Reproductive developmental stage (as determined by pod count) versus time for control
(open symbols), nano-CeO, (grey symbols) and nano-ZnO (black symbols) treatments. Low,
medium and high nanoparticle concentrations are represented by squares, triangles and
diamonds, respectively. Error bars represent the standard error of the mean (n= 4 plants,
except low nano-ZnO where n=3 plants).
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Figure S4. Soybean plant dry biomass. Total above- (black bars) and below- (white bars)
ground dry biomass. Like letters indicate differences that are not significant (T-test; P > 0.05).

11



12
M Ce High (n=30)

Mean = 0.33 O Control (n = 31)
10 ]

z "

= Mean = 0.95

Q

3 6 A

O

Q

.

L

Ce Mass %

Figure S5. Frequency distribution of Ce atomic mass % measurements for soybean root
nodules. Ce mass percent was measured by energy dispersive spectrometry (EDS) for soybean
root nodules (Figure 2). The displayed means were calculated using a histogram with a bin
width of 0.15. The arithmetic means (not calculated from the above graph) for the high nano-
Ce0,, and Control treatments were 0.81 £ 0.06 and 0.21 £ 0.03 Ce mass %, respectively. The
arithmetic means were significantly different (T — Test; P < 0.05) for all treatments, including
between the control and high nano-CeO, shown here. Measurement numbers in parentheses
in the legend are for individual EDS scans for several (3 or more) individual thin sections
prepared from a single specimen.
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Figure S6. Micrographs of Ce accumulations in soybean root nodules. a. Backscatter ESEM
micrograph of a root nodule from the high nano-CeO, treatment. Arrows show regions of
increased electron density as indicated by brightness. b. X-ray microscopy (XRM) image of a
root nodule from the high nano-CeO, treatment. Arrows indicate regions of increased electron
density, which correspond to those shown in (a).
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Figure S7. Frequency distribution of Zn atomic mass % in soybean leaves and pods. a. Zn mass
% as measured by energy dispersive spectrometry (EDS) for soybean leaves. b, Zn mass % as
measured by EDS for soybean pods. The displayed means were calculated using histograms
with bin widths of 0.25 (leaves) and 0.3 (pods). The arithmetic means (not calculated from the
above graph) for the high nano-ZnO and control leaves were 1.53 + 0.16 and 0.69 + 0.07 mass
%, respectively. The arithmetic means for the high nano-ZnO and control pods were 0.83 + 0.08
and 0.68 £ 0.08 mass %, respectively. The arithmetic means were significantly different for the
leaf treatments (T — Test; P < 0.05), but not for the pod treatments. Measurement numbers in
parentheses in the legend are for individual EDS scans for several (3 or more) individual thin
sections prepared from a single specimen.
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Figure S8. Planting and plant cultivation timeline. Stages denoted with a V represent
vegetative growth. Stages denoted with an R represent reproductive growth (R; —R; =
flowering, R3 — R = pod development).
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Figure S9. Volumetric soil water content versus time. Soil water content versus time for
unplanted (open symbols) and planted (closed symbols) pots. (x) symbols represent irrigation
time points. Error bars represent the standard error of the mean across all pots that were
instrumented for semi - continuous measurement (n=5 unplanted; n = 5 planted).
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Figure $10. Soil temperature versus time. Soil temperature versus time for unplanted (open
symbols) and planted (closed symbols) pots. Error bars represent the standard error of the

mean across all pots that were instrumented for semi - continuous measurement (n=5
unplanted; n = 5 planted).
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Figure S11. Soil conductivity versus time. Soil conductivity versus time for unplanted (open
symbols) and planted (closed symbols) pots. (x) symbols represent irrigation time points. Error
bars represent the standard error of the mean across all pots that were instrumented for semi -
continuous measurement (n=5 unplanted; n = 5 planted).
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Figure S12. Aerial photograph of control soybean plant. a. Photograph of control soybean

plant (8 days after planting into pot) showing one trifoliate leaf and two unifoliate leaves. b.
The region measured for total leaf cover is shown in white.
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Discussion of Potential Plant and Human Toxicity Implications from Soybean Zn Accumulation

The significant translocation of Zn from soil into soybean biomass raises questions regarding
implications to plant health, and to the health of humans consuming the plant tissues. Herein,
we: a) first discuss effects of very high total Zn concentrations on soybean plants, and on metal
accumulation in edible tissue (bean pod), and b) then discuss possible implications for human
health.

