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ABSTRACT: Because copper nanoparticles are being increasingly used in agriculture as pesticides, it is important to assess their
potential implications for agriculture. Concerns have been raised about the bioaccumulation of nano-Cu and their toxicity to crop
plants. Here, the response of cucumber plants in hydroponic culture at early development stages to two concentrations of nano-
Cu (10 and 20 mg/L) was evaluated by proton nuclear magnetic resonance spectroscopy (1H NMR) and gas chromatography−
mass spectrometry (GC-MS) based metabolomics. Changes in mineral nutrient metabolism induced by nano-Cu were
determined by inductively coupled plasma-mass spectrometry (ICP-MS). Results showed that nano-Cu at both concentrations
interferes with the uptake of a number of micro- and macro-nutrients, such as Na, P, S, Mo, Zn, and Fe. Metabolomics data
revealed that nano-Cu at both levels triggered significant metabolic changes in cucumber leaves and root exudates. The root
exudate metabolic changes revealed an active defense mechanism against nano-Cu stress: up-regulation of amino acids to
sequester/exclude Cu/nano-Cu; down-regulation of citric acid to reduce the mobilization of Cu ions; ascorbic acid up-regulation
to combat reactive oxygen species; and up-regulation of phenolic compounds to improve antioxidant system. Thus, we
demonstrate that nontargeted 1H NMR and GC-MS based metabolomics can successfully identify physiological responses
induced by nanoparticles. Root exudates metabolomics revealed important detoxification mechanisms.

■ INTRODUCTION

Copper and its compounds have been known to have the ability
to inhibit fungi since ancient times1 and have been used widely
in agriculture as fungicides,2 algaecides,3 pesticides,4 and
herbicides.5 There are at least 209 pesticide products registered
in California that use copper oxide as an active ingredient.4 In
addition, due to steady increase of drug resistance of bacteria,
synthesis and application of novel antibacterial/anti antifungal
Cu nanoparticles (NPs) has increased.6 Besides antibacterial
applications, Cu NPs (which includes nano-Cu as well as nano
copper oxides) also have application as additives of livestock
and poultry feed.7 There is increasing concern about the

potential for bioaccumulation and toxicity of Cu NPs after their
release to the environment. It has been shown in several studies
that nano-Cu triggers reactive oxygen species (ROS)
generation and induces oxidative stress in cells, bacteria, and
zebrafish.8,9 However, very few studies have focused on the
toxicity of Cu NPs on terrestrial plants, especially crop plants.
Lee et al.,10 documented that Cu NPs are toxic to mung bean
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(Phaseolus radiatus) and wheat (Triticum aestivum) at
concentrations of 335 and 570 mg/L, respectively. Hong et
al.11 reported that even at the level of 5−20 mg/L, Cu NPs
significantly reduced the root length of alfalfa and lettuce and
altered their nutrient uptake.
Cucumber plants are generally more sensitive to contami-

nants and their bioaccumulation is higher than many other
plants due to their high transpiration rate. Our previous study
showed both CeO2 and ZnO NPs triggered more physiological
changes in cucumber plants compared to corn plants, which
have lower transpiration rates.12,13 Here we hypothesized that
nano-Cu would induce physiological responses in cucumber
plants. To evaluate this, we selected metabolomics studies as a
novel approach to understand plant−nanoparticle interactions.
We selected a 1H nuclear magnetic resonance (NMR)-based
environmental metabolomics platform to detect the induced
alteration, because NMR can simultaneously detect a variety of
metabolites with simple sample preparation.14,15 In addition,
compared with other “omics”, metabolomics reveals effects
downstream of DNA15 and simultaneously provides a non-
specific assessment of the end result of multiple biological
responses.16 Therefore, 1H NMR has been employed to
evaluate the toxicity of a large variety of environmental
contaminants on different organisms.17−21 The toxicity and
toxicity mechanism of titanium dioxide NPs to earthworms16

and rats22 was evaluated via an environmental metabolomics
platform using 1H NMR.
Furthermore, most previous studies of the effect of various

NPs to plants have concentrated on toxicity. Potential
detoxification mechanisms have been less reported. It is well-
known that approximately 30−40% of all photosynthetically
fixed carbon will be transferred to the rhizosphere23,24 as root
exudates, including organic acids, amino acids, sugars, proteins,
phenolic compounds, and CO2.

25 These compounds play an
important role in plant stress tolerance and external exclusion
of pollutants.23 Considerable evidence exists that plants up-
regulate some organic acids, including amino acids, to chelate
or complex toxic metals (e.g., Al, Cd, Zn, Fe, Cu), to hinder
their translocation to aboveground plant tissues.26−30 Murphy
et al.31 reported copper ions induce citrate production in root
secretions. Our hypothesis is that root exudates may play an
important role in NP mobility and bioavailability, as well as up-
or down-regulation of metabolite levels due to toxic effects and
to induce detoxification.
Therefore, the aims of the present study were to investigate

the uptake, translocation, bioaccumulation, and toxicity of
nano-Cu in cucumber tissues. We used nontargeted 1H NMR
and GC-MS based metabolomics to evaluate the physiological
changes induced by nano-Cu in cucumber plants. Mineral
nutrient metabolism was also evaluated by determining the
elemental content in different tissues.

