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A B S T R A C T   

The molecular and physiological mechanisms of how rare earth oxide nanoparticles (NPs) alter radish (Raphanus 
sativus L.) taproot formation and cracking were investigated in the present study. We compared plants that 
received suspensions of 10, 50, 100, 300 mg L− 1 of La2O3 NPs, 300 m L− 1 La2O3 bulk-particles (BPs), 0.8 m L− 1 

La3+, or only water for six days during their tuber formation period. 100 and 300 mg L− 1 La2O3 NPs exposure 
decreased storage root biomass by 38% and 60%, respectively, and they both induced visible root cracking. 
Physiological analyses showed that La2O3 NPs exposure (>100 mg L− 1) significantly inhibited leaf net photo
synthetic rate, cell wall pectin synthesis of both storage root epidermis and xylem parenchyma tissues, but 
increased the contents of cellulose and hemicellulose 1 in root epidermis cell walls. Moreover, transcriptome 
analysis further found that La2O3 NPs changed root cell wall structure by down-regulating core genes involved in 
cell wall pectin and IAA biosynthesis, which coincided with the observed La2O3 NPs-induced root cracking. Our 
results revealed the molecular mechanisms related to cell wall carbohydrate metabolism in response to NPs 
stress, providing a step forward for understanding the causes of NPs phytotoxicity on edible plant taproot for
mation and cracking.   

1. Introduction 

Rare earth oxide nanoparticles (ROE NPs) are commonly used in 
high-technology industries and biomedical fields because of their mag
netic, catalytic, and optic properties (Ma et al., 2010; Hwang et al., 
2019). Lanthanum oxide nanoparticles (La2O3 NPs) are among the most 
widespread ROE NPs, as they can be used for building electric sensors, 
catalysts, paint coatings, polishing powders, fuel cells, antimicrobials, or 
water treatment devices (Balusamy et al., 2012; Sisler et al., 2016; Lu 
and McDonald, 2020). Due to their widespread daily usage, La2O3 NPs 
have inevitably been released into the natural environment, leading to 
adverse effects on plant physiological processes and crop productivity 
(De la Torre Roche et al., 2015; Rizwan et al., 2017; Hwang et al., 2019). 
Hence, the evaluation of the effects of La2O3 NPs on the crop 
plant-edible parts, as well as on the general food safety, has received 
increasing attention (Hwang et al., 2019). 

Several studies have shown that La2O3 NPs can accumulate in the 
roots and shoots of plant, but the effect of La2O3 NPs on plant physio
logical and biochemical parameters varies depending on different plant 
types, exposure dose and growing conditions (hydroponic or soil cul
ture). For instance, La2O3 NP suspensions at around 2 mg L− 1 were 
sufficient to inhibit the accumulation of root and shoot biomass in cu
cumber (Cucumis sativus) plants, while 2000 mg L− 1 of La2O3 NPs were 
needed to induce more reactive oxygen species and cell death in 
C. sativus roots (Ma et al., 2015). Similarly, under hydroponic condi
tions, a minimum of 500 mg L− 1 of La2O3 NPs was needed to signifi
cantly decrease root and shoot biomass of maize (Zea mays) plants (Yue 
et al., 2017), 2000 mg L− 1 La2O3 NPs resulted in reduced root elongation 
of radish (R. sativus) seedlings (Ma et al., 2010), even 10 mg L− 1 La2O3 
NP suspension reduced the net photosynthetic rate of soybean and maize 
by 8.77% and 55.52%, respectively (Liu et al., 2020). A recent study also 
showed that the inhibitory effects of La2O3 NPs on maize growth were 
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related to the up-regulation of core genes involved in lignin synthesis, 
since the lignin-enriched apoplastic barriers in juvenile maize led to the 
reduction of stomatal conductance and transpiration rate (Yue et al., 
2019). Moreover, 500 mg kg− 1 of La2O3 NPs soil exposure reduced 
lettuce shoot biomass by 23–30% (De la Torre Roche et al., 2015). 
Although the phytoxicity of La2O3 NPs some plant growth and physio
logical parameter has been documented, little is yet known about the 
effects of La2O3 NPs on the growth and development of edible plant 
roots, a matter that is are directly related to food safety (Rizwan et al., 
2017; Hwang et al. 2019). 

Since the edible parts of root crops are developed in the soil, or 
immersed the hydroponic solution, it is very likely to have direct contact 
to La2O3 NPs, and the potential negative effects of La2O3 NPs accumu
lation in food crops could be expected. Specifically for radish, healthy 
edible taproots have a crisp and crunchy texture, while under stress, root 
cracking occurs easily, ultimately resulting in severely decrease in yield 
and commercial value of radishes (Yu et al., 2019). Taproot thickening is 
a process characterized by the formation of secondary cell walls, which 
are richer in microfibrils and lignin than that of the primary cell walls of 
younger roots, which in turn are richer in carbohydrates (Somerville 
et al., 2004; Yu et al., 2016). When faced with environmental stress, the 
mechanical properties of cell walls (e.g., viscosity and elasticity) can be 
altered via changes in the composition and structure of cell walls (Sun 
et al., 2016). For instance, it has been found that Fe0 NPs exposure 
slightly decreased the carbohydrate and lignin contents of alfalfa root 
cell wall (Kim et al., 2019), and CuO NPs decreased the cell wall xylo
glucan and esterified pectin contents in the roots of Arabidopsis thaliana 
seedlings (Nie et al., 2020). To date, however, the genetic and physio
logical changes in the cell wall synthesis of the radish storage root 
epidermis and xylem parenchyma tissues in response to NPs stress have 
not been characterized. Therefore, by clarifying the molecular mecha
nism underlying the processes mediating radish storage root develop
ment and cracking in response to La2O3 NPs will be potentially possible 
to breed more radish varieties resistant to root cracking in the future (Yu 
et al., 2019). 

