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Abstract 

 

Recently, cerium oxide nanoparticles (CeO2-NPs) have attracted much attention for their ability to enhance the 

resistance of plants to withstand multiple abiotic stress such as high salinity and drought. However, few studies have shown 

whether CeO2-NPs can enhance plant resistance under UV-B radiation. In this study, mung bean (Vigna radiata) seedlings 

were selected as the research objects to investigate the effects of CeO2-NPs application on their growth and development, as 

well as physiological and biochemical indicators. Furthermore, the repair effects of CeO2-NPs against UV-B radiation 

damage of mung bean seedlings had been elaborated in terms of morphology, physiology, biochemistry, cell and molecule. 

The findings of the study indicated that CeO2-NPs could reduce membrane damage and oxidative damage of taproots under 

enhanced UV-B radiation, regulate auxin and cytokinin-associated genes, decrease amylase activity and increase starch 

content. Enhanced UV-B radiation-induced curvature of mung bean taproot was repaired to some extent and the response of 

taproot to gravity was restored. Thus, CeO2-NPs could enhance the stress resistance for taproots of mung bean seedlings. 

These results provide a new way to reduce UV-B stress. 
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Introduction 

 

The continuous depletion of the ozone layer leads to 

the growing UV-B radiation, posing a serious threat to life 

on Earth (Yang et al., 2007). As producers of ecosystems, 

plants are more susceptible to various environmental 

stress factors in nature, such as enhanced UV-B radiation, 

heavy metals, drought and temperature, due to their 

unique sessiness growth mode (Tripathi et al., 2017). 

Enhanced effects of UV-B radiation on plants involve 

multiple links such as growth and development, 

physiology and biochemistry, molecular processes, and 

even genetics and evolution (Nassour & Ayash, 2021). 

For example, enhanced UV-B radiation will lead to a 

decrease in leaf area and damage photosynthesis, disrupt 

antioxidant defense system, induce changes in cell cycle 

regulation-related genes, induce different types of damage 

to nuclear gene DNA, and affect auxin synthesis and 

distribution (Jiang et al., 2011; Rai & Agrawal, 2017; 

Alemu & Gebre, 2020; Matthew et al., 2020). This 

ultimately inhibits plant growth and slows down plant 

development, resulting in short plants and root length, and 

abnormal "warping" phenomenon, thereby limiting the 

increase of plant biomass (Lv et al., 2013). Enhanced 

UV-B radiation causes plants to produce excess reactive 

oxygen species (ROS), inducing oxidative damage. When 

the production of ROS far exceeds the clearance capacity 

of the antioxidant system, several cellular components 

(e.g., proteins, carbohydrates, lipids, and DNA) are 

damaged, inhibiting plant growth and ultimately leads to 

death (Das & Roychoudhury, 2014). 

In order to alleviate the damage of UV-B stress to 

plants, researchers suggest using nanomaterials to 

improve their UV-B stress (Soni et al., 2022). Azadi et 

al. found that silver nanoparticles (AgNPs) can alleviate 

UV-B stress on garden thyme (Thymus vulgaris L.) by 

improving the growth and increasing yield of plant 

under UV radiation (Azadi et al., 2021). Nanomaterials 

have been extensively applied to catalysis, light, 

electricity, magnetism and other fields since they have 

various advantages, including spatial dimension (1-100 

nm), large specific surface area, high reactivity, 

outstanding physical, chemical and biological properties, 

and significantly superior physical and chemical 

properties compared with conventional materials 

(Kaneko et al., 2007). Recent studies have confirmed 

that nanomaterials can improve plant growth, enhance 

plant resistance under unfavorable conditions, and 

increase crop yield. This brings new ideas and hopes for 

the revolution of agricultural technology and sustainable 

development of agriculture (Zhao et al., 2020). 

Among many nanomaterials, CeO2-NPs can alternate 

between Ce3+and Ce4+. Therefore, they have the 

antioxidant enzyme simulation activity and are considered 

as powerful scavengers of ROS (Dutta et al., 2006; 

Walkey et al., 2015). Numerous studies indicate that 

CeO2-NPs not only promote plant growth but also 

simulate antioxidant enzymes to reduce oxidative stress, 

increase plant resistance and decrease yield loss under 

abiotic stress (Khan & Upadhyaya, 2019). For example, 

research has confirmed that CeO2-NPs exhibit superoxide 

dismutase (SOD)、catalase (CAT) antioxidant activities, 

which can alleviate Arabidopsis thaliana photosynthesis 

damages caused by high salt (Wu et al., 2018). CeO2-NPs 

entered the chloroplast of Arabidopsis thaliana and 

removed ROS caused by abiotic stress, thereby improved 

PSII quantum yield (Wu et al., 2017). Djanaguiraman et 

al showed that leaf spraying of CeO2-NPs could alleviate 

oxidative damage by lowing the levels of superoxide free 

radicals, hydrogen peroxide and lipid peroxidation of cell 
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membrane in sorghum under drought conditions, while 

increase pollen germination and seed yield per plant 

(Djanaguiraman et al., 2018). 