■ EXPERIMENTAL SECTION

Cu NPs. Detailed characterization of nano-Cu (U.S.
Research Nanomaterials) employed here is presented in a
previous study.32 Briefly, the primary particle size is 40 nm and
the hydrodynamic diameter is 2590 ± 1138 nm in deionized
(DI) water, due to considerable aggregation. The surface charge
expressed as zeta potential is +10.9 ± 4.0, −29.4 ± 0.8, and
−40.8 ± 1.7, at pH 4, 7, and 11, respectively.
Seed Germination and Plant Growth. Cucumber

(Cucumis sativus) seeds were surface-disinfected in a 4%
NaClO solution for 30 min with continuous stirring, then

rinsed 3 times with sterile nanopure water (NW), and
immersed in NW for 24 h. Subsequently, the seeds were
transferred to autoclaved paper towels for germination.33 In
each paper towel, 10 drops of antibiotic solution (Sigma 5955)
were added to prevent fungal growth. The rolled paper towel
with seeds was placed in a Mason jar with NW at the bottom
and kept in the dark for 4 days, followed by 1 day exposure in
light.
After germination, the young plants were transferred to a

magenta box and grown hydroponically in modified Hoagland
nutrient solution in a greenhouse. The temperature in
greenhouse was maintained at 28 °C by day and 20 °C by
night. The nutrient solution was renewed every 7 days.
However, between these 7-day periods, tap water was used to
refill the magenta boxes to compensate for the water taken up
via transpiration. To collect sufficient amounts of secreted
compounds, the young unexposed cucumber plants were
allowed to grow for 2 weeks with continuous aeration. On
day 14, the cucumber seedlings were exposed to half strength
Hoagland nutrient solution containing different concentrations
(0, 10, and 20 mg/L) of nano-Cu for 1 week. These levels are
consistent with expected concentrations from pesticide use or
in biosolids.34,35 Each treatment was replicated four times, and
each magenta box contained 9 cucumber seedlings.

Cu and Nutrient Elements Analysis. At harvest, the
cucumber plants were thoroughly washed with DI water and
oven-dried for 3 days at 70 °C. Dried tissues were digested with
a mixture of 4 mL of H2O2 and 1 mL of plasma pure HNO3 (v/
v 4:1) using a microwave oven system (Multiwave Eco, Anton
Par) at 180 °C for 1 h. The standard reference materials (Peach
leaves, NIST 1547, USA; Spinach, leaves, NIST 1570A) were
also digested and analyzed as samples. The recoveries for all
elements were between 90 and 99%.12 Cu and other mineral
elements were analyzed using ICP-MS (7900 Agilent, USA).

Root Exudates Collection and Analysis. The procedure
for collection of root exudates was modified from that
described by Zhao et al.36 Specifically, at the end of exposure
to nano-Cu, the cucumber seedlings were removed from the
magenta box, and the roots were washed thoroughly with DI
water. The seedlings were then incubated in a new magenta box
containing 100 mL of autoclaved 0.1 mM CaCl2 solution for 4
h for root exudate collection. The solution was aerated
continuously during the 4-h period of collection. After 4 h,
the 0.1 mM CaCl2 solution, which then contained the secreted
metabolites, was filtered immediately using a syringe filter
(0.45-μm) to remove all the microorganisms. The filtrate was
immediately freeze-dried under a vacuum system to obtain the
powdered root exudate.

NMR Sample Preparation. The leaves of cucumber plants
exposed to different levels of nano-Cu were collected after day
seven. The leaves’ tissues were immediately frozen using liquid
nitrogen, ground, and then freeze-dried for 2 days using a
lyophilizer (Labconco, MO, USA). The extraction method by
Kim et al.37 was followed. Specifically, 50 mg of the frozen dried
leaf tissues was mixed with 0.75 mL of CD3OD and 0.75 mL of
KH2PO4 buffer in D2O (pH 6.0) containing 0.1% TSP (w/w).
The mixture was vortexed for 1 min, and ultrasonicated for 20
min at room temperature. After sonication, the mixture was
centrifuged for 15 min. The entire 0.8 mL of supernatant was
transferred to a 5-mm NMR tube. Extraction of the freeze-dried
root exudate samples followed the same method.