In the present study, we addressed the phytotoxicity of La2O3 NPs on 
radish plants by measuring growth performance, root cell wall compo
sition, photosynthetic parameters and La uptake and distribution of 
radish tissues during taproot expansion in a soilless hydroponic culture 
system. Moreover, we clarified the underlying molecular mechanism of 
root cracking in response to La2O3 NPs exposure using transcriptome 
analyses. Finally, we validated the expression of the candidate genes 
involved in the biosynthesis pathways of cell wall carbohydrates and 
phytohormones for regulating cell enlargement/division. The following 
three questions were addressed: 1) Is the effect of La2O3 NPs on radish 
reproductive growth dose-dependent? 2) Do La2O3 NPs change cell wall 
composition of radish root epidermis and xylem parenchyma tissues? 3) 
What are the underlying molecular mechanisms of La2O3 NPs-induced 
radish storage root cracking? We predicted 1) a positive dose- 
dependent La2O3 NPs-phytotoxicity relationship, 2) a significant fragi
lization of in the radish root tissues due to the significant structural 
molecular changes after La2O3 NPs exposure, and 3) a downregulation of 
key genes related to cell wall thickening when radish roots are exposed 
to La2O3 NPs. This is the first evidence of the molecular and physio
logical mechanisms addressing the detrimental effects of La2O3 nano
particles on radish edible root formation and root cracking. These 
findings would provide important information to support the safe and 
sustainable application of nanomaterials in agriculture. 

2. Materials and methods 

2.1. La2O3 NPs preparation and characterization 

La2O3 NPs (99.9%, 10–100 nm) and bulk-particles (BPs) (99.9%) 
were purchased from US Research Nanomaterials (Houston, TX, USA) 
and Sinopharm Chemical Reagent Co., Ltd (Shanghai, China), 

respectively. Aqueous suspensions of both La2O3 NPs and La2O3 BPs 
were prepared via adding their respective powders to deionized water 
and subsequently sonicated (100 W, 40 kHz, 30 ℃) the mixture for 30 
min to increase dispersion. The morphology of the La2O3 NPs and La2O3 
BPs was observed using transmission electron microscopy (TEM, JEM- 
2100, Japan) operated at 200 kV. The TEM images indicated that the 
sizes of the La2O3 NPs and La2O3 BPs were in average 58 nm and 0.65 
µm, respectively (Fig. S1). To characterize the suspension stability and 
dissolution behavior of NPs in the aqueous environment, the hydrody
namic particle size and ζ-potential of La2O3 NPs in the presence or 
absence of radish plants for 48 h were measured with a Malvern NanoZS 
analyzer (Malvern Instrument Inc., UK) (Table S1). The time-dependent 
dissolution of La2O3 NPs in deionized water with or without presence of 
plants was determined at 24 h and 48 h using triple quadrupole induc
tively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher, 
Germany). In order to evaluate the precision and accuracy of the 
methods, a standard reference material (bush branches and leaves, 
GBW07602) and spiked sample (spiked with stock standard solution at 
1 mg Kg− 1 of La) were also analyzed by the same procedure. Germanium 
(10 μg mL− 1) was used as an internal standard to calibrate the instru
ment signal drift and matrix suppression. The calibration curve for La 
element was obtained by standard addition method, and linearity range 
and equation, detection limit, spike recovery were shown in Table S2. 
For quality control (QC), the La elemental standard solution was eval
uated every 10 samples. 

2.2. Plant cultivation and La2O3 NP exposure 

Radish (Raphanus sativus L.) plants are cultivated and consumed 
worldwide due to their abundant nutritive and antioxidant properties (e. 
g. carbohydrates, crude fiber, vitamin C, protein) (Baenas et al., 2015; 
Xie et al., 2018). Owing to its short growing period, this plant species has 
also proven to be a valuable model system for addressing the effects of 
engineered nanoparticles on edible parts of the plants (Zuverza-Mena 
et al., 2016). For this study, seeds of R. sativus cultivar Trailblazer F1 
charito were purchased from Hezhiyuan Seed Company (China), a va
riety commonly used in China. Seeds were surface-sterilized in 10% 
H2O2 (v/v) for 30 min, washed and then soaked in sterile distilled water 
for 12 h before being germinated on damp gauze at 25 ℃ for 3 days. 
Equally-sized radish seedlings were transplanted into ceramic pots (15 
cm diameter, and 18 cm high) in a climate chamber (25 ◦C, 55 ± 5% RH, 
16 h/8 h (day/night), 12,000 LX of active radiation). Each ceramic pot 
contained 1/4 strength of Hoagland nutrient solution (pH = 6.8, mmol 
L− 1): K2SO4, 0.75; Ca(NO3)2, 2.0; KCl, 0.1; KH2PO4, 0.25; MgSO4.7 H2O, 
0.65; H3BO3, 1.0 × 10− 3; MnSO4⋅H2O, 1.0 × 10− 3; ZnSO4.7 H2O, 1.0 ×
10− 3; CuSO4.5 H2O, 1 × 10− 4; (NH4)6Mo7O24, 5 × 10− 6; Fe-EDTA, 0.1 
(Wang et al., 2012). During a preliminary experiment, we observed that 
0.76 mg L− 1 La3+ were released from 300 mg L− 1 La2O3 NPs in deionized 
water in the presence of radish seedling after exposure for 48 h, and the 
growth of radish seedling was not significantly influenced (Fig. S2). 
Therefore, ionic control (0.8 mg L− 1 La3+) was set to test the ionic 
phytotoxicity in this study. After 25 days, when the taproots began to 
swell, the radish seedlings were transferred into the liquid solutions of 
La2O3 NPs of different concentrations (0, 10, 50, 100 and 300 mg L− 1 

La2O3 NPs, hereafter referred to CK, NP10, NP50, NP100, NP300 for 
simplicity), and grown hydroponically for 6 days, a time when several 
radish storage roots started cracking. In order to test the nano-specific 
effects of La2O3 NPs, similar-size radish seedlings were transferred 
into 300 mg L− 1 La2O3 BPs (BP) and 0.8 mg L− 1 La3+ suspension/solu
tion, serving as the controls of La2O3 buck particles and La ion. Each 
treatment had six replicates. During 6-days exposure period, the La2O3 
NP suspension was changed every 48 h in order to exclude the contri
bution of La3+ to the phytotoxicity. 

