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Comparative physiological and metabolomic 
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Abstract 

Background: Heavy metals repress tobacco growth and quality, and engineered nanomaterials have been used 
for sustainable agriculture. However, the underlying mechanism of nanoparticle-mediated cadmium (Cd) toxicity in 
tobacco remains elusive.

Results: Herein, we investigated the effects of  Fe3O4 and ZnO nanoparticles (NPs) on Cd stress in tobacco cultivar 
‘Yunyan 87’ (Nicotiana tabacum). Cd severely repressed tobacco growth, whereas foliar spraying with  Fe3O4 and ZnO 
NPs promoted plant growth, as indicated by enhancing plant height, root length, shoot and root fresh weight under 
Cd toxicity. Moreover,  Fe3O4 and ZnO NPs increased, including Zn, K and Mn contents, in the roots and/or leaves and 
facilitated seedling growth under Cd stress. Metabolomics analysis showed that 150 and 76 metabolites were differ-
entially accumulated in roots and leaves under Cd stress, respectively. These metabolites were significantly enriched 
in the biosynthesis of amino acids, nicotinate and nicotinamide metabolism, arginine and proline metabolism, and 
flavone and flavonol biosynthesis. Interestingly,  Fe3O4 and ZnO NPs restored 50% and 47% in the roots, while they 
restored 70% and 63% in the leaves to normal levels, thereby facilitating plant growth. Correlation analysis further 
indicated that these metabolites, including proline, 6-hydroxynicotinic acid, farrerol and quercetin-3-O-sophoroside, 
were significantly correlated with plant growth.

Conclusions: These results collectively indicate that metal nanoparticles can serve as plant growth regulators and 
provide insights into using them for improving crops in heavy metal-contaminated areas.
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Background
Toxic heavy metals have been attracted public attention 
for their significant environmental and human health 
threat [1, 2]. In addition, they severely affect plant 
growth, quality, and yield [3]. Therefore, plants have 
adopted efficient strategies incorporating accumulation 
and non-accumulation mechanisms to detoxify heavy 
metals over long-term evolution [4, 5]. Phytochelatins 
and sequestration in vacuoles are among the most prev-
alent ways to reduce toxic metal translocation [6, 7]. 
However, anthropogenic activities have increased envi-
ronmental pollution problems. Therefore, it becomes 
urgent to cope with toxic heavy metals in crops.

Nanotechnology has been extensively used in indus-
try, agriculture, and the environment [8–11]. However, 
engineered nanomaterials (EMs) negatively or posi-
tively affect plant growth and development attributed 
to their physiochemical properties, application, and 
concentrations. In particular, nano-based materials 
show great potential in crop improvement under heavy 
metals [12–15].

Iron-based nanomaterials, widely used as adsor-
bents to remove heavy metals from sewage and sludge, 
have recently attracted extensive attention [14, 16, 17]. 
Li et  al. [18] observed that γ-Fe2O3 NPs affected corn 
seed germination and antioxidant activity. In addition, 
nano-Fe2O3 acted as nanofertilizers to promote plant 
growth and enhance photosynthetic efficiency [19, 
20]. On the other hand,  Fe3O4 NPs caused more sig-
nificant oxidative damage than bulked  Fe3O4 in plants 
[21]. Iron-based nanomaterials also showed promising 
applications for protecting plants against abiotic stress. 
Nano-Fe3O4  alleviated the effects of Cd on growth 

and yield parameters [22], and they also decreased Cd-
induced growth inhibition by modulating antioxidant 
capacity [23, 24].

Zinc oxide nanoparticles (ZnO NPs) exert positive, 
negative, or neutral effects on plants [25, 26]. Controver-
sial results have demonstrated different effects of ZnO 
NPs and zinc ions  (Zn2+) on plants. The ZnO NPs toxic-
ity is attributed to NPs themselves or released excess ions 
from NPs [27, 28]. However, studies have also indicated 
that ZnO NPs and  Zn2+ toxicity are significantly differ-
ent [29, 30]. Although ZnO NPs show a more substantial 
inhibitory effect on plant growth at a lower dosage than 
 Zn2+, ZnO NPs restore more rapid plant growth than 
 Zn2+ [30]. Moreover, studies have revealed the roles of 
ZnO NPs in stress responses in recent decades. ZnO NPs 
reprogram carbon/nitrogen and secondary metabolism, 
thus effectively relieving iron deficiency-induced chlo-
rosis and enhancing salt tolerance [31, 32]. Furthermore, 
ZnO NPs have been used to cope with heavy metals in 
plants. For example, Rizwan et al. [33] demonstrate that 
ZnO NPs can alleviate Cd toxicity in maize cultivated 
in contaminated soil. ZnO NPs also enable the poten-
tial to decrease Cd and arsenic accumulation in rice [34, 
35]. The mechanism of the ZnO NP-mediated response 
to heavy metals in tobacco is still worthy of further 
exploration.

Tobacco (Nicotiana tabacum L.), a commercially cul-
tivated model plant worldwide, has attracted extensive 
attention for its molecular regulation of flower colora-
tion [36, 37]. It has also drawn the interest of scientists 
due to its relative tolerance of Cd [38, 39], and genetic 
modification has been adopted to reduce Cd uptake by 
tobacco [40, 41]. Zhang et al. [42] show that Cd uptake, 
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sequestration, remobilization, and chelation ability differ 
in two contrasting tobacco species. The specific expres-
sion of ZIP genes mediated the accumulation of Zn and 
Cd in tobacco [43]. Fortunately, EMs play essential roles 
in suppressing Turnip mosaic virus infection in tobacco 
[44]. Alkhatib et  al. [45] demonstrate that  Fe3O4 NPs 
affect tobacco seed germination in size- and dosage-
dependent manners. However, little attention has been 
paid to EMs mediated tobacco response to heavy metals. 
Therefore, it is imperative to implement effective strate-
gies, including using iron- and zinc-based materials, for 
the sustainable development of the tobacco industry.

Using the tobacco cultivar ‘Yunyan 87’ (N. tabacum), 
we investigated the mechanisms of NP-mediated Cd tol-
erance in plants. Our results indicated that Cd inhibited 
the growth of tobacco seedlings. In addition, exogenous 
applications of  Fe3O4 and ZnO NPs affected nutrient 
element uptake. Subsequently, metabolomics analyses 
revealed the mechanism of  Fe3O4 NP- and ZnO NP-
mediated Cd toxicity tolerance in tobacco seedlings. 
This study suggests that metal nanoparticles may serve 
as plant growth regulators and provide new insight into 
using metal nanoparticles to improve crops in toxic 
metal-contaminated areas.

Results
Determination of  Fe3O4 and ZnO nanoparticles
The average hydrodynamic size and zeta potential for 
 Fe3O4 NPs were 637.87 ± 42.35  nm and 2.71 ± 0.08  mV, 
respectively (Additional file  1: Fig. S1), while the aver-
age hydrodynamic size and zeta potential for ZnO NPs 
were 278.23 ± 12.72  nm and 3.09 ± 0.71  mV, respec-
tively (Additional file  1: Fig. S1). We further analyzed 
the ions released from the NPs. The Fe or Zn contents 
of 50 mg·L−1  Fe3O4 NPs or ZnO NPs were 0.23 mg·L−1 
and 0.87 mg·L−1, respectively (Additional file 1: Fig. S2), 
indicating a relatively low concentration of ions released 
from the NPs.

Fe3O4 and ZnO NPs affect plant growth and mineral 
element accumulation in tobacco
We first determined the effects of Cd on tobacco seedling 
growth. We found that Cd treatment markedly induced 
growth inhibition in plant height, shoot FW, root length 
and FW (Fig.  1). To confirm whether  Fe3O4 and ZnO 
NPs played roles in mediating Cd response, we further 
applied foliar exposure to 50  mg·L−1  Fe3O4, ZnO NPs, 
and ion solutions to tobacco seedlings. The foliar appli-
cations of NPs and ions had no side effects on the plant 
height, shoot FW, root length and FW under untreated 
conditions (Fig. 1).

Compared with Cd-treated seedlings alone,  Fe3O4, 
ZnO NPs, and ions significantly promoted root growth 

and FW. Both  Fe3O4 and ZnO NPs enhanced plant 
growth, as indicated by higher plant height and shoot 
FW; however,  FeSO4 elevated plant height but had no 
effects on the shoot FW. Similarly,  ZnSO4 showed no 
noticeable promotion effects on the plant height and 
shoot FW (Fig. 1). These results suggested that moderate 
concentrations of NPs and ions played different roles in 
tobacco seedlings under Cd stress, and NPs were more 
efficient than ions.

Cd toxicity severely suppresses plant growth and ion 
balance, thus further disrupting plant metabolism and 
energy metabolism. We thus determined the elements 
in the leaves and roots. Cd treatment markedly reduced 
the contents of Fe, Mn and Zn but increased the Cu, Mg 
and K in the roots (Fig.  2a). Cd treatment also reduced 
the contents of Ca, Cu and Mn but increased Mg in the 
leaves (Fig. 2a). Under Cd stress, mineral element uptake 
and distribution were altered.  Fe3O4 NPs or  FeSO4 
increased Mg but reduced Fe, Mn and Zn in the roots and 
decreased Cu, Zn and K in the leaves. In addition, ZnO 
NPs or  ZnSO4 increased Cu, Mg and K but decreased 
Fe and Mn in the roots; however, they both increased 
Zn but reduced Ca, Cu and Mn in the leaves (Fig. 2a). In 
addition,  FeSO4 or  ZnSO4 decreased the Cd in the leaves, 
while ZnO NPs reduced it in the roots (Fig.  2b). These 
results showed that NPs and ions affected the balance of 
the element in tobacco seedlings.