NMR Analysis and Data Processing. The 1H NMR
spectra of cucumber leaf extracts and root exudates were
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measured on a Bruker AVANCE III 800 MHz SB NMR
Spectrometer. Specifically, one-dimensional (1D) 1H NMR
spectra of leaf extracts and root exudates were obtained using a
14.5-μs 90° pulse, 3-s relaxation delay, 20-ppm spectral width,
and 2-s acquisition time, with 200 transients of 64k data points
collected over a 16-min data accumulation time. The residual
water signal was suppressed with presaturation during the
relaxation delay. The resulting spectra were phase and baseline
corrected and then chemical shift was calibrated using the
Bruker Topspin 3.1 software.
The 1D NMR spectra were converted to an appropriate

format for multivariate analysis using MNOVA (Version 10,
Mestrelab Research, S.L). For NMR data, the chemical shift
region of significance between 0.5 and 10.0 ppm was divided
into small bins of equal width (0.04 ppm bin size) with the
region from 4.7 to 4.85 ppm excluded to eliminate the small
residual signal from water. Finally, about 240 buckets were
generated for each sample. Principal components analyses
(PCA) of the binned NMR data were conducted with the PCA
module of MNOVA. For the bins with significant changes
across a given set of samples, the responsible metabolites were
identified with Chenomx NMR Suite 7.0 (Chenomx Inc.).
Statistical Analyses of Other Data. For the assay of

biomass, Cu concentration, and mineral nutrient concentration,
significant differences between treatment means were evaluated
by one-way ANOVA followed by Tukey-Kramer posthoc tests,
performed by SPSS. The effects of nano-Cu treatment were
considered statistically significant when p < 0.05. Data are
presented as mean ± standard errors (n = 4).
Gas Chromatography-Mass Spectrometry (GC-MS)

Analysis of Root Exudates. The freeze-dried root exudate
samples were subjected to gas chromatography time-of-flight
mass spectrometer-mass spectrometry (GC-TOF-MS) analysis
at the Genome Center Core Services, University of California
Davis, to identify the metabolites. Description of the instru-
ment has been reported previously.38 The sample extraction
method and chromatography sample preparation were
previously reported by Fiehn et al.39

■ RESULTS AND DISCUSSION

Impact of Nano-Cu on Cucumber Growth. After 7 days
exposure to 10 and 20 mg/L of nano-Cu, cucumber plants
exhibited significant decrease in root length compared to the
control. Exposure to 10 and 20 mg/L of nano-Cu also resulted
in root biomass reduction by 11.7% and 30.2%, respectively
(Supporting Information Figure S1), but only the effect at 20
mg/L was statistically significant (p ≤ 0.05). Similar results
have been reported in zucchini, squash, wheat, lettuce, and
alfalfa.10,11,40,41 Stampoulis et al.40 observed reduced root
elongation of zucchini seeds after exposure to 1000 mg/L Cu
NPs. Musante and White reported that exposure to Cu NPs at
100 and 500 mg/L resulted in significant biomass reduction of
squash.41 Lee et al. also found Cu NPs at 200 mg/L affected
wheat root elongation.10 More recently, Hong et al.11 reported
that Cu NPs at a concentration of 20 mg/L significantly
reduced the root length of alfalfa and lettuce. It has been
reported that copper toxicity results from inhibition or
activation of some enzymes in the root zone.42 For instance,
Kennedy and Gonsalves reported Cu inhibited ATPase activity
in the plasma membrane of Zea mays roots.43 Previous studies
showed copper toxicity triggered oxidative damage and
increased the antioxidative enzymes.44−46

Compared to the roots, nano-Cu had no statistically
significant impact on stem and leaf biomass. This is consistent
with previous reports that roots are the most vulnerable organ
under nano-Cu stress.10,47,48 Lee et al. reported that nano-Cu at
200 mg/L affected the root length of wheat, while the threshold
to induce shoot length reduction was 800 mg/L. CuSO4 was
observed to inhibit root growth but not shoot growth in rice
seedlings.47 Fernandes and Henriques48 attributed the differ-
ential effect of Cu on root and shoot growth to the fact that Cu
is mainly bioaccumulated in roots compared to shoots.
However, Hong et al. demonstrated that the Cu toxicity is a
species-specific response.11 They showed that although the Cu
concentration was high in alfalfa shoots, compared to lettuce,
there was no shoot length reduction.11

Cu Uptake and Translocation. In all tissues including
root, stem, and leaves, Cu concentration in plants treated with
10 and 20 mg/L of nano-Cu were significantly higher than that
in the control (Figure 1). This indicates that copper (in either
form) was taken up by and transported from root to stem and
leaves within 7 days. The distribution patterns of Cu in

Figure 1. Cu bioaccumulation in tissues of cucumber plants exposed
to nano-Cu at different concentrations (0, 10, and 20 mg/L) for 7 days
in hydroponic media. All data show the mean of a total of four
replicates (nine plants per replicate). Error bars represent standard
deviation. Different letters stand for statistical differences at p ≤ 0.05
(Tukey’s HSD multiple comparison at p ≤ 0.05).
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different tissues in both control and nano-Cu treated plants are
similar: Cu was predominant in roots (89−92%), followed by
stems (8−11%), and leaves (0.2−0.5%). This indicates that Cu
was sequestered primarily in the root compartment, and only a
small percentage was transported to upper tissues. This is
consistent with previous reports showing that Cu is located
primarily in roots of alfalfa and lettuce.11