Despite of numerous studies about effects of UV-B 

stress on plants and the enhancement of CeO2-NPs 

resistance in plants under abiotic stress, it is still unclear 

whether enhanced UV-B radiation and CeO2-NPs 

interact. It is hypothesized that CeO2-NPs has a potential 

value in alleviating plant oxidative damage under 

enhanced UV-B radiation. 

Mung beans (Vigna radiata) belong to the 

leguminous plant family. Rich in nutrients such as 

protein, dietary fiber, minerals and vitamins, mung 

beans play a vital role in human nutrition and are a good 

functional alternative food. In addition to nutrition, 

mung beans also contain a large number of various 

bioactive compounds, and it is easy to transport and 

store, which has important economic value. The root 

system of plants plays an important role in plant growth 

and development, such as absorbing water and nutrients, 

transporting them to aboveground organs, secreting 

certain hormones and organic compounds, and serving 

as a bridge between plants and their growth environment. 

Previously, this may have been due to limited 

availability of root observation, resulting in little 

understanding of how UV-B affects plant root structure 

and development at the molecular level (Kul et al., 

2020). In summary, the roots of mung bean seedlings 

were selected as the research object to explore the effect 

of CeO2-NPs on their growth, and the possible 

mechanism by which CeO2-NPs alleviate enhanced 

UV-B radiation damage to plants was elucidated. 

 

Material and Method 

 

Characterization of nanomaterials and preparation of 

suspensions: Nanomaterial CeO2-NPs have been 

purchased from Beijing Dekedao Gold Technology Co., 

LTD. CeO2-NPs morphological characterization was 

achieved by transmission electron microscopy (TEM) 

(FEI Talos F200X, USA). CeO2-NPs suspensions were 

prepared in ultra-pure water at the concentrations of 0, 20, 

60, 100, 120 and 140 mg/L, and ultrasonic treatment in a 

25°C water bath for 1 h. 

 

Cultivation and handling of plant materials: Mung 

bean (Vigna radiata (Linn.) Wilczek) variety Maolu 1, 

bred by Shanxi Academy of Agricultural Sciences, was 

adopted in the experiments. 

 

Plant material culture: After disinfecting the healthy 

seeds with a 5% sodium hypochlorite solution, washed for 

10 minutes (with sterile water), later wrapped by wet 

gauze and leted them germinate in a dark incubator at 

25°C for 24 h. Germinated seeds were placed in a 

gauze-covered petri dish with at least 30 seeds per bowl. 

The seedlings were planted in a photoperiod (16 h/8 h) 

environment at 25℃/18℃ in a light incubator. 
 

Treatments of CeO2-NPs and enhanced UV-B: 

Seedlings exposed to neither CeO2-NPs nor enhanced 

UV-B radiation were considered controls (CK). In this 

paper, different concentrations of CeO2-NPs (CK: 0 mg/L, 

C1:20 mg/L, C2:60 mg/L, C3:100 mg/L, C4:120 mg/L 

and C5:140 mg/L) were applied to mung bean seedlings 

to observe their effects. Mung bean seedlings treated with 

the optimal concentration of CeO2-NPs solution (120 

mg/L) as CeO2-NPs treatment group (CeO2-NPs). After 

the seedlings were grown to 3 days, UV-B radiation (6 

KJ/m2) was added by using UV lamp (FLB30T8E/5C, 

Nanjing Huaqiang Electronics Co., LTD, China). 

Seedlings in the above groups were halved for 3 

consecutive days of enhanced UV-B irradiation treatment 

group (UV-B) and CeO2-NPs combined with enhanced 

UV-B treatment group (CeO2-NPs+UV-B). 

 

Determination of plant growth index: More than 30 

mung bean seedlings were randomly selected from the 

control group and treatment group for phenotypic index 

determination. Plant height and root length were 

measured using a steel ruler, while fresh and dry weight 

were measured using an electronic balance. 