Metabolomics profiling analysis
We examined differentially accumulated metabolites 
(DAMs) in the roots and leaves for the metabolomic 
profile. Compared to untreated conditions, metabolites 
in roots or leaves exposed to  Fe3O4, ZnO NPs,  FeSO4 
 ZnSO4, Cd toxicity, or their combinations presented a 
clear separation (Additional file 1: Figs. S3–5). This result 
indicated that Cd stress reprogrammed the metabolites, 
and NPs or ions altered the metabolites in the roots and 
leaves of untreated or Cd-exposed tobacco seedlings.

A total of 1013 and 890 metabolites were identi-
fied in tobacco roots and leaves, respectively. Then, a 
VIP ≥ 1 and P-value < 0.05 were set as the threshold of 
DAM characterization. As a result, 467 and 287 DAMs 
were identified in tobacco roots and leaves, respectively 
(Fig. 3a, Additional file 2: Table S1 and Additional file 3: 
Table S2). Among them, 131 DAMs were determined in 
both roots and leaves (Fig. 3, Additional file 2: Table S1 
and Additional file  3: Table  S2). Furthermore, several 
of the top 20 pathways, including arginine and proline 
metabolism, amino acid biosynthesis, nicotinate and 
nicotinamide metabolism, were significantly enriched in 
tobacco roots and leaves (Fig. 3d, e).



Page 4 of 22Zou et al. Journal of Nanobiotechnology          (2022) 20:302 

Under Cd stress, a total of 150 DAMs, including 
increases 132 and decreases 18  in tobacco roots, and 
76 DAMs, including increases 54 and decreases 22 in 
tobacco leaves, were identified (Cd/control) (Fig.  3a, 
Additional file 2: Table S1 and Additional file 3: Table S2).

Fe3O4 NPs increased 16 DAMs and decreased 24 DAMs 
in tobacco roots, while increased 26 DAMs and decreased 
19 DAMs in tobacco leaves (FeNP/control) (Fig.  3a, Addi-
tional file 2: Table S1 and Additional file 3: Table S2).  FeSO4 
increased 26 DAMs and decreased 14 DAMs in tobacco 
roots, while increased 26 DAMs and decreased 13 DAMs 
in tobacco leaves (Fe/control) (Fig.  3a, Additional file  2: 
Table S1 and Additional file 3: Table S2).

ZnO NPs increased 30 DAMs and decreased 22 
DAMs in tobacco roots, while increased 12 DAMs and 
decreased 17 DAMs in tobacco leaves (ZnNP/con-
trol) (Fig.  3a, Additional file  2: Table  S1 and Additional 
file 3: Table S2). On the other hand,  ZnSO4 increased 34 
DAMs and decreased 26 DAMs in tobacco roots, while 
increased 16 DAMs and decreased 17 DAMs in tobacco 
leaves (Zn/control) (Fig.  3a, Additional file  2: Table  S1 
and Additional file 3: Table S2).

Compared with Cd stress alone,  Fe3O4 NPs resulted 
in 37 DAMs, including increased 10 and decreased 27, 
and 48 DAMs, including increased 30 and decreased 18, 
in Cd-treated tobacco roots and leaves (FeNP_Cd/Cd), 

Fig. 1 Effects of  Fe3O4 and ZnO NPs on the growth of tobacco. Representative phenotypes of  Fe3O4 NPs (a) and ZnO NPs (b) supplemented with or 
without 5 μM Cd. c, d The plant height and shoot fresh weight of ‘Yunyan 87’ seedlings; e, f The root length and fresh weight of tobacco seedlings. 
FW, fresh weight. Bars = 5 cm. The results shown are the means ± SE (n = 3; 15 plants/treatment/replicate), and different letters show significantly 
different values (p < 0.05 according to Tukey’s test)
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respectively (Additional file  2: Table  S1 and Additional 
file  3: Table  S2). While  FeSO4 resulted in 46 DAMs (37 
showed increased levels and 9 showed decreased lev-
els) and 72 DAMs (53 showed increased levels and 19 
showed decreased levels) in the Cd-treated tobacco roots 
and leaves (Fe_Cd/Cd), respectively (Additional file  2: 
Table S1 and Additional file 3: Table S2).

ZnO NPs resulted in 50 DAMs, including increased 35 
and decreased 15, and 47 DAMs, including increased 32 
and decreased 15, in the Cd-treated tobacco roots and 

leaves (ZnNP_Cd/Cd), respectively (Additional file  2: 
Table  S1 and Additional file  3: Table  S2). On the other 
hand,  ZnSO4 resulted in 68 DAMs, including increased 
56 and decreased 12, and 64 DAMs, including increased 
45 and decreased 19, in the Cd-treated tobacco roots 
and leaves (Zn_Cd/Cd), respectively (Additional file  2: 
Table S1 and Additional file 3: Table S2).

To explore whether NPs or ions alter the metabolic 
response to Cd, we further identified the common 
metabolites in the Cd-treated tobacco roots and leaves 

Fig. 2 Effects of  Fe3O4 and ZnO NPs on nutrient element accumulation of tobacco. Heat maps showed the  log2FC value of the different treatments 
compared with the control (a). The violin plot showed  log2 Cd content under Cd stress conditions (b). The results shown are the means ± SE (n = 3; 
15 plants/treatment/replicate), and the different letters indicate significantly different values (P < 0.05 according to Tukey’s test). *Significantly 
different values at P < 0.05 according to a Student’s t-test
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Fig. 3 Differentially accumulated metabolites among various treatments. DAMs in roots and leaves under different treatments (a). Heat maps of the 
detected metabolites in the roots (b) and leaves (c), respectively. Top 20 enriched DAMs in the roots (d) and leaves (e)
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among treatments. KEGG pathway enrichment analysis 
indicated that several of the top 20 pathways, including 
arginine and proline metabolism, beta-alanine metabo-
lism, and metabolic pathways, were markedly enriched 
in tobacco roots and leaves (Figs.  4, 5). Alkaloids, 
amino acids and their derivatives, and flavonoids were 
among the most altered metabolites in the Cd-treated 
seedlings. Specifically, 10 alkaloids, 17 amino acids and 
their derivatives, and 16 flavonoids showed increased 

accumulation, whereas 3 alkaloids, 1 amino acid and 
its derivative, and 3 flavonoids showed decreased 
accumulation in roots; While 2 alkaloids, 5 amino 
acids and their derivatives, and 13 flavonoids showed 
increased accumulation, whereas 2 alkaloids and 1 fla-
vonoid showed decreased accumulation in the leaves 
of the Cd-treated seedlings (Figs. 4, 5, Additional file 4: 
Table  S3 and Additional file  5: Table  S4). Surprisingly, 
we found that NPs or ions recovered the Cd-responsive 

Fig. 4 Cd-induced differentially accumulated metabolites in the roots. The heat maps of Cd-induced DAMs content (Z-score value) in the roots 
among different treatments (a). Top 20 KEGG enrichment of DAMs (b). Sankey diagram of DAMs among various treatments compared with 
the control (c). The significant differentially accumulated alkaloids, flavonoids, amino acids and derivatives responses to Cd (d). Up upregulated 
metabolites; Down downregulated metabolites; and NS non-significant metabolites
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metabolites to normal levels in the Cd-treated tobacco 
roots and leaves (Figs.  4, 5, Additional file  4: Table  S3 
and Additional file  5: Table  S4). For example,  Fe3O4 
NPs restored 75 DAMs (including 8 alkaloids, 7 amino 
acids and their derivatives, 11 flavonoids) in the roots 
and 53 DAMs (including 4 alkaloids, 1 amino acid and 
its derivative, 9 flavonoids) in leaves to normal levels. 
In comparison,  FeSO4 restored 46 DAMs (including 
9 alkaloids, 4 amino acids and their derivatives, 9 fla-
vonoids) in the roots and 51 DAMs (including 3 alka-
loids, 3 amino acids and their derivatives, 8 flavonoids) 
in the leaves of Cd-treated tobacco seedlings to normal 

levels (Figs. 4, 5). ZnO NPs restored 70 DAMs (includ-
ing 8 alkaloids, 6 amino acids and their derivatives, 12 
flavonoids) in the roots and 48 DAM (including 3 alka-
loids, 3 amino acids and their derivatives, 6 flavonoids) 
in the leaves to normal levels. In comparison,  ZnSO4 
restored 57 DAMs (including 7 alkaloids, 3 amino acids 
and their derivatives, 9 flavonoids) in the roots and 45 
DAMs (including 4 alkaloids, 3 amino acids and their 
derivatives, 5 flavonoids) in the leaves of Cd-treated 
tobacco seedlings to normal levels (Figs.  4, 5). These 
results collectively indicate that NP-reprogrammed 
DAMs may have great potential in alleviating Cd stress 

Fig. 5 Cd-induced differentially accumulated metabolites in the leaves. The heat maps of Cd-induced DAMs content (Z-score value) in the 
leaves among different treatments (a). Top 20 KEGG enrichment of DAMs (b). Sankey diagram of DAMs among various treatments compared 
with the untreated control (c). The significant differentially accumulated alkaloids, flavonoids, amino acids and derivatives responses to Cd (d). Up 
upregulated metabolites; Down downregulated metabolites; and NS non-significant metabolites
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and further support the positive effects of NPs on 
growth under Cd stress.