After six days of exposure treatment, leaf chlorophyll concentration 
(SPAD value) was measured in actively-growing leaves using a Chloro
phyll Meter (SPAD-502 plus, Konica Minolta Inc., Japan) before 
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destructive sampling. Additional photosynthesis-related parameters, 
including net photosynthetic rate (Pn), stomatal conductance (Gs), 
transpiration rate (E) and intracellular CO2 concentrations (Ci), were 
measured using the CIRAS-3 portable gas exchange system (CIRAS-3, 
PP-Systems, USA). Next, the plants were harvested and separated into 
three sections: fine root, storage root and shoots. The fine roots and 
storage root were gently rinsed with 20 mM EDTA-Na2 solution (five 
times) to avoid possible attachment of La2O3 NPs (Wang et al., 2012). 
The whole storage root was divided into two parts with a precision knife: 
root peel and flesh. The dry biomass was measured after oven-drying at 
70 ◦C for 48 h. Part of the fine roots, leaves, root peel and flesh tissues 
were then acid-digested completely using a microwave digestion system 
(MARS 6, CEM, USA), and the contents of total La in leaves, fine and 
storage root tissues were quantified using ICP-MS (Thermo Fisher, 
Germany) (Liu et al., 2020). The quality assurance/QC was run as the 
above-mentioned determination methodology of the La3+ release from 
the La2O3 NP suspensions. The remaining epidermis and xylem paren
chyma tissues of radish storage roots were separated and immediately 
frozen in liquid nitrogen and stored at − 80 ◦C for further cell wall 
component and transcriptome analyses. In order to observe the changes 
of storage root epidermis tissues in response to La2O3 NPs exposure, 
samples were prepared using the paraffin method as described by Yue 
et al. (2019), and imaged on a confocal laser scanning microscopy 
(CLSM, Nikon, A1, Japan) at 488 nm excitation. 

2.3. Analysis of cell wall components of storage roots 

To observe changes in cell wall composition of radish storage roots 
after La2O3 NP exposure, the cell wall components were extracted as 
described by Huang et al. (2020). Briefly, 100 mg storage root epidermis 
and xylem parenchyma tissue samples were separately ground to ho
mogenized powder in liquid nitrogen and added with 1.5 mL of ice-cold 
ethanol for extraction at room temperature for 30 min. The samples 
were centrifuged at 10,000 g for 5 min to discard the supernatant. The 
tubes were rinsed twice with 1.5 mL 80% ethanol and the remaining 
precipitate was then added with 1.5 mL ice-cold acetone, 
methanol-chloroform (1:1, v/v) and methanol. The precipitate, corre
sponding to the crude solution of cell wall, was freeze-dried overnight. 
Afterwards, the crude cell wall solution was added with 7 mL 0.5% 
ammonium oxalate buffer solution (including 0.1% NaBH4) (pH 4), 
boiled in water for 1 h and the supernatant containing pectin was 
separated by centrifugation at 10,000 g for 5 min. The pectin extraction 
was repeated twice. After washing three times with distilled water, the 
precipitate was added in 0.5 mL 4% KOH with 0.1% NaBH4, and the 
supernatant containing hemicellulose 1 was separated by centrifugation 
at 10,000 g for 5 min, and then neutralized by acetic acid. The extraction 
of hemicellulose 1 was repeated three times in 24 h at room tempera
ture. Then, 0.5 mL mixed solution (24% KOH and 0.1% NaBH4) was 
added to the sediment after the extracting hemicellulose 1 as mentioned 
above to react at room temperature, the supernatant containing hemi
cellulose 2 was separated by centrifugation at 10,000 g for 5 min, and 
neutralized with acetic acid. The extraction of hemicellulose 2 was 
repeated three times in 24 h. The resulting residue was subsequently 
washed with distilled water and freeze-dried to obtain the cellulose 
fraction (Huang et al., 2020). Finally, the obtained supernatants and 
residues were treated individually by the phenol-sulfuric acid method 
using glucose as standard to assay the contents of cell wall neutral sugar 
at a wavelength of 490 nm (Dubois et al., 1956). Root sucrose content 
was determined according to the method described by Feng et al. 
(2019). 

2.4. RNA-seq measurements 

RNA extraction, mRNA purification and sequencing were performed 
as described by Nagalakshmi et al. (2008) and Yang et al. (2018). The 
RNA was extracted from the epidermis and xylem parenchyma tissues of 

radish storage roots. To avoid genomic DNA contamination, RNA sam
ples were treated with RNase-free DNase I (Takara, Japan). The con
centration and integrity of RNA were quantified with a NanoDrop2000 
spectrophotometer (Thermo Scientific, USA) and an Agilent 2100 Bio
analyzer System (Agilent Technologies, USA). cDNA library was con
structed for sequencing on the DNBseq platform, following a 
probe-anchor synthesis sequence method (BGI, China). 