It is interesting to note that the stem/root translocation
factors (Cu in stems/Cu in roots) have the tendency to
increase with increasing nano-Cu concentration, while the leaf/
stem translocation factors (Cu in leaves/Cu in stems) decrease
(Figure S2). This indicates cucumber plants tend to retain/
sequester more Cu in their stems. The mechanism underlying
this phenomenon is complex, and still unclear. We hypothesize
that this is a detoxification or active protective process for the
plants to avoid damage to the more vulnerable tissue of roots
and leaves. It has been shown that copper in xylem sap is
almost 100% bound to amino acids.49−52 The stem may secret
more ligands, e.g., carboxyl and amino groups, organic acids,
glutathione, cysteine, to complex or chelate with Cu when it is
in excess.53 Liao et al.52 showed evidence that more than 99.6%
of total Cu in the xylem sap of tomato plants was in a
complexed form, with the xylem sap producing amino acids to
chelate Cu and hinder its translocation to leaves. These findings
with Cu are consistent with previous reports that plants are able
to minimize the adverse effects of excess metals by regulating
their distribution and translocation within their organs or
cells.53,54

Effects of Nano-Cu on Mineral Nutrient Metabolism.
As shown in Table 1, in the presence of nano-Cu, nutrient
elements were markedly affected. The concentrations of Na, P,
S, K, Mo, and Zn decreased in all cucumber tissues in exposed
plants. Except K in roots (p = 0.073) and leaves (p = 0.087),
and Na in leaves (p = 0.168), all the decreases were statistically
significant (p ≤ 0.05). In addition, nano-Cu decreased Fe and
Mg uptake in roots, but not in stems and leaves. Reduced
uptake of P, S, and Fe in lettuce and alfalfa by nano-Cu was also
observed in hydroponic systems.11 Because the applied nano-
Cu concentrations in the two studies are similar, cucumber
seems to be more sensitive to nano-Cu than lettuce or alfalfa,
probably because of its higher transpiration rate that carries
more Cu to plant cells. Our previous study showed that nCeO2

and nZnO NPs decreased Cu and Mo content in cucumber
fruits; however, neither nCeO2 nor nZnO affected mineral
element accumulation in corn cobs.12,13

The decrease of K concentration in all tissues may be the
result of leakage mediated by ion channels. Murphy
demonstrated that Cu promotes K+ efflux rather than inhibiting
K+ uptake in Arabidopsis seedlings.31 Several studies have
shown that iron uptake is decreased by excess Cu.55−57 Hong et
al. also found nano-Cu significantly decreased Fe uptake in
lettuce. Waters and Armbrust58 found that high Cu supply
inhibited the activity of ferric reductase, which is an indicator of
Fe demand. This led to decreased demand for Fe by the plant,
which subsequently led to less Fe accumulation.
Decreased P is due to the formation of Cu−phosphate

complexes at the root surface.59 However, some studies11,60

showed the up-regulation of S in the presence of nano-Cu or
other stressors, which is quite different from our finding. It is
possible that nano-Cu damages the root cell membrane and
leads to leakage of many ions. These elements participate in
respiration and photosynthesis and in some enzyme system
functions. The decrease of these minerals may lead to other T
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metabolic changes. For example, Cu-induced Fe deficiency can
contribute to decreased leaf chlorophyll content and reduced
photosynthesis.61 Reichman42 reported that the chlorotic
symptoms on young leaves of plant experiencing Cu toxicity
could be an induced Fe-deficiency.
Effect of Nano-Cu on Overall Metabolic Profile of

Cucumber Leaves. Principal component analysis (PCA) was
performed as a first step to provide a general overview of
trends, grouping, and outliers in the 1H NMR data.14,16,19 PCA
of the metabolomics data set extracted from 12 cucumber leaf
samples produced three principal components (PCs) which
explained more than 66.9% of the total variance (PC1, PC2,
and PC3 explained 34.1%, 18.8%, and 14.0%, respectively). The
score plots from PC1 and PC2 reflect that leaf tissues from the
control and nano-Cu treated plants were clearly separated from
each other by PC2 (Figure S3) reflecting differences in
metabolic profiles. However, no difference was found between
10 and 20 ppm treatments, indicating that nano-Cu at either
level changed the pattern of metabolites in cucumber leaves.
The PCA loading plot identified the regions of the NMR

spectra that contribute to the observed differences in PC scores.
Further, bins with high weighting score were selected and
subjected to one-way ANOVA to identify metabolites
significantly regulated due to nano-Cu stress. A total of 25
bins were found to be significantly altered in cucumber leaves in
response to nano-Cu exposure (p-value ≤0.05) (data not
shown).
Identification of Metabolites and Metabolite Path-

ways Altered by Nano-Cu. In total, 22 metabolites were
identified as significantly altered using Chenomx (Table 2).
Most of the altered metabolites are secondary metabolites.
Among the five up-regulated metabolites, 4-aminobutyrate
(GABA), acetylglucosamine, and phenyllactate have previously
been shown to be related to stress response. GABA is a
nonprotein amino acid. In plants there are numerous
observations of a rapid accumulation of GABA in response to
biotic and abiotic stress.62−64 Zulak reported that GABA levels
were rapidly increased in elicitor-treated opium poppy cell
cultures.65 Acetylglucosamine, an amino-sugar, plays an
important role in cell signaling. It has been reported that
inflammation induced by bacterial infection can result in
increased release of amino sugars from mammalian host cells.66