Correlation analyses of DAMs and growth parameters 
of tobacco seedlings
The above results showed that NPs had greater efficiency 
in alleviating Cd stress, and DAMs profiling might cor-
relate with plant growth. To address this question, we 
then conducted Pearson correlation coefficient analyses 
between the mean values of DAMs and growth param-
eters (including the plant height, shoot FW, root length, 
and root FW). In the roots, a diterpenoid (sterebin A), 
phytohormone (indole-3-acetic acid), and quinone (shi-
konin) were positively correlated with the root length, 
whereas 3 alkaloids (napellonine, piperidine, and vasi-
cine), 10 amino acids and their derivatives (including 
L-theanine, L-threonine, proline), 4 terpenoids (includ-
ing cinnzeylanol, retinoic acid), and 2 phenylpropanoids 
(cinnamyl cinnamate and ferulic acid) negatively cor-
related with the root length (Fig.  6a, Additional file  6: 
Table  S5). A diterpenoid (sterebin A) and a flavonoid 
(hyperoside) were positively correlated with the root FW, 
whereas 5 amino acids and their derivatives (including 
proline, L-histidine, L-asparagine), 2 diterpenoids (cin-
nzeylanol and retinoic acid), a flavonoid (farrerol), and 2 
phenylpropanoids (cinnamyl cinnamate and ferulic acid) 
negatively correlated with the root FW (Fig.  6a, Addi-
tional file 6: Table S5).

An organic acid (phosphoric acid) and an alkaloid 
(denudatine) were positively correlated with the plant 
height and shoot FW in the leaves. In addition, a sesquit-
erpenoid (catalpalactone) and miscellaneous compound 
(torachrysone 8-O-glucoside) showed a positive correla-
tion with the plant height, while nicotinic acid showed 
a positive correlation with the shoot FW. However, 2 
amino acids and their derivatives (N6-acetyl-l-lysine, 
l-theanine), 6 flavonoids (including quercetin, isorham-
netin, isoquercitrin), and 2 terpenoids (kaurenoic acid 
and limonin) showed negative correlations with both 
the plant height and shoot FW (Fig. 6b, Additional file 7: 
Table S6). In addition, 5-oxoproline, 5 flavonoids (includ-
ing kaempferol-3-O-rutinoside, rutin, cynaroside), a dit-
erpenoid (kaurenoic acid), and other metabolites showed 
negative correlations with the shoot FW (Fig. 6b, Addi-
tional file 7: Table S6).

Further analysis revealed that several DAMs in the 
roots and leaves correlated with plant growth. As shown 
in Fig. 6, 2 amino acids and their derivatives (5-oxopro-
line and l-theanine), a carbohydrate (l-gulose), cinnamic 
acid and derivative (ethyl trans-p-methoxycinnamate), 
carboxylic acid and derivative (NG, NG-dimethylargi-
nine dihydrochloride), fatty acyl (kojibiose), and phenol 
(4,4′-methylenediphenol), showed negative correlations 
with plant growth parameters. In addition, phosphoric 
acid in the roots negatively correlated with the root 
length, whereas phosphoric acid in the leaves positively 
correlated with plant height and shoot FW (Fig.  6a, b, 

Fig. 6 Correlation analysis between growth parameters and differentially accumulated metabolites. The correlation network of DAMs in the roots 
with the root length and fresh weight (a). The correlation network of DAMs in the leaves with the plant height and shoot fresh weight (b). The red 
lines indicate positive correlations, and the gray lines indicate negative correlations. Different colored circles mark the different types of metabolites. 
FW fresh weight
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Additional file  8: Table  S7). These results imply that 
changed metabolite profiling is indeed responsible for 
plant growth. The comparison of varied DAMs among 
different treatments is described in detail below.

Root and leaf metabolic profiling under cadmium stress
Cd toxicity resulted in more metabolites in the roots 
(88%), but it suppressed higher metabolites in the leaves 
(29%) of Cd-treated tobacco seedlings (Fig. 3 and Addi-
tional file  1: Fig. S6, Additional file  2: Table  S1 and 
Additional file  3: Table  S2). In the roots, Cd treatment 
increased metabolites, including10 alkaloids, 17 amino 
acids and their derivatives, 16 flavonoids, 4 phenylpropa-
noids, and 11 phenols (Fig. 3, Additional file 2: Table S1), 
whereas it reduced metabolites including 3 alkaloids, 
beta-alanine, 3 flavonoids, and sterebin A (Fig.  3, Addi-
tional file  2: Table  S1). In addition, Cd stress increased 
a phytohormone, N-(-)-jasmonoyl)-S-isoleucine, and 5 
carbohydrates, including d-glucose 6-phosphate, sucrose, 
and D-maltose (Fig.  3, Additional file  2: Table  S1). By 
contrast, it decreased indole-3-acetic acid, a critical phy-
tohormone that regulates plant growth and development, 
and maltotetraose (Fig. 3, Additional file 2: Table S1).

Cd treatment increased metabolites in the leaves, 
including 2 alkaloids, 5 amino acids and their derivatives, 
13 flavonoids, and 2 phenylpropanoids (Fig. 3, Additional 
file  3: Table  S2). By comparison, it decreased metabo-
lites, including 2 alkaloids, 1 flavonoid, 2 phenylpropa-
noids, and 2 phenols (Fig. 3, Additional file 3: Table S2). 
Furthermore, Cd stress increased 2 carbohydrates, 
l-gulose and sucrose, and a phytohormone, (+)-abscisic 
acid (Fig.  3, Additional file  3: Table  S2); By contrast, it 
decreased nicotinic acid accumulation (Fig. 3, Additional 
file 3: Table S2).

Venn diagram analysis showed that Cd stress increased 
18 metabolites (8.7%), including 4 amino acids and their 
derivatives, 2 carbohydrates (l-gulose and sucrose), 3 fla-
vonoids (cynaroside, naringenin chalcone, and querce-
tin), a phenylpropanoid (cinnamyl cinnamate), in both 
the roots and leaves of Cd-treated seedlings. Whereas it 
increased 2 metabolites (1%), a flavonoid, farrerol, and 
an organic acid, phosphoric acid in tobacco roots but 
decreased in tobacco leaves compared with the control 
(Additional file 1: Fig. S6, Additional file 2: Table S1 and 
Additional file 3: Table S2). These results suggest that Cd 
stress induces different metabolome profiles in the roots 
and leaves, indicating a distinct mechanistic response to 
Cd in tobacco roots and leaves.

Effects of  Fe3O4 NPs on root and leaf metabolic profiling
Fe3O4 NPs increased 16 metabolites, including 1 alka-
loid, 2 flavonoids, and 2 phenylpropanoids, whereas 

they reduced 24 metabolites, including 3 alkaloids, 3 
flavonoids, and a phenylpropanoid, in the roots (Fig.  3, 
Additional file 2: Table S1). In the leaves, 26 metabolites, 
including 5 alkaloids, 7 amino acids and their deriva-
tives, and 3 flavonoids, showed increased levels, whereas 
19 metabolites, including 2 alkaloids, 2 flavonoids, and 
a phenylpropanoid, showed decreased levels compared 
with the control (Fig. 3, Additional file 3: Table S2). Venn 
diagram analysis showed that most of the DAMs were 
unique in the roots and leaves of  Fe3O4 NP-exposed 
seedlings.  Fe3O4 NPs increased 15 (17.9%) in roots and 
26 DAMs (31%) in leaves, whereas they decreased 24 
(28.6%) and 18 DAM (21.4%) accumulation levels in the 
roots and leaves, respectively. Furthermore,  Fe3O4 NPs 
increased a flavonoid, farrerol in the roots but decreased 
in the leaves (Additional file 1: Fig. S7a).

FeSO4 increased 26 metabolites, including 3 alka-
loids, 7 flavonoids, and 1 phenylpropanoid, whereas it 
decreased 14 metabolites, including 2 alkaloids, 2 amino 
acids and their derivatives, and 2 phytohormones, in 
the roots (Fig. 3, Additional file 2: Table S1). In addition, 
 FeSO4 increased 26 metabolites, including 2 alkaloids, 2 
amino acids and their derivatives, 4 flavonoids, whereas 
it reduced 13 metabolites, including a flavonoid, 2 phe-
nols, a carbohydrate, in the leaves (Fig.  3, Additional 
file  3: Table  S2). Venn diagram analysis showed  FeSO4 
increased 25 DAMs (32.1%) in the roots and 25 DAMs 
(32.1%) in the leaves, whereas it decreased 14 DAMs 
(17.9%) in the roots and 13 DAMs (16.7%) in the leaves. 
In addition, it increased only one metabolite, arachidonic 
acid, in both the roots and leaves (Additional file 1: Fig. 
S7b).

Effects of  Fe3O4 NPs on the root and leaf metabolomes 
under Cd stress
Compared with Cd treatment alone,  Fe3O4 NPs increased 
10 metabolites, including 3 alkaloids, 2 amino acids and 
their derivatives, and a terpenoid, while they decreased 
27 metabolites, including 6 alkaloids, an amino acid, and 
3 flavonoids in the roots (Additional file 2: Table S1). In 
addition,  Fe3O4 NPs increased 30 metabolites, includ-
ing 3 alkaloids, 7 amino acids and their derivatives, and 
3 flavonoids, whereas they decreased 18 metabolites, 
including an alkaloid, 4 flavonoids, and 2 phenylpropa-
noids, in the leaves of Cd-treated seedlings compared 
with Cd-treated seedlings (Additional file  3: Table  S2). 
Venn diagram analysis showed that  Fe3O4 NPs increased 
the levels of 10 (11.8%) metabolites in the roots (Addi-
tional file 1: Fig. S8a, Additional file 2: Table S1) and 30 
(35.3%) metabolites in the leaves (Additional file  1: Fig. 
S8a, Additional file 3: Table S2) but decreased 27 (31.8%) 
metabolites in the roots (Additional file 1: Fig. S8a, Addi-
tional file 2: Table S1) and 18 (21.2%) metabolites in the 
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leaves of Cd-treated tobacco seedlings (Additional file 1: 
Fig. S8a, Additional file 3: Table  S2). These results indi-
cated that  Fe3O4 NPs reprogram different metabolic pro-
filing responses under Cd stress in the roots and leaves.