 

Determination of Ce by inductively coupled plasma 

mass spectrometry (ICP-MS): Roots of mung bean 

seedlings were dried in a 70°C oven for 48 h. After 

completes drying, they were digested with HNO3 and 

H2O2 (4:1) at 120℃ for 1 h, and then the Ce content in the 

digestive solution was analyzed by ICP-MS (NexION 

300D, Perkin Elmer, USA). 
 

Determination of MDA and antioxidant: Mung bean 

seedlings taproots cuttings from different treatment 

groups were mixed and weighed 0.1 g for the 

determination of physiological and biochemical indices. 

MDA, enzyme antioxidant (SOD, peroxidase (POD), 

CAT, ascorbateperoxidase (APX)) and non-enzymatic 

antioxidants (proline, ascorbic acid, total flavonoids and 

hydroxyl radical) were measured using biochemical kit 

(Jiangsu Jingmei Biotechnolgy Co., Ltd., China) through 

microplate method. 
 

Transparent staining of plant roots: We selected 

approximately 1cm of taproots tip of mung bean seedlings, 

and the dehydration, transparency and magnification were 

adjusted according to the method used by Shi in the cell 

tissue of Arabidopsis thaliana root system (Shi et al., 

2005) to make mung bean root tip transparent and observe 

the cell structure of it. First, a 4% glutaraldehyde fixing 

solution was used to fix mung bean seedlings roots 

overnight at room temperature. After aspirating the 

fixative, dehydration was performed on different 

concentration gradients (50%, 65%, 75%, 85%, 95%, and 

100%) of alcohol. The dehydrated root tips were kept 

transparent in a mixture of benzyl benzoate and benzyl 

alcohol (benzyl benzoate: benzyl carbinol 2:1) for 6-8 h. 

A confocal laser microscope (FV1000, Olympus, Japan) 

with excitation wavelength of 488 mm was used to 

observe the structure of the apical cells, and the focal 

length was adjusted to the level of the apical middle 

column for image acquisition. 
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Determination of auxin and cytokinin: Under a type 

mirror (Chongqing Aote Optical Instrument Co., LTD, 

China), mung beans of each treatment were cut along the 

central axis about 1 cm from the root tip and divided into 

curved inner side (irradiated surface i) and outer side 

(non-irradiated surface ni). Auxin and cytokinin contents 

were determined by high performance liquid chromatograph 

(LC-20A, Shimadzu, China) according to HPLC method. 
 

Detection of RT-qPCR: Extracted total RNA from fresh 

6-day-old root tips (1cm) of each experimental group via 

the Trzol method, and reversed transcribe them using a 

reverse transcription kit to obtain cDNA strands. Detection 

of changes in gene expression using QuantStudio 3 

Real-Time PCR System (Applied Biosystems, USA), and 

further calculation of relative gene expression using Livak 

et al.'s method (Livak and Schmittgen 2001). Actin was an 

internal reference gene. Supplementary Table S1 contains 

all primer sequences for this experiment. 
 

Table S1. Primer of qRT-PCR. 

Gene name Sequence 

ACTIN 
F: GGCGGTGTTCCCTAGCATTG 

R: AGCGGTGCCTCGGTAAGAAG 

YUC2 
F: GGGAGTGACATGTTCAGTGAGAAAGATG 

R: TCATGCAAGTGGACAAGGAAACTCC 

YUC8 
F: GGCCAAGATTAGATCCGGTG 

R: CTCACCTGAAGCCAATAAGGC 

IAA 
F: GTGACAGTGTTCCTCTCTATCC 

R: GTTCTCGCTTCCAAGACACC 

CYCB 
F: CTTCTCTCAGTCTCATCCGTTAC 

R: ACACAAACGGCATCAAGATAG 

LOG 
F: GCAGGTGGGTCTGTTGAATGTG 

R: CCACACCAACTTGGACACAAC 

 

I2-KI staining: I2-KI staining was used to observe the 

changes of starch granule content in plant tissues. Added 3 g 

of potassium iodide (KI) to 100 mL of distilled water and 

dissolved. Continue to add 1 g iodine (I2) to the solution and 

after I2 dissolved, dilute the solution 3-5 times to prepare 

I2-KI solution. The plant samples in I2-KI dyeing solution 

were rinsed with ddH2O and washed with distilled water. 

Finally, decolorized the samples with 50% chloral hydrate 

for 40s. The images were obtained and collected under V16 

Motorized Materials Zoom Microscope (Zeiss, Germany). 

The staining intensity was quantified by Image J software. 
 