Raw reads generated by DNBseq platform were initially processed to 
get clean reads by discarding the reads with adaptor contamination, 
masking low-quality reads. A total of 55.1 gigabase-pairs (Gbps) of data 
were obtained. Then, transcriptome de novo assembly was carried out 
using the Trinity platform (Grabherr et al., 2011). The assembled clean 
reads were clustered and this eliminated any redundancy in obtaining 
unigenes using the TIGR Gene Indices clustering tools (TGICL) (Pertea 
et al., 2003). Finally, the obtained unigenes were referred to as “All-U
nigenes” and clustered into the following two parts: one part included 
clusters of several unigenes sharing ≥ 70% sequence similarity with 
each other (starting with “CL,” followed by the gene family ID), the 
other part included singletons (starting with “Unigene”). To identify 
differential expression genes (DEGs) between the two different samples, 
the gene expression levels were calculated using the fragments per 
kilobase of exon per million mapped reads (FRKM) method (Mortazavi 
et al., 2008). A Venn diagram was used to show logical relationships 
among the DEGs between groups (http://bioinfogp.cnb.csic.es/too 
ls/venny/index.html). Cufflinks tool (http://cufflinks.cbcb.umd.edu/) 
was employed to quantify differential expression analysis (Trapnell 
et al., 2013). Gene expression data was analyzed by first applying a 
threshold for false discovery rate (FDR) < 0.05, and then a fold change 
≥ 2 was used to determine significant differences across treatments. 
Additionally, functional-enrichment analyses, including GO and KEGG 
were performed to identify which DEGs were significantly enriched in 
GO terms and metabolic pathways when their Bonferroni-corrected 
P-value was less than 0.05 (Young et al., 2010; Xu et al., 2019). 

2.5. Validation of DEG expression with quantitative real-time PCR 
(qPCR) 

To verify the transcriptomic data, the samples were analyzed via 
qPCR in accordance with previously-described methods (Xiao et al., 
2016). Briefly, additional RNA was isolated from the epidermis and 
xylem parenchyma tissues as described above. For qPCR analysis, 
primers for unigenes involved in the biosynthesis of pectin (CL469. 
Contig1_All, CL7407. Contig7_All and Unigene20023_All) and IAA 
(CL3618. Contig4_All, Unigene2606_All, CL6699. Contig2_All) were 
designed using Primer BLAST (https://www.ncbi.nlm.nih.gov/tools/ 
primer-blast/ index.cgi) and synthesized by the Sangon Biotech Co., 
Ltd (Shanghai, China) (Table S3). UP2 was selected as the internal 
control gene (Duan et al., 2017). qPCR was performed on a CFX 96 touch 
Real Time PCR System platform (BioRad, USA) using the UltraSYBR 
Mixture (CWBIO, China) following the manufacturer’s instructions and 
qPCR protocol was according to a previous report (Liu et al., 2020). 
Sequentially, the relative gene expression was calculated using the 
comparative CT method with the formula Relative Quantification (RQ) 
= 2− ΔΔCT (Livak and Schmittgen, 2001). All reactions were performed in 
triplicate, and the data were analyzed using the Bio-Rad CFX Manager 
software. 

2.6. Data analysis 

All statistical analyses were performed with the R software v3.3.2 (R 
Development Core Team, 2016). Data were expressed as means ±
standard error (SE) (n = 6 replicates per treatment). After the normality 
and homogeneity tests, the effect of La2O3 NPs on radish growth per
formance, root cell wall composition, photosynthetic parameters and La 
concentration was respectively examined using a one-way ANOVA with 
raw data. Differences within treatments were determined by Tukey’s 
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post-hoc tests (p < 0.05). 

3. Results and discussion 

3.1. Radish growth after exposure to La2O3 NPs 

Growth parameters of radish were determined upon exposure of 
La2O3 NPs, La2O3 BPs and La3+ for six days (Fig. 1). The radish shoot 
biomass was decreased by the La2O3 NPs treatments, particularly at the 
dose of 300 mg L− 1 (Fig. 1a), while no significant changes were observed 
in the fine root biomass across all treatments (Fig. 1b). La2O3 NPs 
exposure at 10 mg L− 1 (NP10) concentration increased the storage root 
biomass by 18%, while La2O3 NPs exposure with the higher concen
trations, such as NP50, NP100 and NP300, decreased the storage root 
biomass by 8%, 38% and 60%, respectively (Fig. 1c). Moreover, La2O3 
NPs exposure at, or above 50 mg L− 1 tended to decrease the radish 
storage root flesh, peel biomass, and the ratio of flesh and peel biomass 
(Fig. 1d–f). Particularly, the NP100 treatment decreased the flesh 
biomass, peel biomass and ratio of flesh and peel biomass by 44.7%, 
16.7% and 29.0%, respectively, and the strongest inhibition effect on 
radish storage root development was significantly visible at the highest 
concentration of La2O3 NPs (NP300) (Fig. 1d–f). Finally, the NP100 and 
NP300 treatment markedly resulted in radish root cracking (Fig. S3). In 
this study, as compared to the 300 mg L− 1 of La2O3 BPs treatment, the 
equivalent dose of La2O3 NPs suspension reduced more storage root 
biomass, indicating that La2O3 NPs displayed a strong nano-specific 
toxicity effect on radish edible root growth. Moreover, given that the 
all above radish growth parameters showed no significant differences 
between the control and La3+ treatment (Fig. 1), we can conclude that 
the toxicity of La2O3 NPs on radish growth was not driven by the La3+

release from the La2O3 NPs in this case. 
Recent studies have demonstrated that La2O3 NPs could induce both 