FeSO4 increased 37 metabolites, including 5 alkaloids, 
2 amino acids and their derivatives, and 6 flavonoids, 
whereas it decreased 9 metabolites, including 3 alka-
loids, a phenylpropanoid, and a terpenoid, in tobacco 
roots (Additional file  2: Table  S1). Additionally,  FeSO4 
increased 53 metabolites, including 5 alkaloids, 2 amino 
acids and their derivatives, and 8 flavonoids, whereas it 
reduced 19 metabolites, including an alkaloid, 2 flavo-
noids, and 3 phenylpropanoids, in the leaves (Additional 
file  3: Table  S2). Venn diagram analysis showed that 
 FeSO4 increased the accumulation levels of 37 (31.9%) 
in the roots and 53 DAMs (45.7%) in the leaves, while 
it decreased the accumulation levels of 9 (7.8%) and 
19 DAMs (16.4%) in the roots and leaves, respectively 
(Additional file 1: Fig. S8b, Additional file 2: Table S1 and 
Additional file  3: Table  S2). Furthermore, a flavonoid, 
homoferreirin, showed an increased accumulation level 
in the roots and leaves. By contrast, it reduced a phe-
nylpropanoid, 3-methoxy-4,5-methylenedioxycinnamal-
dehyde, in both the roots and leaves (Additional file  1: 
Fig. S8b, Additional file 2: Table S1 and Additional file 3: 
Table S2).

Effects of ZnO NPs on root and leaf metabolic profiling
ZnO NPs increased 30 metabolites, including 3 alkaloids, 
9 flavonoids, and 3 phenylpropanoids, whereas they 
reduced 22 metabolites, including an alkaloid, 5 amino 
acids and their derivatives, and 3 flavonoids, in tobacco 
roots (Fig.  3a, Additional file  2: Table  S1). In addition, 
ZnO NPs increased 12 metabolites, including 2 alkaloids, 
4 amino acids and their derivatives, and a flavonoid, 
whereas they reduced 17 metabolites, including 2 alka-
loids, 5 flavonoids, and 2 nucleotides and their derivates, 
in tobacco leaves (Fig.  3a, Additional file  3: Table  S2). 
Venn diagram analysis showed that ZnO NPs increased 
30 (37%) in the roots and 12 DAM (14.8%) in the leaves, 
while they decreased 22 DAMs (27.2%) and 17 DAMs 
(21%) levels in the roots and leaves, respectively, com-
pared with the control (Additional file 1: Fig. S9a, Addi-
tional file 2: Table S1 and Additional file 3: Table S2).

ZnSO4 increased 34 metabolites, including 3 alkaloids 
and 6 flavonoids, whereas it reduced 26 metabolites, 
including 7 alkaloids, 2 amino acids and their derivatives, 
and 4 flavonoids, in the roots (Fig. 3a, Additional file 2: 
Table  S1). Meanwhile,  ZnSO4 increased 16 metabolites, 
including an alkaloid, 4 amino acids and their deriva-
tives, and a flavonoid, whereas it reduced 17 metabolites, 
including an alkaloid, 6 flavonoids, and a phytohormone 
(1-naphthylacetic acid), showed decreased levels in the 

leaves (Fig.  3a, Additional file  3: Table  S2). Venn dia-
gram analysis showed that  ZnSO4 increased 34 (36.6%) 
in the roots and 16 DAMs (17.2%) in the leaves, while it 
decreased 26 (28%) in the roots and 17 DAMs (18.3%) in 
the leaves, compared with the control (Additional file 1: 
Fig. S9b).

Effects of ZnO NPs on root and leaf metabolomes under Cd 
stress
Compared with Cd treatment alone, ZnO NPs increased 
35 metabolites, including 2 alkaloids, 3 amino acids and 
their derivatives, and 5 flavonoids, while it decreased 
15 metabolites, including 2 alkaloids, 2 flavonoids, and 
a phenol, in the roots (Additional file  2: Table  S1). In 
addition, ZnO NPs increased 32 metabolites, includ-
ing 8 amino acids and their derivatives, 2 flavonoids, 
and 2 nucleotides and their derivatives. In contrast, they 
reduced 15 metabolites, including 3 alkaloids, 2 amino 
acids and their derivatives, and 2 flavonoids, in the leaves 
of Cd-treated tobacco (Additional file 3: Table S2). Venn 
diagram analysis showed that ZnO NPs increased 35 
(36.4%) metabolites in tobacco roots (Additional file  1: 
Fig. S10a, Additional file  2: Table  S1) and 32 (33.3%) 
metabolites in tobacco leaves (Additional file 1: Fig. S10a, 
Additional file 3: Table S2), whereas ZnO NPs decreased 
15 (15.6%) metabolites in the roots (Additional file 1: Fig. 
S10a, Additional file 2: Table S1) and 15 (15.6%) metabo-
lites in the leaves of Cd-treated tobacco (Additional file 1: 
Fig. S10a, Additional file  2: Table  S1). Only one metab-
olite, an alkaloid [3-(carboxymethylamino) propanoic 
acid], was upregulated in the roots but reduced in the 
leaves of Cd-treated tobacco (Additional file 1: Fig. S10, 
Additional file 2: Table S1 and Additional file 3: Table S2).

ZnSO4 increased 56 metabolites, including 8 alkaloids, 
8 amino acids and their derivatives, and 3 flavonoids, 
while it decreased 12 metabolites, including 2 alkaloids, 3 
flavonoids, and a phytohormone, in the roots (Additional 
file 2: Table S1). In addition,  ZnSO4 increased 45 metabo-
lites, including 2 alkaloids, 5 amino acids and their deriv-
atives, 5 flavonoids, and 5 phenols, whereas it reduced19 
metabolites, including an alkaloid, 2 flavonoids, and a 
phenol, in the leaves of Cd-treated seedlings (Additional 
file  3: Table  S2). Venn diagram analysis revealed that 
 ZnSO4 increased 56 DAMs (43.7%) accumulation levels 
in the roots and 45 DAMs (35.1%) accumulation levels in 
the leaves. In comparison, it decreased 12 DAMs (9.4%) 
accumulation levels in the roots and 19 DAMs (14.9%) 
accumulation levels in the leaves (Additional file  1: Fig. 
S10b, Additional file  2: Table  S1 and Additional file  3: 
Table S2). Furthermore, 3 metabolites, including beta-D-
fructose 2-phosphate, l-acetylcarnitine, and l-citruline, 
showed an increased accumulation level in the roots and 



Page 12 of 22Zou et al. Journal of Nanobiotechnology          (2022) 20:302 

leaves. By contrast, cytidine 5′-monophosphate showed a 
decreased accumulation level in the roots and decreased 
in the leaves of Cd-treated seedlings (Additional file  1: 
Fig. S10b, Additional file 2: Table S1 and Additional file 3: 
Table S2).

Comparative analyses of DAMs between  Fe3O4 and ZnO 
NP‑treated seedlings under normal conditions and Cd 
stress
Under untreated control conditions, both  Fe3O4 NPs and 
ZnO NPs increased 6 (4%) metabolites, including L-argi-
nine, l-threonine, and quercetin, whereas they reduced 
9 (6%) metabolites, including glycyrrhetinic acid, adeno-
sine 3′-monophosphate, and uridine 5’-monophosphate, 
in the roots and/or leaves (Additional file  1: Fig. S11, 
Additional file 2: Table S1 and Additional file 3: Table S2).

Under Cd stress conditions,  Fe3O4 NPs and ZnO NPs 
increased 13 (8.3%) metabolites, including 5 amino acids 
and their derivatives (e.g., isoleucine, l-leucine, l-pheny-
lalanine), 2 flavonoids (7-hydroxyflavone and farrerol), 
6-aminocaproic acid, and cytidine 5′-monophosphate; 
however, they decreased 9 (5.7%) metabolites, includ-
ing 2 alkaloids [3-(carboxymethylamino) propanoic acid 
and jervine], and lupeol D-maltose, in the roots and/or 
leaves of Cd-treated tobacco seedlings (Additional file 1: 
Fig. S12, Additional file 2: Table S1 and Additional file 3: 
Table  S2). In addition,  Fe3O4 NPs increased the level, 
but ZnO NPs decreased the level of 2’-deoxyinosine-
5’-monophosphate, while ZnO NPs increased the level, 
but  Fe3O4 NPs decreased the level of (13E)-11a-hydroxy-
9,15-dioxoprost-13-enoic acid in the Cd-treated tobacco 
roots and/or leaves (Additional file 1: Fig. S12, Additional 
file 2: Table S1 and Additional file 3: Table S2). The above 
results suggest that the two NPs mediate Cd tolerance 
through similar and distinct mechanisms.

Comparative analyses of DAMs between  FeSO4‑ 
and  ZnSO4‑treated seedlings under normal conditions 
and Cd stress
Under untreated control conditions,  FeSO4 and  ZnSO4 
increased 6 (3.7%) metabolites, including lupenone, nico-
tinic acid adenine dinucleotide, and synephrine, whereas 
they decreased 4 (2.5%) metabolites, including canthari-
din, deethylatrazine, glycyrrhetinic acid, and L-glutamic 
acid, in the roots and/or leaves (Additional file 1: Fig. S13, 
Additional file 2: Table S1 and Additional file 3: Table S2).