Determination of starch content and amylase activity  
 

Starch content determination: Slightly modified from 

previous studies (Li et al., 2016), the absorbance was 

measured using an ultraviolet spectrophotometer 

(UV-29100 UV-vis, Varian Inc., CA, USA) to calculate 

the starch content of mung bean taproot. 
 

Amylase activity determination: According to the 

principle that amylase can catalyze the hydrolysis of starch 

to produce reducing sugar, we weighed 0.5g of mung bean 

taproot and grinded them thoroughly in a mortar. 

Centrifuged them at a speed of 3000r/min for 10 min and 

aspirated the supernatant. Afterwards, the increase rate of 

OD value of 540 nm was measured with the help of UV 

spectrophotometer. The relative maltose content, and the 

activity of α-amylase and β-amylas were calculated. 

Statistical analysis: All experiments were repeated three 

times. Based on Newman-Keuls multiple comparison test, 

one-way variance analysis (p≤0.05) was used to analyze 

the experimental data (GraphPad Prism 5). 

 

Results and Discussion 

 

Characterization of CeO2-NPs: The TEM image clearly 

shows that CeO2-NPs were mostly spherical with a 

particle size of about 20nm (Fig. 1). 
 

 
 

Fig. 1. TEM image of CeO2-NPs (20nm). 

 

Effect of CeO2-NPs on mung bean seedlings growth: 

The phenotype diagram of 6 days old mung bean seedlings 

indicated that CeO2-NPs treatment promotes mung bean 

seedlings growth to different degrees compared to the CK 

group (Fig. 2a). Further statistical analysis of the root 

length and plant height of mung beans in each group (Fig. 

2b) showed that the root length of C1, C2, C3, C4 and C5 

treatment groups was increased significantly by 9%, 12%, 

13.4%, 17% and 12.4%, respectively, compared to the CK 

group. In addition, the plant height of C1, C2, C3 and C4 

mung bean seedlings were increased by 1.7%, 6.6%, 7.5% 

and 14%, respectively, while there was no significant 

change in C5 (Fig. 2c). Rico et al. indicated that CeO2-NPs 

treatment promoted the growth of wheat plants and 

increased aboveground biomass and yield (Rico et al., 

2014). Other studies have also confirmed that CeO2-NPs 

significantly promotes root growth in cucumber and maize 

(Lopez-Moreno et al., 2010). In summary, it can be 

concluded that CeO2-NPs can promote the root growth of 

mung bean seedlings, and there is a concentration response 

relationship among different concentrations of CeO2-NPs. 

This stems from the fact that CeO2-NPs decrease the 

oxidative stress of plants during the growth period, 
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allowing for increased root elongation. It is also possible 

that the nanomaterials entering plants change the content of 

plant hormone analogues, thus promoting plant growth 

(Lopez-Moreno et al., 2010; Li et al., 2019). Finally, 

CeO2-NPs with the most significant concentration (120 

mg/L) in promoting root length were selected for the 

follow-up studies.  
 

Effect of enhanced UV-B radiation on mung bean 

seedlings growth: In this experiment, enhanced UV-B 

was used to treat mung beans with radiation. Compared 

with the CK group, mung bean seedlings in the UV-B 

group showed serious damage, and their root growth was 

significantly inhibited, and root development was stunted 

and shortened and severely browned (Fig. 3). The 

statistical results of root length and plant height in the 

UV-B group showed a reduction of 29.3% and 24%, 

respectively, compared to the CK group. The fresh weight 

and dry weight of the above-ground part were reduced by 

16.1% and 12.9%, and those of the underground part were 

decreased by 26.1% and 25.4%, respectively (Fig. 4). 

This is consistent with the phenomenon observed by 

Zhang et al. in soybeans, where root related growth 

parameters such as root length, root dry weight, and root 

surface area were reduced under UV-B stress (Zhang et 

al., 2019). Numerous studies have demonstrated that 

UV-B radiation inhibits plant growth and reduces biomass 

accumulation (Kumari et al., 2009; Chen et al., 2014; 

Nassour & Ayash, 2021). In addition, the taproot of mung 

bean seedlings lost its geotropism and bent towards the 

side of UV-B radiation source, resulting in an abnormal 

"warped root" phenomenon. 