beneficial and detrimental effects in terrestrial plants, as measured by 

physiological, biochemical, and molecular variables (Yue et al., 2019). 
Photosynthesis is an essential metabolic process and provides more than 
75% of photosynthates that are translocated to stem and root system for 
plant growth and development (Shiroya et al., 1962). Thus, the observed 
reduced storage root biomass could be the result of decreased photo
synthesis imposed by La2O3 NPs exposure. At low La2O3 NPs concen
tration (NP10), or by La3+ treatment, the photosynthesis parameters Pn, 
Gs, E and Ci of radish plants were not significantly different than those of 
control plants, but were significantly inhibited by La2O3 NPs when the 
exposure dose was more than 100 mg L− 1 (Fig. 2). Particularly, NP100 
and NP300 treatment notably decreased the Pn of radish plants by 
18.9% and 32.0%, respectively (Fig. 2a). Consistent with this, leaf 
chlorophyll content was also greatly reduced in NP100 and 
NP300-treated radish leaves (Fig. S4a), suggesting that La2O3 
NPs-mediated reduction in photosynthesis is caused by the reduced 
photosynthetic pigment contents. Similarly, after La2O3 NP exposure, 
obvious decreases were observed for other gas exchange parameters 
including Gs, E and Ci, particularly in the presence of 300 mg L− 1 La2O3 
NPs (Fig. 2b–d). These results are in line with previous studies that 
confirmed the negative effects of metal NPs on the photosynthesis and 
gas exchange parameters of Oryza sativa (Abbas et al., 2019) and Ara
bidopsis thaliana (Wang et al., 2016). Therefore, the observed negative 
effects of La2O3 NPs on radish are likely caused by the reduced chloro
phyll content and photosynthesis-related gas exchange parameters in 
leaves, which in turn limited photosynthesis, and thus reduced the 
storage root biomass accumulation. However, the phytotoxic effect of 
La2O3 NPs on radish plants may be different from those of other rare 
earth element nanoparticles such as CeO2 NPs. Indeed, previous study 
reported that radish soil exposure with 100 mg Kg− 1 CeO2 NPs had no 
inhibition on photosynthesis, and even significantly increased the leaf 
chlorophyll content, which might have been driven by increased 
anti-oxidative enzyme activities in the roots and leaves (Gui et al., 
2017). Altogether, these results suggest rare earth element NPs-specific 

Fig. 1. Growth parameters of radish exposed to different concentrations of La2O3 NPs for 6 days. (a) Shoot biomass, (b) fine root biomass, (c) storage root biomass, 
(d) storage root flesh biomass, (e) storage root peel biomass (f) ratio of storage root flesh and peel biomass. Data are means ± SE (n = 6). La treatments: CK, control 
without La2O3 NPs; NP10, 10 mg L− 1 La2O3 NPs; NP50, 50 mg L− 1 La2O3 NPs; NP100, 100 mg L− 1 La2O3 NPs; NP300, 300 mg L− 1 La2O3 NPs; BP, 300 mg L− 1 La2O3 
bulk particles; La3+, 0.8 mg L− 1 La ion. Different letters indicate significant difference among La treatments (Tukey’s HSD test, p < 0.05). 
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effects on plants, and call for further comparative studies. 

3.2. La uptake and internalization in radish plant tissues 

We observed that the concentration of La in leaves and particularly 
in roots increased with the increasing dose of La2O3 NPs (from 10 to 
300 mg L− 1) (Fig. 3a and b). Compared with that in control plants, 
NP100, NP300 and BP treatment significantly increased La content in 
radish leaves (Fig. 3a), and all the tested treatments except La3+ notably 
increased the La content in radish fine roots (Fig. 3b). In terms of radish 
edible organs, La concentration in root peel and flesh tissues of storage 
roots exposed to La2O3 NPs at the dose of 50, 100 and 300 mg L− 1 was 
much higher than those treated with La2O3 BPs, La3+ and control 
(Fig. 3c and d). The La contents in radish edible tissues peel and flesh 
increased in a dose-dependent manner (Fig. 3c and d). Similar dose- 
dependent effects were observed in peanut (Arachis hypogaea L.), in 
which 50 and 500 mg kg− 1 CuO NPs soil addition resulted in an increase 
of 88% and 163% Cu concentration in the grains, respectively (Rui et al., 
2018). Moreover, we also found that the concentration of La in root peel 
tissues was much higher than that in flesh tissues at the same exposure 
concentration of La2O3 NPs (Fig. 3c and d), which was likely due to the 
adsorption of La2O3 NPs on the epidermal cell of the storage root. 
Similarly, a recent study also found that the accumulation of Cerium 
(Ce) element was principally in the radish taproot peel, with signifi
cantly lower Ce concentration in the edible flesh after soil CeO2 NPs 
exposure (Zhang et al., 2017a, 2017b). Therefore, these results suggest 
that a primary pathway for La accumulation in radish storage roots was 
physical adsorption on the surface and radial diffusion toward the 
center. Moreover, previous studies suggested that metal NPs can pass 
through the root epidermis to accumulate in the roots, and then trans
locate to the shoots through the xylem (Wang et al., 2012). Here, the 

concentration of La in fine roots was also much higher than that in 
leaves, which was consistent with other studies (Liu et al., 2020). This 
observation suggests that less La2O3 NPs was possibly translocated from 
roots to shoots. The reason could be that part of the positively charged 
NPs absorbed and accumulated in the root cells (Wu et al., 2017), or 
absorbed in large quantities by negatively charged xylem (White, 2012). 

3.3. Root cell wall composition and sugar metabolism in response to 
La2O3 NPs 

As predicted, we observed La2O3 NPs-mediated changes in cell wall 
composition of storage root epidermis and xylem parenchyma tissues 
(Fig. 4). Specifically, NP10, NP50, BP and La3+ treatments did not 
significantly change the cell wall pectin content of epidermis and xylem 
parenchyma tissues, NP100 significantly decreased cell wall pectin 
content of epidermis and xylem parenchyma tissues by 16.7% and 
12.9%, respectively. Such inhibitory effect was even more visible for the 
NP300 treatment, and again stronger in the epidermis tissues (Fig. 4a), 
suggesting that La2O3 NPs exposure induced much stronger inhibition 
on cell wall pectin synthesis in epidermis tissues than that in xylem 
parenchyma tissues. The possible explanation for this result is that the 
La2O3 NPs exposure resulted in the inhibition of photosynthetic activity, 
followed by a reduced net photosynthesis and product assimilation, such 
as decrease in sucrose which usually can be transported from “source” to 
“sink” organs in higher plants (Farrar et al., 2000; Ruan, 2012) and in
volves in the synthesis of other essential metabolite compounds such as 
starch, cellulose, pectin and proteins (Ruan, 2014). In this study, La2O3 
NPs exposure at, or above, the dose of 100 mg L− 1 notably decreased 
sucrose content more in root epidermis tissues than that in the xylem 
parenchyma tissues (Fig. S4b). While all the tested treatments did not 
significantly change the cell wall cellulose content of root xylem 