Under Cd stress conditions,  FeSO4 and  ZnSO4 
increased 21 (9.8%) metabolites, including 2 alkaloids 
(cinchonine, methylisopelletierine), 4 amino acids and 
their derivatives (e.g., l-citruline, l-lysine, and 4-amin-
obutyric acid), and 2 phenols (5-heneicosylresorcinol and 
oleocanthal). However, it decreased 4 (1.9%) metabolites, 

including dihydromyricetin, taraxasterone, and hypo-
taurine, in the Cd-treated tobacco roots and/or leaves 
(Additional file 1: Fig. S14, Additional file 2: Table S1 and 
Additional file  3: Table  S2). However,  FeSO4 increased 
the level, but  ZnSO4 decreased 3 metabolites, includ-
ing guggulsterone E&Z, cytidine 5′-monophosphate, 
and octadecyl p-coumarate, while  ZnSO4 increased, but 
 FeSO4 decreased the level of 2 metabolites, angelicin and 
picrasin B, in the Cd-treated tobacco roots and/or leaves 
(Additional file 1: Fig. S14, Additional file 2: Table S1 and 
Additional file 3: Table S2). These results indicate that the 
two ions might also modulate the Cd response through 
similar and distinct mechanisms.

Comparative analyses of DAMs between  Fe3O4 NP‑ 
and  FeSO4‑treated seedlings under normal conditions 
and Cd stress
Under untreated control conditions,  Fe3O4 NPs and 
 FeSO4 increased 7 (4.8%) metabolites, including far-
rerol, isoalantolactone, and rosmarinine, whereas they 
decreased 8 (5.5%) metabolites, including 2 diterpe-
noids (picrasin B, kaurenoic acid), glycyrrhetinic acid, 
and adenosine 3′-monophosphate, in the roots and/
or leaves. In addition,  FeSO4 increased, but  Fe3O4 NPs 
decreased the level of officinalisinin I (Additional file  1: 
Fig. S15, Additional file 2: Table S1 and Additional file 3: 
Table  S2). Under Cd stress conditions,  Fe3O4 NPs and 
 FeSO4 increased 7 (3.9%) metabolites, including alpha-
d-glucose, aconitine, and cytidine 5’-monophosphate. In 
contrast, they decreased the levels of 8 (4.4%) metabo-
lites, including 3 alkaloids [3-(carboxymethylamino) pro-
panoic acid, anacrotine, piperidine], dihydromyricetin, 
and erythritol, in the Cd-treated tobacco roots and/or 
leaves (Fig.  7 and Additional file  1: Fig. S16, Additional 
file 2: Table S1 and Additional file 3: Table S2). However, 
 FeSO4 increased, but  Fe3O4 NPs decreased 5 metabolites, 
including apiin, phyllalbine, and herniarin, in the Cd-
treated tobacco roots and/or leaves (Fig. 7 and Additional 
file 1: Fig. S16, Additional file 2: Table S1 and Additional 
file 3: Table S2).

Comparative analyses of DAMs between ZnO NP‑ 
and  ZnSO4‑treated seedlings under normal conditions 
and Cd stress
ZnO NPs and  ZnSO4 increased 8 (5.1%) metabolites, 
including l-homoserine, L-threonine, and dexametha-
sone. In contrast, they decreased 8 (5.1%) metabolites, 
including 3 flavonoids (kaempferol, methyl hesperi-
din, and hyperoside), 3-carbamyl-1-methylpyridinium 
1-methylnicotinamide, and acarbose, in the roots and/
or leaves under untreated control conditions (Additional 
file 1: Fig. S17, Additional file 2: Table S1 and Additional 
file  3: Table  S2). Under Cd stress conditions, both ZnO 
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NPs and  ZnSO4 increased the levels of 16 (7.9%) metabo-
lites, including 4 amino acids and their derivatives (e.g., 
DL-alanine, l-theanine, L-citruline), 3 nucleotides and 
their derivatives (NAD, beta-nicotinamide mononu-
cleotide, and cytidine 5′-monophosphate), and astax-
anthin. In contrast, they decreased the levels of 3 (1.5%) 
metabolites, tacrolimus, 13(S)-HPOT and cedeodarin, in 
the roots and/or leaves of Cd-treated tobacco seedlings 
(Fig.  7 and Additional file  1: Fig. S18, Additional file  2: 
Table S1 and Additional file 3: Table S2). However, ZnO 
NPs increased the level, but  ZnSO4 decreased (13E)-
11a-hydroxy-9,15-dioxoprost-13-enoic acid. Additionally, 
 ZnSO4 increased, but ZnO NPs decreased 2 metabolites, 

d-proline and l-proline, in the Cd-treated tobacco roots 
and/or leaves (Fig. 7 and Additional file 1: Fig. S18, Addi-
tional file 2: Table S1 and Additional file 3: Table S2). The 
above results suggested that NPs and ions might largely 
modulate the Cd response through distinct mechanisms.

Fe3O4 or ZnO NPs altered critical metabolite pathway 
under Cd stress
The above results indicated that  Fe3O4 and ZnO NPs 
showed more efficiency in facilitating tobacco growth 
than ions under Cd stress (Figs. 1, 3, 4, 5). Furthermore, 
the common Cd-induced DAMs were significantly 

Fig. 7 Comparative analyses of differentially accumulated metabolites between NPs and ions under Cd stress. Heat map of important DAM (amino 
acids, terpenoids, flavonoids, phenylpropanoids, phytohormones, nucleotides and their derivatives) levels in the roots (a). Heat map of important 
DAM (phenylpropanoids, terpenoids, flavonoids, amino acids, phytohormones, nucleotides and their derivatives) levels in the leaves (b)
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enriched in the pathway of amino acids metabolism, 
flavone and flavonol biosynthesis, secondary metabo-
lite biosynthesis, nicotinate and nicotinamide metabo-
lism, indicating that these two NPs reprogram carbon/

nitrogen metabolism and secondary metabolism (Figs. 3, 
4, 5). Thus, we further analyzed these metabolites 
involved in amino acid, nicotinate and nicotinamide 
metabolism pathway in response to Cd stress with or 

Fig. 8 Amino acid-related metabolic pathway response to Cd stress. The amino acid metabolism pathway and related metabolites accumulation 
levels in the roots (a) and leaves (b) compared with the untreated control. Red and blue boxes present metabolites that showed higher or lower 
abundance than the untreated control, and gray boxes indicate that metabolites are unchanged
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without exposure to  Fe3O4 or ZnO NPs as well as ions. 
Specifically, Cd stress increased 7 amino acids and their 
derivatives, including l-alanine, tryptophan, and 4-amin-
obutyric acid, but decreased beta-alanine in tobacco 
roots (Fig.  8a, Additional file  2: Table  S1). Interestingly, 
 Fe3O4 NPs, ZnO NPs, and ions increased 4 amino acids 
(proline, 4-aminobutyric acid, l-homoserine, l-threo-
nine) and sinapyl alcohol in the Cd-treated tobacco roots 
compared with untreated control (Fig.  8a, Additional 
file 2: Table S1). However, only proline showed increased 
accumulation in the leaves, while the other amino acids 
were not affected after Cd treatment (Fig. 8b, Additional 
file 3: Table S2). Both  Fe3O4 and ZnO NPs showed higher 
accumulation levels of 7 amino acids, including leu-
cine, arginine, and threonine, in the Cd-treated tobacco 
leaves than untreated control (Fig.  8b, Additional file  2: 
Table  S1 and Additional file  4: Table  S3). Furthermore, 
 Fe3O4 NPs increased phenylalanine, p-coumaryl alcohol, 
and quercetin levels, while ZnO NPs increased alanine 

and 4-aminobutyric acid levels in the Cd-treated tobacco 
leaves (Fig. 8b, Additional file 3: Table S2 and Additional 
file  5: Table  S4). These results indicated that  Fe3O4 or 
ZnO NPs improve seedling growth by reprogramming 
amino acid metabolism in the roots and leaves under Cd 
stress.

Nicotinate and nicotinamide metabolism play roles 
in plant response to stress [46]. We thus mapped the 
Cd-induced DAMs involved in the nicotinate and 
nicotinamide metabolism pathway (map00760) to 
the KEGG pathway database [47]. In the roots, Cd 
stress increased N1-methyl-2-pyridone-5-carboxam-
ide (C05842), N1-methyl-4-pyridone-5-carboxamide 
(C05843), beta-nicotinamide mononucleotide (C00455) 
and 6-hydroxynicotinic acid (C01020), but decreased 
N1-methylnicotinamide (C02918) (Fig.  9, Additional 
file 2: Table S1). Similarly, NPs and ions increased the lev-
els of N1-methyl-2-pyridone-5-carboxamide (C05842), 
N1-methyl-4-pyridone-5-carboxamide (C05843), and 

Fig. 9 KEGG pathway analysis of nicotinate and nicotinamide metabolism responses to Cd stress. Compared with the untreated control, the 
nicotinamide metabolism pathways and related metabolite accumulation levels in the roots and leaves. Red and blue boxes present metabolites 
that showed higher or lower abundance than the untreated control, and gray boxes indicate that metabolites are unchanged. R roots; L leaves
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beta-nicotinamide mononucleotide (C00455) in the Cd-
treated tobacco roots compared with the untreated con-
trol (Fig.  9, Additional file  2: Table  S1). Furthermore, 
 FeSO4 increased nicotinate (C00253), 6-hydroxynico-
tinic acid (C01020), and L-aspartic acid (C00049) levels, 
whereas  Fe3O4 NPs decreased N1-methylnicotinamide 
(C02918) levels. ZnO NPs increased nicotinate (C00253) 
and 6-hydroxynicotinic acid (C01020) levels, while 
 ZnSO4 increased nicotinate (C00253) and L-aspartic acid 
(C00049) levels in the Cd-treated tobacco roots com-
pared with the untreated control (Fig. 9, Additional file 2: 
Table  S1). In the leaves,  FeSO4 and ZnO NPs increased 
N1-methyl-4-pyridone-5-carboxamide (C05843) levels 
under Cd stress, whereas  Fe3O4 NPs or  ZnSO4 did not 
affect its accumulation levels in the Cd-treated leaves 
compared with the untreated control (Fig. 9, Additional 
file  3: Table  S2). In addition, the accumulation of nico-
tinate (C00253) showed a decrease in the Cd-treated 
leaves, whereas NPs did not affect its levels in the leaves 
of Cd-treated tobacco seedlings compared with the 
untreated control (Fig.  9, Additional file  3: Table  S2). 
These results indicated that NPs or ions modulate nico-
tinate and nicotinamide metabolism to regulate plant 
response to Cd stress.