Under enhanced UV-B radiation, CeO2-NPs 

treatment resulted in a decrease of 0.9% and 20% in root 

length and plant height of mung beans compared to the 

control group, a decrease of 10.2% and 7% in fresh and 

dry weight of aboveground parts, and a decrease of 14.5% 

and 11.7% in fresh and dry weight of underground parts, 

respectively (Fig. 4). It is easy to notice that compared to 

the UV-B group, the addition of CeO2-NPs increase the 

root length、fresh and dry weight of mung beans and 

reduce their "warped root" phenomenon, while do not 

significantly alleviate the inhibition of plant height. 

CeO2-NPs can effectively alleviate the damage on mung 

bean seedlings caused by UV-B radiation. 
 

Absorption of CeO2-NPs in taproot of mung bean 

seedlings: In order to verify whether the added CeO2-NPs 

can be absorbed by mung bean, the Ce content in the 

taproot of mung bean in different treatment groups was 

determined. The Ce content taproot of mung bean was 

significantly increased compared to the CK group and 

UV-B groups, whether in the CeO2-NPs treated alone or 

in the CeO2-NPs+UV-B group (Fig. 5). Whether 

CeO2-NPs can be absorbed by plants and transported 

within their bodies are species dependent. Previous root 

division methods by Ma et al. showed that CeO2-NPs 

could be transported from root to aboveground through 

plant xylem, then transferred from aboveground to root 

through phloem, and may be discharged into the 

environment through root tips (Ma et al., 2017). Schwabe 

et al., confirmed that CeO2-NPs could be transferred from 

the stem of pumpkin to the bud, while in wheat, 

CeO2-NPs firmly adhered to the surface of its roots 

(Schwabe et al., 2013). This study also confirmed that 

CeO2-NPs can be absorbed by the roots of plants. 

 

Determination of MDA in the taproot of mung bean 

seedlings: Malondialdehyde (MDA) is often regarded as 

a marker of ROS in plants (Lidon & Ramalho, 2011). The 

higher the content, the more serious the damage of plant 

membrane lipid. According to Fig. 6, there is no obvious 

difference between the MDA content of seedlings treated 

with CeO2-NPs alone and the control group. The MDA 

content of mung bean seedlings was significantly 

increased in the UV-B group, indicating that the cell 

membrane of mung bean was seriously damaged. This is 

consistent with the research findings of Dai et al that 

UV-B radiation causes damage to rice cells, accompanied 

by an increase in MDA and hydrogen peroxide (H2O2) 

concentrations (Dai et al., 1997). Compared with the 

UV-B group, the MDA content in mung bean seedlings 

significantly decreased in the CeO2-NPs+UV-B group, 

indicating a reduction in damage to mung bean root cells. 

 

Changes in antioxidants in the taproot of mung bean 

seedlings: As active oxidants in plant cells, the ROS 

family mainly members mainly include H2O2, superoxide 

anions (O2
·−), and hydroxide anion radicals (·OH). 

Excessive ROS will cause oxidative stress to plants, so a 

balance between ROS production and removal is crucial 

(Huang et al., 2019). Enhanced UV-B radiation induces 

excessive ROS production in plants (Mahdavian et al., 

2008). Plants have developed multiple antioxidants to 

deal with ROS induced by UV radiation stress. These 

antioxidants include antioxidant enzymes represented by 

SOD, CAT, POD, APX, glutathione reductase (GR), and 

non-enzymatic systems (including flavonoids, ascorbic 

acid (AA), ascorbate peroxidase (AsA), reduced 

glutathione (GSH), and proline (Pro)) (Frohnmeyer & 

Staiger, 2003; Jansen et al., 2008; Kurdziel et al., 2018). 

Various antioxidants in the taproots of mung bean 

seedlings were determined. As can be seen from the results 

of antioxidant enzymes detection in Fig. 7, there are not 

significant differences in SOD, POD and CAT activities of 

mung bean root between the CeO2-NPs and the CK group. 

UV-B treatment increased the activities of SOD, POD, 

CAT, and APX in mung bean seedling taproots by 31.8%, 

30%, 58%, and 37%, respectively, compared to the CK 

group. Compared with the UV-B group, the antioxidant 

activity of mung bean roots in the CeO2-NPs+UV-B group 

was significantly decreased. The determination results of 

non-enzymatic antioxidants in Fig. 8 indicated that UV-B 

radiation treatment significantly increased Pro and total 

flavonoid content by 71.3% and 42.4%, respectively, 

compared to the CK group, while AsA content was 

decreased by about 34.2%. CeO2-NPs alone did not 

significantly affect non-enzymatic antioxidants. The Pro 

and total flavonoid content in the CeO2-NPs+UV-B group 

was decreased by 16.3% and 15.6%, respectively, while the 

AsA content significantly increased by 36% compared with 

the UV-B group. 
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Fig. 2. Effect of CeO2-NPs on mung bean seedlings growth: a, Phenotypic map; b, root length; c, plant height; Different letters 

represent significant differences in mung bean roots between groups (p<0.05). Scale bar: 1 cm. 