Fig. 2. The gas exchange parameters: (a) net photosynthetic rate (Pn), (b) stomatal conductance (Gs), (c) transpiration rate (E) and (d) intracellular CO2 concen
trations (Ci) and of radish in response to La2O3 treatments for 6 days. Data are means ± SE (n = 6). La treatment labels as Fig. 1. Different letters indicate significant 
difference among La treatments (Tukey’s HSD test, p < 0.05). 
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parenchyma tissues, NP50, NP100, NP300 and La3+ treatment signifi
cantly increased cell wall cellulose content of epidermis tissues (Fig. 4b). 
Similarly, NP100 and NP300 treatment also increased cell wall hemi
cellulose 1 content of root epidermis tissues obviously, but only NP300 
treatment significantly increased cell wall hemicellulose 1 content of 
root xylem parenchyma tissues by 42.2% (Fig. 4c). Besides, treatments 

of NP300 and La3+ significantly increased cell wall hemicellulose 2 
content of root epidermis tissue, but all the tested treatments did not 
significantly change the cell wall hemicellulose 2 content of root xylem 
parenchyma tissues (Fig. 4d). It is well known that the mechanical 
properties of cell wall, including viscosity and elasticity, are dependent 
on the content and structure of cell wall components, a variable 

Fig. 3. La concentration in radish plant (a) leaf, (b) fine root, storage root (c) peel and (d) flesh tissues after La2O3 NPs exposure. Data are means ± SE (n = 6). La 
treatment labels as Fig. 1. Different letters among bars indicate statistically significant differences among La treatments (Tukey’s HSD test, p < 0.05). 

Fig. 4. Change of cell wall components of storage root epidermis and xylem parenchyma tissues in response to La2O3 NPs exposure. (a) Pectin, (b) cellulose, (c) 
hemicellulose 1 and (d) hemicellulose 2. Data are means ± SE (n = 6). La treatment labels as Fig. 1. Different letters among bars indicate statistically significant 
differences in cell wall polysaccharides of in epidermis or xylem parenchyma tissues among La treatments (Tukey’s HSD test, p < 0.05). 
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composite mixture of cellulose, hemicellulose, and proteins embedded 
in a matrix of pectin (Cosgrove, 2005; Sun et al., 2016). Hence, it is 
suggested that the viscosity and elasticity of radish storage root cell 
walls were disturbed by La2O3 NPs exposure particularly at the higher 
exposure doses, via significantly changing the ultrastructure and 
composition of cell walls (Fig. S7). 

A recent study found that CuO NPs exposure decreased the contents 
of Arabidopsis thaliana root cell wall pectin (including esterified uronic 
acid and nonesterified uronic acid) but increased cell cellulose contents 
(Nie et al., 2020). Similarly, in the present study, La2O3 NPs exposure 
decreased the cell wall pectin content but increased the cell wall cellu
lose content especially in root epidermis tissues. It is well known that 
cellulose microfibrils provide tensile strength to the cell wall and 
determine the directionality of cell expansion, and they are usually 
interlinked by hemicelluloses, possibly at mechanical hotspots, and 
embedded within a pectin matrix (Verbančič et al., 2018). A previous 
study also found that fruit cell walls with less water-soluble and more 
ionically and covalently-bound pectins finally reduced the elasticity of 
cell wall microfibrils and induced cracking (Jiang et al., 2019). Indeed, 
the confocal microscopy images of storage root epidermis tissues indi
cated that plant cell were damaged, and particularly the cell adhesion 
were disrupted severely after 100 mg L− 1 La2O3 NP exposure (Fig. S7). It 
has been reported that metal oxide nanoparticle exposure at high dose 
induced the production of ROS including hydroxyl radicals (⋅OH) (Yue 
et al., 2018), and the⋅OH radicals are very reactive so that they can act as 
scissors to breakdown pectin-polysaccharide networking polymers in 
the cell walls (Kim et al., 2019). Besides, soil inadequate watering and 
water status were reportedly essential factors that increase radish root 
cracking (Wan and Kang, 2006). However, given that radish plants grew 
in the hydroponic condition, the water status in the growth medium was 
not the main factor affecting root cracking in this study. Thus, the 
decreased pectin concentration in cell walls of storage root epidermis 
tissues caused loosening of the tethers between cellulose microfibrils, 
and the disruption of plant cell adhesion, which ultimately made the 
epidermis tissue to lose its elasticity, and likely facilitated root cracking. 

3.4. Transcriptomic analysis revealed differential responses to La2O3 NPs 
exposure 

In this study, based on the comparisons of radish plant physiological 
changes including plant growth performance, photosynthesis and root 
cracking among the treatments of 300 mg L− 1 La2O3 NPs, equivalent 
bulk La2O3 and ionic La, we could clearly conclude that the La2O3 NPs 
do have nano-specific toxicity on radish growth and caused root 
cracking phenomenon but bulk La2O3 do not. Moreover, given our initial 