Discussion
Cd toxicity repressed tobacco growth, as indicated by the 
plant height, shoot FW, root length, and root FW (Fig. 1). 
However, foliar exposure to  Fe3O4 or ZnO NPs allevi-
ated inhibitory effects of Cd stress, and NPs were more 
efficient in improving seedling growth than ions (Fig. 1). 
 Fe3O4-based NPs effectively alleviate the effects of Cd on 
growth and yield parameters [22] and relieve Cd-induced 
growth inhibition by modulating the antioxidant capacity 
[23, 24]. Furthermore, ZnO NPs can alleviate Cd toxicity 
in maize [33]. Our results further convinced the facilitat-
ing effects of these NPs. In addition, the concentration of 
ions released from NPs was far below the concentration 
of applied ions (Additional file 1: Fig. S2), indicating that 
the effects of NPs on plant growth might not be attrib-
uted to the ions released from NPs but rather from them-
selves. These results suggest that NPs and ions might 
regulate the plant response to Cd toxicity through dis-
tinct mechanisms.

The mineral element accumulation levels, distribu-
tion, and balance play essential roles in maintaining plant 
growth [48]. We found that Cd perturbed the mineral 
balance in the roots and leaves (Fig. 2). Furthermore, Cd 
toxicity is often accompanied by severe oxidative dam-
age, which seriously represses plant growth [49]. In this 
study, Cd stress markedly reduced Fe, Mn and Zn in the 
roots and Mn and Cu in the leaves (Fig.  2). These ele-
ments are critical components of superoxide dismutase 

(SOD), such as FeSOD, MnSOD, and Cu/ZnSOD, which 
are responsible for the redox status of cells [50]. The 
decreased contents of Fe, Mn, Cu and Zn in Cd-treated 
seedlings might reduce enzyme activity, implying that 
Cd stress might induce oxidative damage in tobacco 
seedlings, thereby repressing plant growth. Interestingly, 
 Fe3O4 and ZnO NPs increased some beneficial nutrients 
(Zn, K, Mn, Cu, Mg) in the roots and/or leaves, and these 
increased macro- and micro-elements were conducive to 
plant growth, thus improving growth under Cd stress.

Plants adopt efficient strategies, including molecular 
regulation, signal transduction, and alteration of meta-
bolic pathways, to resist Cd toxicity [42, 49]. Cd stress 
induced higher metabolites in the roots than in the leaves 
(Fig.  3, Additional file  2: Table  S1 and Additional file  3: 
Table S2). Amino acids, such as l-theanine and l-proline, 
are compatible substances that protect plants against 
stress [51]. Cd indeed markedly increased l-theanine, 
l-histidine, and l-proline levels in the roots and leaves 
(Additional file 1: Fig. S6, Additional file 2: Table S1 and 
Additional file 3: Table S2). Chen et al. [51] demonstrated 
that theanine plants confer salt stress tolerance by regu-
lating redox homeostasis. We also found that l-theanine 
was induced by Cd stress, and its manner of affecting Cd 
stress is still elusive. In addition, beta-alanine, a nonpro-
teinogenic amino acid, was significantly decreased under 
Cd stress, which was inconsistent with the previous study 
[49]. Furthermore, indole-3-acetic acid, a critical phyto-
hormone that regulates plant growth and development 
[52, 53], showed decreased accumulation in the Cd-
treated roots, thereby repressing root growth under Cd 
toxicity (Fig. 3). We also found that Cd stress increased 
several important DAMs, including 2 carbohydrates, 3 
flavonoids, and a phenylpropanoid, showed increased 
accumulation in both the roots and leaves, whereas it 
increased farrerol and phosphoric acid in the roots but 
decreased in the leaves (Additional file 1: Fig. S6, Addi-
tional file  2: Table  S1 and Additional file  3: Table  S2). 
These results indicated that Cd stress-induced metabo-
lome profiling conferred a distinct mechanistic response 
to Cd in the roots and leaves.

Studies have been performed on  Fe3O4 NPs and bulked 
 Fe3O4 as well as ZnO NPs and bulked ZnO [21, 28], and 
the effects of NPs and ions on plants are different [27, 
29, 30]. Our study found that the ion content released 
from  Fe3O4 or ZnO NPs was far below the concentration 
of applied ions, and their effects on the plant might be 
attributed to themselves. Under untreated control con-
ditions,  Fe3O4 NPs and  FeSO4 increased the levels of 7 
metabolites but decreased 8 metabolites in the roots and/
or leaves (Additional file  1: Fig. S15). Under Cd stress 
conditions,  Fe3O4 NPs and  FeSO4 increased the levels of 
7 metabolites but decreased 8 metabolites in the roots 
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and/or leaves of Cd-treated tobacco seedlings (Fig.  7 
and Additional file  1: Fig. S16). However,  Fe3O4 NPs 
decreased, but  FeSO4 increased 5 metabolites in the Cd-
treated tobacco roots and/or leaves (Fig. 7 and Additional 
file 1: Fig. S16).

Likewise, under untreated control conditions, ZnO 
NPs and  ZnSO4 increased the levels of 8 metabolites 
but decreased 8 metabolites in the roots and/or leaves 
(Additional file  1: Fig. S17). Under Cd stress condi-
tions, ZnO NPs and  ZnSO4 increased the levels of 16 
metabolites but decreased 3 metabolites in the roots 
and/or leaves of Cd-treated seedlings (Fig. 7 and Addi-
tional file  1: Fig. S18). However,  ZnSO4 increased, but 
ZnO NPs decreased the levels of 2 metabolites in the 
Cd-treated roots and/or leaves (Fig.  7 and Additional 
file 1: Fig. S18). These results provided compelling evi-
dence that NPs and ions might largely modulate the Cd 
response through distinct mechanisms.

Both Fe and Zn are indispensable elements for a set of 
physiological and biochemical processes [31, 54].  Fe3O4 
and ZnO NPs play pivotal roles in alleviating Cd tox-
icity [22, 23, 33]. Under untreated control conditions, 
both  Fe3O4 and ZnO NPs increased the accumulation of 
6 metabolites but decreased 9 metabolites in the roots 
and/or leaves (Additional file 1: Fig. S11). Among them, 
decreased adenosine 3’-monophosphate (AMP) and 
uridine 5’-monophosphate (UMP) might act as sign-
aling molecules in response to stress [55]. Under Cd 
stress conditions, both  Fe3O4 and ZnO NPs increased 
13 metabolites, including l-phenylalanine, alpha-
d-glucose, and cytidine 5′-monophosphate (CMP). 
These primary metabolites promote carbon/nitrogen 
metabolism, thus enhancing stress tolerance [32]. On 
the other hand, they decreased 8 metabolites in the Cd-
treated roots and/or leaves (Additional file 1: Fig. S12). 
However, (13E)-11a-hydroxy-9,15-dioxoprost-13-enoic 
acid and 2′-deoxyinosine-5′-monophosphate showed 
opposite accumulation levels in the roots and/or leaves 
of foliar-sprayed with  Fe3O4 or ZnO NPs under Cd 
stress (Additional file 1: Fig. S12). Taken together, these 
results suggested that these two NPs enhance Cd toler-
ance through similar and distinct mechanisms.

Primary metabolism, including sugars, amino acids, 
and nucleic acids, affects plant adaptation to the envi-
ronment, while secondary metabolites are non-essen-
tial but play pleiotropic roles in modulating plant 
responses to abiotic and biotic stresses [56, 57]. We 
found that both NPs restored more DAMs to normal 
levels in the Cd-treated tobacco roots and leaves com-
pared with ions (Figs.  4, 5, Additional file  4: Table  S3 
and Additional file 5: Table S4). These recovered metab-
olites primarily included alkaloids, amino acids and 
derivatives, flavonoids, and phenols. Our correlation 

analysis demonstrated that many metabolites, includ-
ing alkaloids, flavonoids, and phenylpropanoids, signifi-
cantly correlated with plant growth (Fig. 6, Additional 
file  6: Table  S5, Additional file  7: Table  S6 and Addi-
tional file 8: Table S7). We indeed found that  Fe3O4 and 
ZnO NPs promoted quicker seedling growth under Cd 
toxicity than ions (Fig. 1).

Amino acids participate in various processes by act-
ing as intermediate metabolites and protectants in plants 
[58]. For example, proline, an osmotic adjustment sub-
stance, protects the plant against stress [59]. Further-
more, 4-aminobutyric acid (GABA) plays a critical role 
in the plant response to stress [60]. Indeed, we found 
that  Fe3O4 or ZnO NPs increased 4 amino acids (pro-
line, GABA, l-homoserine, and l-threonine) and sinapyl 
alcohol in the roots, while they increased 7 amino acids 
in the leaves of Cd-treated tobacco seedlings compared 
with untreated control plants (Fig.  8). Furthermore, we 
also found that  Fe3O4 or ZnO NPs restored more Cd-
induced amino acids to normal levels in Cd-treated roots 
and/or leaves compared with untreated control plants 
(Figs.  4, 5). These results indicated that  Fe3O4 or ZnO 
NPs improve seedling growth via alterations in amino 
acid metabolism in the roots and leaves under Cd toxic-
ity, which played pivotal roles in balancing plant growth 
and stress tolerance.