Phenyllactate and p-hydroxyphenyllactate were found to
decrease ROS production in both mitochondria and
neutrophils.67

Those metabolites were further analyzed with MetaboAnaylst
2.0 (http://www.metaboanalyst.ca/MetaboAnalyst/) to identi-
fy the major perturbed metabolic pathways induced by nano-
Cu. The pathway impact value threshold was set as 0.1.49

Results showed that none of the pathways were disturbed by
nano-Cu in cucumber leaves.
Root Exudate Metabolomics Analysis. Extracts of root

exudate from control and nano-Cu treated plants were analyzed
by 1H NMR followed by PCA analysis. PCA analysis revealed
clear separation in the root exudate metabolomics profiles
collected from control and nano-Cu treated cucumber plants
along PC1 (Figure S4). The PCA loadings identify the regions
of NMR spectra that contribute to the differences in PC1
(Figure S5 A−C). In the region of organic acids (δ 3.00−0.00),
a number of bin areas increased in the presence of nano-Cu,
indicating nano-Cu and released Cu2+ increased the level of a
number of amino acids or organic acids (Figure S5 A). The
aromatic region (δ 10.00−6.00) comprises many characteristic

signals of secondary metabolites,37 which play a crucial role in
plant defense to environmental stress.68 As shown in Figure S5
C, nano-Cu/Cu ions altered the pattern of some secondary
metabolites. We further identified those bins to corresponding
compounds. However, due to the extremely low concentration
and high baseline, it was difficult to link those bin areas to
specific compounds using the Chenomx NMR Suite. Thus,
GC-MS was used for identification and quantification. A total of
156 metabolites in root exudates were identified by GC-MS.
To visualize the general differences between control and

nano-Cu treated plants, the 156 identified metabolites were
normalized and analyzed by Partial Least Squares Discriminant
Analysis (PLS-DA) using online resources,69 which is a
supervised clustering method to maximize the separation
between groups. The score plot (Figure 2) shows that
cucumber root exudate exposed to different concentrations of
nano-Cu are clearly separated along the first principal axis
(PC1), which explained 30.4% of the total variability. This
indicates nano-Cu considerably altered the metabolic profiles of
cucumber root exudate, which is consistent with the NMR data.
Using parameters of variable importance in projection (VIP)
score,70 a total of 56 metabolites were found to be responsible
for this separation (data not shown). For the metabolites of

Table 2. Discriminating Metabolites of Control and Nano-
Copper Treated Cucumber Leaves

Up-Regulated Metabolites

metabolite classification pathway

4-aminobutyrate
(GABA)

amino acids alanine, aspartate and glutamate
metabolism

acetylglucosamine amides amino sugar and nucleotide sugar
metabolism

3-phenyllactate aromatics phenylalanine and tyrosine
metabolism

nicotinurate amido acids,
aromatics

tryptophan metabolism

glutaric acid
monomethyl ester

carboxylic acids food components

Down-Regulated Metabolites

metabolite classification pathway

N-
carbamoylaspartate

amido acids pyrimidine metabolism

desaminotyrosine carboxylic acids,
phenols

phenylalanine and tyrosine
metabolism

N-acetyltyrosine amido acids, phenols phenylalanine and tyrosine
metabolism

N-carbamoyl-beta-
alanine

amides pyrimidine metabolism

thymidine nucleotides and
nucleosides

pyrimidine metabolism

cytidine nucleotides and
nucleosides

pyrimidine metabolism
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interest, hierarchical clusters analysis (HCA) was performed by
grouping the samples into clusters based on the similarity of
their metabolite abundance profiles. Figure 3 presents the
resulting heat map for the selected metabolites, which indicates
that some metabolites, including lysine, threonine, phenyl-
alanine, glycine, serine, proline, isoleucine, alanine, valine,
leucine, beta-alanine, 4-hydroxybenzoate, benzoic acid, 2-
hydroxyvaleric acid, pelargonic acid, salicylic acid, lactic acid,
were up-regulated by nano-Cu. However, some metabolites
were down-regulated by nano-Cu, including parabanic acid, 3-
(4-hydroxyphenyl) propionic acid, N-acetylmannosamine,
erythritol, pimelic acid, dehydroascorbic acid, N-acetyl-D-
galactosamine, fructose-6-phosphate, hexonic acid, vanillic
acid, and citric acid. In the following section, we categorized
those metabolites into five groups: amino acids, organic acids,
fatty acid, phenolic and other compounds, and discuss them
separately.
Amino Acids. Eleven amino acids, including Alanine (Ala),