observations that 100 mg L− 1 was the lowest observed La2O3 NPs 
exposure concentration for causing clear root cracking along with sig
nificant changes in taproot growth and cell wall components, 
100 mg L− 1 was chosen as the exposure concentration to further 
investigate the La2O3 NPs-mediated molecular mechanisms of cell wall 
polysaccharide synthesis for the interpretation of root cracking. Thus, 
we here present mRNA sequencing data on transcriptome impacts to 
radish plants during their tuber expansion following six days of 
100 mg L− 1 La2O3 NPs exposure, as compared to control. The number of 
filtered differentially expressed genes (DEGs) is shown in Fig. 5(a). 
Overall, compared to control plants, 1485 genes (832 up-regulated and 
653 down-regulated) were differentially expressed in storage root 
epidermis tissues after La2O3 NPs exposure, and 1780 genes (949 up- 
regulated and 831 down-regulated) were differentially expressed in 
storage root xylem parenchyma tissues after La2O3 NPs exposure 
(Fig. 5a). Compared the DEGs between root epidermis and xylem pa
renchyma tissues, 1474 (320 up-regulated and 1154 down-regulated) 
and 906 (247 up-regulated and 659 down-regulated) DEGs were iden
tified in the absence and presence of La2O3 NPs exposure, respectively 
(Fig. 5a). In accordance with the Venn diagram analysis (Fig. 5b), 508, 
788, 1034 and 502 genes were specifically differentially expressed in the 
comparisons of the group of epidermis tissues after La2O3 NPs exposure 
(abbreviated as “EP_CK-vs-EP_NPs”), the group of xylem parenchyma 
tissues after La2O3 NPs exposure (abbreviated as “XP_CK-vs-XP_NPs”), 
the group of difference between epidermis and xylem parenchyma tis
sues in the absence of La2O3 NPs exposure (abbreviated as “EP_CK-vs- 
XP_CK”), and the group of difference between epidermis and xylem 
parenchyma tissues in the presence of La2O3 NPs exposure (abbreviated 
as “EP_NPs-vs-XP_NPs”), respectively (Fig. 5b). 

On the basis of the DEG results, we performed gene ontology (GO) 
enrichment analysis (Fig. S5). GO analysis indicated that most DEGs in 
La2O3 NPs-treated radish root epidermis and xylem parenchyma tissue 
were enriched for cellular process, cell part and binding (Fig. S5a and b). 
To understand the functions of the DEGs, their KEGG pathway enrich
ment of radish root epidermis and parenchyma tissues upon La2O3 NPs 
treatment was also analyzed. The top 20 KEGG pathways with the 
highest number of DEGs are shown in (Fig. 6), in which ubiquinone and 
other terpenoid-quinone biosynthesis (ko00130), N-Glycan biosynthesis 
(ko00510), amino sugar and nucleotide sugar metabolism (ko00520) 
were enriched in root epidermis tissues after La2O3 NPs exposure 
(Fig. 6a), and nitrogen metabolism (ko00910), alpha-linolenic acid 
metabolism (ko00592) and glucosinolate biosynthesis (ko00966) were 
notably enriched in root xylem parenchyma tissues after La2O3 NPs 
exposure (Fig. 6b). Particularly, 920 DEGs were differentially expressed 
in both root epidermis and xylem parenchyma tissues after La2O3 NPs 

Fig. 5. Overview of differential gene expression under different treatments. (a) Numbers of differentially expressed genes (DEGs) between each group. (b) Venn 
diagram showing the number of significant DEGs in each group. EP_CK-vs-EP_NPs: group of epidermis tissues after La2O3 NPs exposure; XP_CK-vs-XP_NPs: group of 
xylem parenchyma tissues after La2O3 NPs exposure; EP_CK-vs-XP_CK: group of the comparison between epidermis and xylem parenchyma tissues without La2O3 NPs 
exposure; EP_NPs-vs-XP_NPs: group of the comparison between epidermis and xylem parenchyma tissues with La2O3 NPs exposure. 
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Fig. 6. Top 20 pathways of KEGG enrichment of differentially expressed genes (DEGs) in radish storage root epidermis (a) and xylem parenchyma (b) tissues in 
response to La2O3 NPs exposure. The rich factor is the percentage of DEGs out of the total number of detected genes in the pathway. Coloring indicates Q-value with 
higher in green and lower in red. The lower Q-value indicates the more significantly enriched. Bigger dots indicate higher numbers of DEGs. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article) 
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exposure (Fig. 5b), and their KEGG pathway enrichment was further 
analyzed: the pathway of amino sugar and nucleotide sugar metabolism 
(ko00520), vitamin B6 metabolism (ko00750), and nitrogen metabolism 
(ko00910) were enriched (Fig. S6). It has been reported that bioavail
able nitrogen is a key factor in enhancing crop production and photo
synthesis (Makino, 2011; Zhang et al., 2017a, 2017b). In this study, 8 
DEGs related to the nitrate/nitrite transporter (i.e., CL9019. Contig2_All, 
Unigene20503_All, Unigene6828_All, Unigene6852_All and Unig
ene6858_All) and glutamate synthase (i.e., CL13367. Contig2_All, 
CL13367. Contig6_All and CL13367. Contig7_All) in the nitrogen 
metabolism pathway were all up-regulated after La2O3 NPs exposure 
(Table S4), suggesting that La2O3 NPs-driven increase in nitrogen 
metabolism was not the main limiting factor of radish growth and 
photosynthesis. However, most genes involved in amino sugar and 
nucleotide sugar metabolism pathway (ko00520), especially for pectin 
biosynthesis (i.e., CL469. Contig1_All, CL7407. Contig7_All and Unig
ene20023_All), were down-regulated in both root epidermis and xylem 
parenchyma tissues after La2O3 NPs exposure (Fig. 7). It has been re
ported that the newly fixed carbon, in the form of UDP-glucose and other 
nucleotide sugars derived from UDP-glucose, contributes to the syn
thesis of cell wall polysaccharides i.e., cellulose, and pectin and hemi
celluloses (Verbančič et al., 2018). While the starch and sucrose 
metabolism (ko00910) was not significantly enriched among the top 20 
KEGG pathways, 13 DEGs related to the starch and sucrose metabolism 
were identified (Table S4), 5 of which involved in the biosynthesis of 
cellulose (i.e., Unigene16368_All, CL11759. Contig3_All, CL1298. Con
tig4_All, CL8246. Contig7_All and Unigene5966_All) were up-regulated 
by La2O3 NPs exposure (Table S4), which could be the reason why the 
cell wall cellulose content in root epidermis and xylem parenchyma 
tissues increased after La2O3 NPs exposure. 