Numerous stimuli induce secondary metabolites, 
including temperature, salinity, and heavy metal stress 
[61, 62]. However, plants produce higher concentrations 
of secondary metabolites at the expense of slowing plant 
growth and have evolved mechanisms for the trade-off 
between primary and secondary metabolism [63, 64]. 
Secondary metabolites, including alkaloids, flavonoids, 
and nicotinic acid derivatives, play essential roles in the 
plant response to stress. Furthermore, they were highly 
induced under heavy metal stress, which confers toler-
ance to toxic heavy metals [65, 66]. In this study, we found 
that most of the Cd-induced alkaloids were upregulated 
in the roots and/or leaves under Cd stress, whereas both 
 Fe3O4 and ZnO NPs recovered more Cd-induced alka-
loids to normal levels in the roots and/or leaves under 
Cd stress (Figs. 4, 5, Additional file 4: Table S3 and Addi-
tional file 5: Table S4). These results suggested that NPs 
also facilitated plant growth by reprogramming alkaloid 
metabolism.

As critical secondary metabolites, flavonoids play piv-
otal roles in mediating abiotic and biotic stress in plants 
[67]. Previous studies demonstrate that flavonoids nega-
tively regulate auxin transport and repress auxin redis-
tribution, thus affecting plant growth [68, 69]. In this 
study, we found that most Cd-induced flavonoids were 
upregulated in the roots and leaves under Cd stress, and 
the accumulation of IAA was decreased in the Cd-treated 
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roots. However,  Fe3O4 and ZnO NPs recovered more 
Cd-induced flavonoids to normal levels, similar to amino 
acids and alkaloids (Figs. 4, 5, Additional file 4: Table S3 
and Additional file 5: Table S4).

Nicotinate and nicotinamide metabolism play roles in 
various processes in plants [46]. Nicotinamide adenine 
dinucleotide (NAD) acts as an essential coenzyme and is 
generally active in vigorous cells [70, 71]. We found that 
nicotinic acid and NAD accumulation decreased under Cd 
toxicity but showed an increase or insignificant change in 
the NP- or ion-exposed leaves under Cd stress. Moreover, 
N1-methyl-2-pyridone-5-carboxamide, N1-methyl-4-pyri-
done-5-carboxamide, 6-hydroxynicotinic acid, nicotinate, 
L-aspartic acid and beta-nicotinamide mononucleotide 
showed an increased or insignificant change in the roots 
and/or leaves of foliar-exposed to NPs or ions under Cd 
stress (Fig.  9). These results indicated that NPs and ions 
modulate nicotinate and nicotinamide metabolism respon-
sible for plant tolerance to Cd stress. The details of the reg-
ulatory mechanisms are worth further elucidation.

Furthermore, other vital metabolites, including phyto-
hormones, phenols, carbohydrates, were also significantly 
affected by foliar spraying with NPs (Figs. 7, 8, Additional 
file 2: Table S1 and Additional file 3: Table S2, Additional 
file 4: Table S3 and Additional file 5: Table S4). Phenols and 
phenylpropanoids facilitate heavy metal fixation on the 
surface of phenolic or carboxylic groups, thus protecting 
plants against heavy metal stress [49, 72]. The metabolic 
pathways of these metabolites are shared with many inter-
mediates and form complex regulatory networks [56, 64]. 
These findings demonstrate that more Cd-induced metab-
olites recovered to normal levels responsible for the perfor-
mance of NPs under Cd stress, thus playing critical roles in 
balancing plant growth and tolerance under abiotic stress.

Conclusion
Our study investigated the effects of  Fe3O4 or ZnO NPs on 
plant growth and Cd responses in tobacco seedlings. Foliar 
exposure to  Fe3O4 or ZnO NPs showed great potential in 
alleviating plant growth under Cd stress.  Fe3O4 or ZnO 
NPs reprogrammed critical metabolic pathways, including 
alkaloids, amino acids, flavonoids, and the DAMs involved 
in these pathways were significantly correlated with plant 
growth. Notably, both  Fe3O4 and ZnO NPs recovered more 
metabolites to normal levels under Cd stress than ions. 
This study will enable us to understand how  Fe3O4 or ZnO 
NPs reprogram metabolome profiling and provide novel 
insights into using NPs for improving tobacco growth in 
Cd-contaminated soil. Further study on the underlying 
molecular mechanism of the foliar NPs treatment is needed 
in tobacco and other crops, which will provide compelling 
evidence for using NPs to improve crop growth and quality.

Materials and methods
Characterization of  Fe3O4 and ZnO nanoparticles and stock 
preparation
Fe3O4 NPs (purity 99.9%, size 20  nm) and ZnO NPs 
(purity 99.9%, size 30 ± 10  nm) were purchased from 
Meilun Biotechnology Co., Ltd. and Macklin Biotechno-
logical Co., Ltd., respectively. Detection was performed 
using transmission electron microscopy (Talos F200X, 
Thermo Scientific, USA). The hydrodynamic particle size 
and zeta potentials were determined at 50 mg·L−1  Fe3O4 
or ZnO NPs using a dynamic light scattering (LDS) appa-
ratus (JEM-2100, Zetasizer Nano ZS90 zeta, Malvern, 
England).  Fe3O4 and ZnO NPs stock solutions were pre-
pared according to previous descriptions [21, 30]. The 
release of iron and zinc at a series of  Fe3O4 and ZnO 
NPs concentrations was determined as described previ-
ously [29, 31]. The ion content was detected by ICP-AES 
(iCAP6300, Thermo Fisher Scientific, USA).

Seed germination and plant cultivation
The tobacco cultivar ‘Yunyan 87’ was planted at the Yuxi 
Breeding Base of Yunnan Academy of Tobacco Agricul-
tural Sciences, Yunnan, China. Mature tobacco seeds were 
air-dried and stored at −  20  °C before use. After being 
disinfected with 20% (v/v) bleach for 10  min, the seeds 
were washed with sterile water five times and germinated 
on Petri dishes with two layers of filter papers soaked in 
 ddH2O in a growth chamber at 26 °C under 16 h light pho-
toperiod for 7 days. Then, 12 consistent-looking seedlings 
were transplanted to each pot, and the pots were covered 
with a plastic film that could prevent NPs from entering 
the solution. The seedlings were fostered in one-fourth 
(1/4) strength Hoagland solutions for 3  weeks. The solu-
tions replacement was performed every 5 days.

Foliar exposure of  Fe3O4 and ZnO nanoparticles
Four-week-old ‘Yunyan 87’ seedlings with consistent 
growth were used for analysis. Spray bottles were used 
to perform foliar application of 100  mL freshly pre-
pared 50 mg·L−1  Fe3O4, ZnO NPs,  FeSO4 or  ZnSO4 with 
 ddH2O every other 3 days for five times, and 1/4 strength 
Hoagland solutions were added with or without 5  μM 
 CdCl2, which were specified as follows: CK, control; 
Cd, 5  μM Cd; FeNP, 50  mg·L−1  Fe3O4 NPs; FeNP_Cd, 
50 mg·L−1  Fe3O4 NPs + Cd; Fe, 50 mg·L−1  FeSO4; Fe_Cd, 
50  mg·L−1  FeSO4 + Cd; ZnNP, 50  mg·L−1 ZnO NPs; 
ZnNP_Cd, 50  mg·L−1 ZnO NPs + Cd; Zn, 50  mg·L−1 
 ZnSO4; and Zn_Cd, 50  mg·L−1  ZnSO4 + Cd. Three pots, 
including 36 seedlings per treatment, were carried out, 
and about 0.695  mg NPs or ions were exposed to each 
plant. The solutions were renewed every 5  days, and the 
seedlings for additional growth for 21 days were harvested.
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Determination of plant growth parameters
After being treated for the indicated time, the plant 
growth parameters, including plant height, shoot fresh 
weight (FW), root length and FW, were characterized 
for each treatment/seedling. First, the plant height was 
measured from the junction to the shoot apex, and root 
length was measured to the most extended root tip. 
Then, the seedlings for each treatment were harvested 
and weighed to determine the shoot and root FW.

Mineral element determination
The mineral elements were determined as described pre-
viously [32]. Briefly, the surface ions were chelated using 
1  mM EDTA solutions for 30  min. After rinsing with 
 ddH2O 5 times, the samples were fixed at 105 °C for one 
hour and oven-dried till steady weights at 70 °C. Approxi-
mately 0.25  mg of fine powders were used for mineral 
element detection. Subsequently, 10 ml  HNO3 and 2 ml 
 HClO4 were successively added and wet-washed over-
night, followed by boiling for 2 h at 185 °C. Then, 4 mL 
of diluted HCl (v/v, HCl:  ddH2O = 1:3) was added to the 
residual solution and brought to 25 mL. The mineral ele-
ments, including cadmium (Cd), potassium (K), iron (Fe), 
manganese (Mn), calcium (Ca), copper (Cu), magnesium 
(Mg), and zinc (Zn), were quantified by ICP-AES.

Metabolomics profiling analysis
A total of 60 arrays for the roots and leaves were used for 
widely targeted metabolomics analyses as described pre-
viously [73, 74] and performed using a UHPLC system 
with a Phenomenex Kinetex column coupled to a Tri-
ple TOF 6600 instrument (QTOF, AB Sciex) by Biotree 
Biomedical Technology Co., Ltd. (Shanghai, China). The 
detailed procedures and statistical analysis were shown in 
Additional file 9: Supporting Information Text S1. Three 
replicates for each treatment were determined.