beta alanine (β-Ala), Glycine (Gly), Isoline (Ile), Leucine
(Leu), Lysine (Lys), Phenylalanine (Phe), Proline (Pro), Serine
(Ser), Threonine (Thr), and Valine (Val), were significantly
up-regulated in response to nano-Cu in a dose-dependent way
(Figure 3 and Figure S6). The increased exudation of amino
acids is likely an active defense response of the cucumber plant.
The up-regulated amino acids can provide many binding sites
for copper, hindering the translocation from the root cell
membrane. Previous studies showed that amino acids play an

important role in chelating Cu2+.52,71 It is reported that amino
acid complexes formed with other metals, e.g. Ni, are much
more stable than those with carboxylic acids.72 Cu in the roots
of Cu-tolerant A. maritima exists as a Cu−proline complex.73

EXAFS spectra demonstrated Cu(II) complexation with the
nonproteogenic amino acid nicotianamine, which shows very
high affinity for Cu(II).74 Kupper et al. assumed that plants
keep dissolved metals out of the cytoplasm and sequester/
complex them into the vacuole or cell wall.75,76 The up-
regulated amino acids may also reflect an attempt by the
cucumber plants to sequester Cu in stems. Although stem
metabolites were not analyzed, it is possible that amino acids
are also secreted in the xylem sap to bind with Cu2+ in the
transpiration stream. It is reported that more than 99% Cu in
tomato and chicory xylem sap was in a bound form with
histidine (His) and nicotianamine (NA).52 Amino acids in root
exudate not only bind metals, but also serve as signaling
molecules and have an antioxidant defense function.71

If the upregulation of these amino acids is an active defense
of cucumber plant to excess nano-Cu/Cu ions, the increased
amino acids possibly will decrease the uptake of Cu by
cucumber plants. In order to verify this hypothesis, two-week-
old cucumber plants were cultivated in 20 mg/L nano-Cu
nutrient solution with different levels of Ser for 48 h.
Interestingly, Cu accumulation in roots decreased with
increasing Ser concentration, even though the free Cu ions in
nutrient solution were much higher in the presence of Ser

Figure 2. Scores plot (PC1 vs PC2) of partial least-squares-discriminant analysis (PLS-DA) of metabolites in cucumber root exudates. Two-week-old
cucumber plants were exposed to different concentrations of nano-Cu (0, 10, 20 mg/L) for 1 week. Root exudates were collected for 4 h at the end
of nano-Cu exposure and analyzed by GC-TOF-MS.
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(Figure 4). After the plants were removed, the pH in nutrient
solutions was determined. As shown in Figure 5, the pH
decreased from 6.37 to 6.01 as the Ser concentration increased

from 0 to 25 mM, which may explain why more Cu ions were
released in the presence of Ser (nano-Cu with different
concentrations of Ser) compared to the control (only nano-
Cu). Those results strongly indicate that amino acids are
possibly released to detoxify nano-Cu by binding with Cu ions.
However, we cannot rule out the possibility that up-regulation
of some amino acids was due to membrane damage, which
caused the leakage.

Organic Acids. Organic acids are strong cation chelators,
which play an important role in facilitating mineral element
uptake and sequester or exclude toxic metals. Several studies
have shown that citric, oxalic, and succinic acids are involved in
the detoxification of various dissolved metals.77−80 GC-MS
results showed citric, succinic, malic, and fumaric acids were the
most abundant low molecular weight organic acids in cucumber
root exudates, which is consistent with previous reports on
organic acid composition in cucumber root exudates.81,82

Surprisingly, patterns of succinic, malic, and fumaric acids were
not changed by nano-Cu (data not shown), which indicates
those organic acids did not respond to Cu stress. In contrast,
citric acid, the most abundant organic acid, was down-regulated
by nano-Cu (Figure 3). Citric acid in root exudate decreased
5× at 10 ppm nano-Cu and 60× at 20 ppm in treated cucumber
plants compared to the control. It is known that organic acids
play an important role in restricting the passage of metals across
the root, due to their strong affinity to form stable extracellular
complexes with Cu, Al, and Cd.78,80 Other reports showed
organic acids in the rhizosphere help solubilize minerals and
facilitate their uptake by the plant.23 Citric acid has been shown
to assist copper uptake in a moderate-accumulator plant
(Brassica napus L.).83 The down-regulation of citric acid is
possibly an active process to decrease the dissolution, uptake,
and translocation of Cu into cucumber tissues, or it could
represent a shift in metabolism in the tricarboxylic acid cycle
(TCA cycle).
As mentioned before, citric acid can play a dual role: it can

either mobilize metals to accelerate uptake in plants that are
deficient in some elements,23 or it can complex with metals to
hinder their translocation.78,80 In this study, we hypothesized
that citric acid played a role in mobilizing Cu ions release from
nano-Cu, increasing Cu accumulation in cucumber plants. To
confirm this hypothesis, we conducted an additional experiment
in which we exposed cucumber plants to 20 mg/L nano-Cu at
different concentrations of citric acid (details shown in