Dysfunctions in the plant hormones’ signal transduction pathways 
have also been associated with fruit cracking in some fruits, as for 
example in sweet cherries (Cline and Trought, 2007). In this study, 26 
DEGs involved in plant hormone signal transduction pathway 
(ko04075) after La2O3 NPs treatment were identified. Particularly, the 
unigenes involved in the biosynthesis of auxin (i.e., ARF: CL3618. 
Contig4_All, Unigene2606_All; SAUR: CL6699. Contig2_All) were 
down-regulated in both root epidermis and parenchyma tissues of the 
La2O3 NPs-treated plants (Fig. 7a and b, Table S4). This results contrast 
with the general observation that the biosynthesis and transport of auxin 
is highly involved in root growth and development (Saini et al., 2013). 
Moreover, La2O3 NPs exposure down-regulated the DEGs involved in the 
biosynthesis of cell wall pectin and IAA, which directly inhibited the 
coupled processes of root cell wall synthesis and cell enlargement/di
vision. Thus, La2O3 NPs pollution could also facilitate root cracking by 
inhibiting the production of auxin and IAA in root tissues. 

3.5. Quantitative real-time PCR validation of DEGs 

According to the results described above, six unigenes involved in 
the biosynthesis of pectin (i.e., GAUT: CL469. Contig1_All and CL7407. 
Contig7_All; GALE: Unigene20023_All) and IAA (ARF: CL3618. Con
tig4_All and Unigene2606_All; SAUR: CL6699. Contig2_All) were 
selected to more accurately compare gene expression patterns after 
La2O3 NPs exposure using qPCR (Table S4). qPCR analysis showed that 
100 mg L− 1 La2O3 NPs exposure dramatically down-regulated the 
expression of unigenes involved in alpha-1,4-galacturonosyltransferase 
(i.e., CL469. Contig1_All, CL7407. Contig7_All) and UDP-glucose 4- 
epimerase (Unigene20023_All) of pectin synthesis in both root 
epidermis and xylem parenchyma tissues (Fig. 7a and b). Similarly, the 
identified unigenes related to the auxin response factor (ARF: CL3618. 
Contig4_All, Unigene2606_All) and SAUR family protein (SAUR: 
CL6699. Contig2_All) all displayed relatively low expression levels in 
both root epidermis and xylem parenchyma tissues after 100 mg L− 1 

La2O3 NPs exposure (Fig. 7a and b). These results indicate that the 
identified unigenes can indeed provide insights for further dissecting the 
molecular mechanisms, related to cell wall pectin and IAA biosynthesis, 
driving the observed radish storage root cracking after La2O3 NPs 
exposure. Metal oxide nanoparticles have been previously shown to 
directly alter phytohormones in roots (Vankova et al., 2017). For 
instance, it was shown that Fe2O3 NPs decreased the concentration of 
the growth-promoting hormone IAA in the roots of conventional cotton 
(Jihe 321) (Van Nhan et al., 2016). Similarly, a recent report has also 
shown that the IAA content in rice roots with medium nitrogen supply 
was greatly reduced when plants were added with 100 and 500 mg L− 1 

of CeO2 NPs suspensions (Wang et al., 2020). However, previous studies 
showed that changing the level of auxin would alter cytokinin content 
during root formation (Palni et al., 1988; Mao et al., 2020), several other 
hormones including ethylene, ABA, and GA are also responsible for root 
development (Pacifici et al., 2015), and could be altered by metal oxide 
nanoparticles (Vankova et al., 2017). Thus, system networks of hormone 
interactions in radish taproot cracking after La2O3 NPs exposure needs 
to be further investigated in future molecular studies. 

4. Conclusions and environmental implication 

Our results clearly demonstrated that La2O3 NPs affected radish 
storage formation more strongly than La2O3 BPs at corresponding con
centrations. Physiological analysis showed that the toxicity of La2O3 NPs 
on radish storage root growth is mainly generated through a decrease in 
photosynthetic parameters, inhibiting cell wall pectin synthesis, dis
rupting plant cell adhesion and interfering with biosynthesis of IAA 
which could contribute to cell division and expansion (Fig. 8). GO and 

Fig. 7. Expression patterns of genes involved in synthesis of pectin and IAA in root epidermis (a), and xylem parenchyma tissues (b) using transcriptome sequencing 
(FPKM) and quantitative real-time PCR. Data shown are means ± SE (n = 3). 
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KEGG pathway enrichment analyses showed that several of the 920 
identified cracking-related DEGs were involved in amino sugar and 
nucleotide sugar metabolism, plant hormone signal transduction path
ways, and starch and sucrose metabolism, thus providing specific in
sights for future targeted molecular studies on root cracking. Finally, 
La2O3 NPs exposure at high dose (>100 mg L− 1) resulted in root 
cracking, whereas low dose (10 mg L− 1) manifested a slight promotion 
effect on storage root growth. Therefore, dose-dependent effects of NPs, 
particularly in the application of nano-agricultural technology in the 
future, should be clearly addressed. Being aware of disadvantages of 
hydroponic conditions, such as lacking the effect of the soil matrix on 
the research and elucidation of the mechanism of nanomaterials- 
induced root cracking, there is an urgent need to perform more 
research on actual soil exposure scenario in future. Taken together, this 
study provides a multi-layered step forward for understanding the 
causes of NPs phytotoxicity in edible tissues of plants, including the 
molecular mechanisms related to cell wall carbohydrate metabolism 
during taproot formation in response to NPs stress. 
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