Statistical analysis
Each experiment was performed using three independent 
biological repetitions. The results are the means ± standard 
error (SE). We performed Student’s t-test (IBM SPSS Statis-
tics 20.0) to determine the significant difference between the 
treatments and the control, and asterisks show significant 
differences at P < 0.05. For multiple group comparisons, one-
way ANOVA followed Tukey’s test was performed, and the 
different lowercase letters indicated significant differences at 
P < 0.05.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951- 022- 01509-3.

Additional file 1: Figure S1.  Fe3O4 and ZnO NPs via transmission electron 
microscopy and dynamic light scattering. Transmission electron micros-
copy (TEM) imaging of  Fe3O4 NPs (a) and ZnO NPs (d), bars=100 nm. 
Dynamic light scattering (DLS) measurements of  Fe3O4 NPs (b) and ZnO 
NPs (e) particle size distribution by intensity. DLS measurements of zeta 
potential for  Fe3O4 NPs (c) and ZnO NPs (f) dispersed in  ddH2O. The differ-
ent lines represent replicate measurements. The results shown are means 
± SE (n=3). Figure S2. Fe and Zn contents were released from different 
concentrations of  Fe3O4 or ZnO NP solutions, respectively. The Fe content 
in the  Fe3O4 NP solutions (a) and Zn content in the ZnO NP solutions (b). 
Figure S3. OPLS-DA loading plot of metabolites in the roots and leaves of 
Cd-treated tobacco seedlings. CK, control; Cd, 5 μM Cd. Figure S4. OPLS-
DA loading plot of metabolites in the roots among different treatments. 
CK, control; Cd, 5 μM Cd; FeNP, 50 mg·L-1  Fe3O4 NPs; FeNP_Cd, 50 mg·L-1 
 Fe3O4 NPs+Cd; Fe, 50 mg·L-1  FeSO4; Fe_Cd, 50 mg·L-1  FeSO4+Cd; ZnNP, 
50 mg·L-1 ZnO NPs; ZnNP_Cd, 50 mg·L-1 ZnO NPs+Cd; 50 mg·L-1  ZnSO4; 
and Zn_Cd, 50 mg·L-1  ZnSO4+Cd. Figure S5. OPLS-DA loading plot of 
metabolites in the leaves among different treatments. CK, control; Cd, 5 
μM Cd; FeNP, 50 mg·L-1  Fe3O4 NPs; FeNP_Cd, 50 mg·L-1  Fe3O4 NPs+Cd; 
Fe, 50 mg·L-1  FeSO4; Fe_Cd, 50 mg·L-1  FeSO4+Cd; ZnNP, 50 mg·L-1 ZnO 
NPs; ZnNP_Cd, 50 mg·L-1 ZnO NPs+Cd; 50 mg·L-1  ZnSO4; and Zn_Cd, 50 
mg·L-1  ZnSO4+Cd. Figure S6. Venn analysis of differentially accumulated 
metabolites in the roots and leaves of tobacco seedlings exposed to Cd 
stress. Cd, 5 μM Cd. Up, upregulated metabolites; Down, downregulated 
metabolites (Cd/control). Figure S7. Venn analysis of differentially accu-
mulated metabolites in the roots and leaves of tobacco seedlings exposed 
to  Fe3O4 NPs or  FeSO4. Four-week-old tobacco seedlings were transferred 
to 1/4 strength fresh Hoagland solutions, and their foliage was exposed 
to 50 mg  L-1  Fe3O4 NPs (a) or  FeSO4 (b) for 21 days. FeNP, 50 mg·L-1  Fe3O4 
NPs; Fe, 50 mg·L-1  FeSO4. Up, upregulated metabolites; Down, downregu-
lated metabolites. Figure S8. Venn analysis of differentially accumulated 
metabolites in the roots and leaves of Cd-treated tobacco seedlings 
exposed to  Fe3O4 NPs or  FeSO4. Four-week-old tobacco seedlings were 
transferred to 1/4 strength fresh Hoagland solutions supplemented with 
5 μM  CdCl2, and their foliage was exposed to 50 mg  L-1  Fe3O4 NPs (a) or 
 FeSO4 (b) for 21 days. Cd, 5 μM Cd; FeNP_Cd, 50 mg·L-1  Fe3O4 NPs+Cd; Fe_
Cd, 50 mg·L-1  FeSO4+Cd. Up, upregulated metabolites; Down, downregu-
lated metabolites. Figure S9. Venn analysis of differentially accumulated 
metabolites in the roots and leaves of tobacco seedlings exposed to ZnO 
NPs or  ZnSO4. Four-week-old seedlings were transferred to 1/4 strength 
fresh Hoagland solutions, and their foliage was exposed to 50 mg·L-1 ZnO 
NPs (a) or  ZnSO4 (b) for 21 days. ZnNP, 50 mg·L-1 ZnO NPs; Zn, 50 mg·L-1 
 ZnSO4. Up, upregulated metabolites; Down, downregulated metabolites. 
Figure S10. Venn analysis of differentially accumulated metabolites in 
the roots and leaves of Cd-treated tobacco seedlings exposed to ZnO 
NPs or  ZnSO4. Four-week-old tobacco seedlings were transferred to 1/4 
strength fresh Hoagland solutions supplemented with 5 μM  CdCl2, and 
foliar exposed to 50 mg·L-1 ZnO NPs (a) or  ZnSO4 (b) for 21 days. Cd, 5 μM 
Cd; ZnNP_Cd, 50 mg·L-1 ZnO NPs+Cd; Zn_Cd, 50 mg·L-1  ZnSO4+Cd. Up, 
upregulated metabolites; Down, downregulated metabolites. Figure S11. 
Venn analysis of differentially accumulated metabolites in the roots and/or 
leaves of tobacco seedlings exposed to  Fe3O4 or ZnO NPs. FeNP, 50 mg·L-1 
 Fe3O4 NPs; ZnNP, 50 mg·L-1 ZnO NPs. Up, upregulated metabolites; Down, 
downregulated metabolites. Figure S12. Venn analysis of differentially 
accumulated metabolites in the roots and/or leaves of Cd-treated tobacco 
seedlings exposed to  Fe3O4 or ZnO NPs. Cd, 5μM Cd; FeNP_Cd, 50 mg·L-1 
 Fe3O4 NPs+Cd; ZnNP_Cd, 50 mg·L-1 ZnO NPs+Cd. Up, upregulated 
metabolites; Down, downregulated metabolites. Figure S13. Venn analy-
sis of differentially accumulated metabolites in the roots and/or leaves of 
tobacco seedlings exposed to  FeSO4 or  ZnSO4. Fe, 50 mg·L-1  FeSO4; Zn, 
50 mg·L-1  ZnSO4. Up, upregulated metabolites; Down, downregulated 
metabolites. Figure S14. Venn analysis of differentially accumulated 
metabolites in the roots and/or leaves of Cd-treated tobacco seedlings 
exposed to  FeSO4 or  ZnSO4. Cd, 5μM Cd; Fe_Cd, 50 mg·L-1  FeSO4+Cd; 
Zn_Cd, 50 mg·L-1  ZnSO4+Cd. Up, upregulated metabolites; Down, 
downregulated metabolites. Figure S15. Venn analysis of differentially 
accumulated metabolites in the roots and/or leaves of tobacco seedlings 
exposed to  Fe3O4 NPs or  FeSO4. FeNP, 50 mg·L-1  Fe3O4 NPs; Fe, 50 mg·L-1 
 FeSO4. Up, upregulated metabolites; Down, downregulated metabolites. 
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Figure S16. Venn analysis of differentially accumulated metabolites in 
the roots and/or leaves of Cd-treated tobacco seedlings exposed to  Fe3O4 
NPs or  FeSO4. Cd, 5μM Cd; FeNP_Cd, 50 mg·L-1  Fe3O4 NPs+Cd; Fe_Cd, 50 
mg·L-1  FeSO4+Cd. Up, upregulated metabolites; Down, downregulated 
metabolites. Figure S17. Venn analysis of differentially accumulated 
metabolites in the roots and/or leaves of tobacco seedlings exposed to 
ZnO NPs or  ZnSO4. ZnNP, 50 mg·L-1 ZnO NPs; Zn, 50 mg·L-1  ZnSO4. Up, 
upregulated metabolites; Down, downregulated metabolites. Figure S18. 
Venn analysis of differentially accumulated metabolites in the roots and/or 
leaves of Cd-treated tobacco seedlings exposed to ZnO NPs or  ZnSO4. Cd, 
5μM Cd; ZnNP_Cd, 50 mg·L-1 ZnO NPs+Cd; Zn_Cd, 50 mg·L-1  ZnSO4+Cd. 
Up, upregulated metabolites; Down, downregulated metabolites.

Additional file 2: Table S1. The differentially accumulated metabolites in 
the roots of ‘Yunyan 87’ ( Nicotiana tabacum) seedlings.

Additional file 3: Table S2. The differentially accumulated metabolites in 
the leaves of ‘Yunyan 87’ ( Nicotiana tabacum) seedlings.

Additional file 4: Table S3. The Cd-induced differentially accumulated 
metabolites in the roots of  ‘Yunyan 87’  (Nicotiana tabacum) seedlings.

Additional file 5: Table S4. The Cd-induced differentially accumulated 
metabolites in the leaves of ‘Yunyan 87’ (Nicotiana tabacum) seedlings.

Additional file 6: Table S5. Correlation analysis of differentially accumu-
lated metabolites in the roots and plant growth parameters (Root length, 
Root-FW).

Additional file 7: Table S6. Correlation analysis of differentially accumu-
lated metabolites in the leaves and plant growth parameters (Plant height, 
Shoot-FW).

Additional file 8: Table S7. Significant correlations between metabolites 
and growth parameters in both root and leaves.

Additional file 9: Text S1. Supporting information.
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