Figure 3. Heat map generated by hierarchical cluster analysis of GC-
MS data of root exudate. Centroid method and Euclidean distance
were used for clustering analysis. GC-MS data was log2 transformed
and row scaled prior to cluster analysis. Red rectangles indicate a
significant decrease in metabolite content, and green rectangles
represent a significant increase in metabolite content. The dendro-
grams reveal the relationships between the different treatments
(control, 10 ppm nano-Cu, 20 ppm nano-Cu) based on their
metabolites abundance levels. The four control samples were clearly
separated from nano-Cu treatments. Two nano-Cu treatments were
mixed together indicating similar changes of metabolites after
treatment. Two nano-Cu samples at 20 ppm were clustered together
and showed larger changes for those metabolites that responded to the
nano-Cu treatment. Metabolites with similar abundance patterns are
also clustered together horizontally and practically formed two big
clusters coresponding to up-regulated and down-regulated metabolites.

Figure 4. Cu uptake in cucumber tissues and nutrient solution. The
black dots represent the Cu concentrations in the nutrient solution at
harvest. Two-week-old cucumber seelings were cultivated in half
strengh Hogland nutrient solution containing 20 mg/L nano-Cu with
different levels of serine (0, 6.25, 12.5, and 25 mM) for 48 h. At
harvest, the Cu concentrations in plant tissues and remaining
hydroponic solution were analyzed by ICP-MS.

Figure 5. pH in hydroponic solutions in which two-week-old
cucumber plants were exposed to 20 mg/L nano-Cu (CNT =
control) and different levels of serine (CNT = 0, L = 6.25, M = 12.5,
and H = 25 mM).
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Supporting Information). We found that the pH of the
hydroponic system decreased from 6.37 (20 mg/L nano-Cu
without citric acid) to 5.28 (20 mg/L nano-Cu with 6.25 mM
citric acid). This decrease in pH led to increased dissolved Cu
ions to concentrations that were 8 times higher than that in the
control (20 mg/L nano-Cu without citric acid) (Figure S7A
and B). This result indicates that citric acid has a strong ability
to dissolve nano-Cu by decreasing the system pH. Therefore, it
is not surprising that Cu levels in cucumber plants grown in 20
mg/L nano-Cu in the presence of 6.25 mM citric acid were 4
times higher than that in plants grown in 20 ppm nano-Cu
without additional citric acid (Figure S7C). However, it is
noteworthy that citric acid at this concentration may damage
biological membranes and lead to passive uptake of Cu through
leaky membranes. At least, these additional experiments
demonstrate that citric acid increased nano-Cu dissolution in
cucumber plants. Taken together, the up-regulation of amino
acids and down-regulation of citric acid are likely plant
strategies to hinder the uptake of Cu and detoxify the Cu
toxicity.
Fatty Acids. The release of fatty acids from the membrane

is involved in plant tolerance to biotic and abiotic stresses.84−87

Pelargonic acid was up-regulated in root exudates after
exposure to nano-Cu (Figure 3). Pelargonic acid is a natural
nonselective herbicide, which can disrupt intercellular pH and
membrane integrity causing rapid cell death.88 Evidence has
shown that pelargonic acid participates in stress response and
can be an indicator of root membrane damage.89,90 The
increased pelargonic acids in nano-Cu treated root exudates
may be an indicator of membrane damage. Copper also
interferes with fatty acid metabolism.91

Phenolic Compounds. Phenolics are secondary metabo-
lites with an important role in stress response.92 The
concentrations of salicylic and benzoic acids were up-regulated
in the presence of nano-Cu/Cu, especially salicylic acid (Figure
3). Both compounds are reported to have antioxidant and
antifungal activities and play a crucial role in plant defense
against a variety of biotic and abiotic stressors.93,94 The
concentrations of salicylic acid in root exudate of 10 and 20
ppm nano-Cu treated plants were 13 and 26 times higher than
that in the control. It is reported that salicylic acid serves as an
internal signaling molecule in the activation of plant defense
after pathogen attack.95 Previous studies also suggested salicylic
acid treatment significantly reduced malondialdehyde (MDA)
and H2O2 concentrations in the roots and leaves of rice (Oryza
sativa L.) under Cu stress, therefore alleviating Cu toxicity.96 In
addition, 4-hydroxybenzoate, a phenolic derivative of benzoic
acid, which is a secondary metabolite and also plays a key role
in stress response, was up-regulated by exposure to nano-Cu.
The up-regulation of these three phenolics is possibly a self-
protection mechanism of cucumber to nano-Cu exposure at
these levels.
Other Down-Regulated Metabolites. As shown in Figure

3, most of the down-regulated compounds are sugar-related
metabolites, which might explain why citric acid exudation
decreased as it was preserved for the TCA cycle. It is interesting
to find that the level of dehydroascorbic acid (DHA) in nano-
Cu treated root exudates is apparently down-regulated (Figure
3). DHA is known to participate in the plant defense against
oxidative stress,97 and it is also an oxidized form of ascorbic
acid. Dehydroascorbate is an intermediate product of the
reaction between ascorbic acid and ROS, and can be oxidized to
threonic acid. Thus, the down-regulation of DHA is an

indicator that ROS was triggered by nano-Cu in the
rhizosphere and a response to oxidative stress occurred. It is
possible that the membrane damage occurred due to lipid
peroxidation induced by ROS.