Total Zn Effects to Soybean Plants

High Zn can negatively impact soybean plants. For example, in the study of Shute and Macfie
(2006), approximately 2000 mg kg™* Zn in soil resulted in decreased soybean biomass (1);
endpoint leaf Zn concentrations were 400 mg kg, and bean pod concentrations were 100 mg
kg™ (1). Inthe current study, the highest nano-ZnO concentration applied to soil was 500 mg
kg™ (Methods). Accounting for the difference in molecular weights of ZnO (81.39 g mole™)
versus Zn (65.39 g mole™), the highest soil treatment concentration in the current study was
approximately 400 mg Zn kg soil. At this highest Zn application, the final bean pod and leaf Zn
concentrations were 82 and 344 mg Zn kg ' plant tissue, respectively (Table 2, main
manuscript). According to Borkert et al. (1998), soil characteristics substantially influence Zn

III

toxicity to soybean; also, the “plant critical toxicity level” (CTL, i.e. the lowest metal
concentration in leaf tissue that corresponds to diminished plant growth measured as final dry
mass), varies with soybean cultivar (2). Here, the final leaf Zn concentration for the high nano-
ZnO0 treatment (Table 2, main manuscript) was similar to the concentrations at which soybean
growth was shown to be impaired in prior studies (1, 2). Yet, here, there was little indication
that soybean was impaired by the tissue Zn burden, as conveyed in the main manuscript. Still,
while the high nano-ZnO soil application level concentration was not particularly toxic to
soybean in our study, considering that agricultural fields undergo biosolids application for
decades, and that biosolids Zn concentrations can be much higher (3) compared to our treated
soils, it is conceivable that chronic nano-ZnO loading to soils with ongoing biosolids application
could cause total soil Zn to build up to levels that are toxic to soybean. Thus, our study is still
useful in forewarning the potential plant uptake response. Additionally, intact nano-ZnO, which
is cytotoxic (4), could confer impacts related specifically to this form of Zn.

Total Zn Effects to Humans Consuming Soybean

The second issue relates to the potential for hazards to humans ingesting Zn-enriched soybean.
We provide the following analyses, focusing on bean pods because they are directly ingested
and thus provide a direct means of exposure to food borne Zn. In our study, the highest
concentration of Zn bioaccumulating in beans was approximately 8.2 mg Zn per 100 g bean; the
control beans contained approximately 3 mg Zn per 100 g bean. According to the U.S.
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Department of Agriculture, nutritional edamame contains approximately 1.3 mg Zn per 100 g of
bean (http://ndb.nal.usda.gov/ndb/foods/show/3032). However, this is based on the
"unfrozen" bean weight which is a wet mass basis for Zn concentration. If edamame contains

80% water by mass (according to Table S4 herein), then the dry mass basis for nutritional Zn in
edamame is 6.5 mg Zn per 100 g soybean dry mass. Thus, the concentration of Zn in the beans
in our study was similar to that considered as typical for nutritional edamame.

Next, it is relevant to consider if chronic ingestion of edamame with such Zn levels could be
harmful to human health. According to the National Institutes of Health (NIH), tolerable upper
intake levels (UlLs) for Zn range from 4 - 40 mg (http://ods.od.nih.gov/factsheets/zinc-

HealthProfessional/), depending on age, with lower tolerated levels for infants, and higher

tolerated levels with increasing age. Assuming that 100 g (moist mass) of edamame providing
approximately 10 grams of protein (http://ndb.nal.usda.gov/ndb/foods/show/3032) which is

approximately 1/5th of the daily protein intake recommended for adults, and assuming an adult
that derives all protein from soybean, then 500 g moist mass per day (or 100 g dry mass per
day) of edamame would be required to meet a soy-only dietary protein requirement. As above,
ingesting 100 g dry soybean mass from our study would deliver approximately 8 mg Zn, which is
well below the tolerable UIL for adults. Since children would consume less, as their protein
requirements are less than adults, they should also not be at risk. Bioaccumulation levels
would need to be approximately five times more total Zn than we report to reach bean Zn
concentrations that are harmful to human health. Whether such bioaccumulation levels would
occur, e.g. as a consequence of long term biosolids application to soils with Zn soil
concentrations greatly exceeding those studied here, is not directly predictable from our study.
Further, we caution that the toxicity to humans may also depend on speciation of Zn in plant
tissues. The critical unknown in the above analysis are the impacts to humans, through
ingestion of soybeans, from exposure to nano-ZnO. Nano-ZnO is known to be cytotoxic through
its dissolution process that generates cell-damaging and inflammatory free radicals (4). If
nanoparticulate ZnO is accumulated in edible plant tissue, a question that we intend to address
in later research, then the above analysis based on total Zn would need revision.

Summary

In summary, based on our results and the analyses above, soybean plants are likely to be
impacted by high total Zn in soils, but humans may not be impacted by consuming soybeans
with total Zn bioaccumulated to the levels reported herein. Critical unknowns regard the state
of Zn in tissues, including if nano-ZnO is present and especially toxic with ingested soybean.
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