Environmental Implications. Because the nutritional
sources of microbes in the rhizosphere come from root
exudates,98 the altered pattern of amino acids, carboxylic acids,
phenolics, and sugar metabolites may possibly affect microbial
activities and communities in the rhizosphere. Yuan et al.99

revealed that n-CeO2 did not affect soil bacterial communities
in the absence of soybean plants, but did affect them in the
presence of soybean plants, likely through the change of
quantity and composition of root exudates. Our results indicate
that nano-Cu altered the metabolite profile in cucumber root
exudates, and this change may alter the mutually beneficial
feedback interactions between plant and microbes in the
rhizosphere.
Root exudate as a hidden part of plant defense system, has

been neglected or underestimated in previous studies
investigating plant-related nanotoxicity. In this study, the
profiling analysis of root exudate metabolites revealed
important detoxification mechanisms of cucumber plants to
nano-Cu induced stress. In addition, 1H NMR and GC-MS
based metabolomics provided a comprehensive understanding
of the changes in metabolites induced by exposure to nano-Cu,
and this powerful combination of analytical techniques may be
very useful in revealing effects of other NPs on different plant
tissues, even at sublethal NP concentrations. The findings
reflect the situation in hydroponic media, which is quite
relevant for cucumber production in many parts of the world.
However, the results may be different in soil media. Further
studies are clearly needed to elucidate the contribution of
membrane damage to up-regulated metabolites in root exudate.
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Excess copper predisposes photosystem II to photoinhibition in vivo
by outcompeting iron and causing decrease in leaf chlorophyll. Plant
Physiol. 2002, 129 (3), 1359−1367.
(62) Shelp, B. J.; Bown, A. W.; McLean, M. D. Metabolism and
functions of gamma-aminobutyric acid. Trends Plant Sci. 1999, 4 (11),
446−452.
(63) Bouche, N.; Fromm, H. GABA in plants: just a metabolite?
Trends Plant Sci. 2004, 9 (3), 110−115.
(64) Roberts, M. R. Does GABA Act as a Signal in Plants? Hints from
Molecular Studies: Hints from Molecular Studies. Plant Signaling
Behav. 2007, 2 (5), 408−409.
(65) Zulak, K. G.; Weljie, A. M.; Vogel, H. J.; Facchini, P. J.
Quantitative 1H NMR metabolomics reveals extensive metabolic
reprogramming of primary and secondary metabolism in elicitor-
treated opium poppy cell cultures. BMC Plant Biol. 2008, 8 (1), 5.
(66) Sohanpal, B. K.; El-Labany, S.; Lahooti, M.; Plumbridge, J. A.;
Blomfield, I. C. Integrated regulatory responses of fimB to N-
acetylneuraminic (sialic) acid and GlcNAc in Escherichia coli K-12.
Proc. Natl. Acad. Sci. U. S. A. 2004, 101 (46), 16322−16327.
(67) Beloborodova, N.; Bairamov, I.; Olenin, A.; Shubina, V.;
Teplova, V.; Fedotcheva, N. Effect of phenolic acids of microbial origin
on production of reactive oxygen species in mitochondria and
neutrophils. J. Biomed. Sci. 2012, 19, 89.
(68) Akula, R.; Ravishankar, G. A. Influence of abiotic stress signals
on secondary metabolites in plants. Plant Signaling Behav. 2011, 6
(11), 1720−1731.
(69) MetaboAnalyst 3.0: A Comprehensive Tool Suite for Metabolomic
Data Analysis. http://www.metaboanalyst.ca/.
(70) Xia, J.; Wishart, D. S. MSEA: a web-based tool to identify
biologically meaningful patterns in quantitative metabolomic data.
Nucleic Acids Res. 2010, 38, W71−W77.
(71) Sharma, S. S.; Dietz, K. J. The significance of amino acids and
amino acid-derived molecules in plant responses and adaptation to
heavy metal stress. J. Exp. Bot. 2006, 57 (4), 711−726.
(72) Homer, F.; Reeves, R.; Brooks, R. The possible involvement of
aminoacids in nickel chelation in some nickel-accumulating plants.
Curr. Top. Phytochem 1997, 14, 31−33.
(73) Farago, M.; Mullen, W. Plants which accumulate metals. Part IV.
A possible copper-proline complex from the roots of Armeria
maritima. Inorg. Chim. Acta 1979, 32, L93−L94.
(74) Mijovilovich, A.; Leitenmaier, B.; Meyer-Klaucke, W.; Kroneck,
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