 

 
 

Fig. 3. Growth morphology of mung bean seedlings under different treatments. 

 

 
 

Fig. 4. Physiological indicators of mung beans: a, root length; b, fresh weight of the underground portion; c, dry weight of the 

underground portion; d, plant height; e, fresh weight of the above-ground portion; f, dry weight of the above-ground portion. Different 

letters represent significant differences in mung bean roots between treatments (p<0.05). Scale bar: 1 cm. 
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Fig. 5. The content of Ce in mung beans. Different letters 

represent significant differences in mung bean roots between 

treatments (p<0.05). 

 

 
 

Fig. 6. The MDA content of mung beans. Different letters 

represent significant differences in mung bean roots between 

treatments (p<0.05). 

 
 
Fig. 7. Changes in antioxidant enzyme activities in mung bean seedlings: a, SOD enzyme; b, POD enzyme; c, CAT enzyme; d, APX 

enzyme. Different letters represent significant differences in mung bean roots between treatments (p<0.05). 

 

 
 

Fig. 8. Changes in non-enzymatic antioxidant system in mung bean seedlings: a, Pro content; b, Total flavones content; c, AsA content. 

Different letters represent significant differences in mung bean roots between treatments (p<0.05). 
 

Usually, the antioxidant response exhibited by 

exposure to UV radiation varied among plant species. 

Kurdalle et al confirmed that SOD、APX、GR activities in 

wheat, oat and barley seed embryos were increased under 

UV treatment, while SOD activity in endosperm was 

decreased (Kurdziel et al., 2018). Olivastra Seggianese 

plants showed increased SOD activity, decreased GPX 

activity, and high flavonoid levels under UV-B treatment 

(Piccini et al., 2021). Current work reveals that enhanced 

UV-B radiation can enhance various antioxidants activities 

in the Mung bean seedlings taproots. This may be a stress 

response of plants to resist the damage of reactive oxygen 

species. Rikabad et al showed that titanium dioxide (TiO2) 

nanoparticles could enhance the antioxidant activity of the 

stigma, increase total flavonoids and phenolic compounds 

contents, hereby helping soybeans improve their resistance 

to UV-B stress (Rikabad et al., 2019). Here, the treatment 

with CeO2-NPs also alleviated the oxidative stress of plants 

under UV-B radiation. We speculate that after CeO2-NPs 

enter the plant body, they still exert enzymatic activity and 
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accelerate the removal of free radicals. CeO2-NPs 

significantly alleviate oxidative damage in plants under 

UV-B radiation by reducing antioxidant substances 

activities and alleviating antioxidant reactions. 
 

Morphology and structure of taproot cells in mung 

bean seedlings: In order to investigate the morphology 

changes of mung bean taproot cells under different 

treatments, 1cm of mung bean taproot tip was selected for 

transparency treatment and observed by confocal laser 

microscope. As shown in Fig. 9, whether in the CK group 

or the CeO2-NPs group, the cell structure of mung bean 

taproot was complete and clear, and the cells on both sides 

were arranged neatly, with almost no difference in number 

and size. Under enhanced UV-B radiation, mung bean 

taproot tip curved towards UV-B radiation, and the number 

and size of cells on both sides of the root were significantly 

different. This is consistent with the phenomenon observed 

by Rong et al., that UV-B radiation induces temporary loss 

of gravitropism in plants and causes the roots of plants to 

bend towards the radiation source (Rong et al., 2007; Wan 

et al., 2018). Compared with the UV-B group, CeO2-NPs 

treatment repaired the cell structure on both sides of the 

root, and significantly alleviated the "warping" 

phenomenon of the taproot of mung bean without obvious 

difference compared to the control group. 

 

 
 

Fig. 9. Morphology of mung bean taproot cells in different 

treatment groups. Scale bar: 200 μm. 

 

Analyzed the differences in the number, length, and 
width of cells on both sides of the bend of mung bean taproot 
in the UV-B group to further identify the reasons for the 
structural changes of mung bean root cells. Cells number on 
the UV-B irradiated side increased compared with the 
non-irradiated side, while the cell length decreased, 
accompanied by no obvious changes (Fig. 10). Our research 
indicates that enhanced UV-B irradiation mainly affects cell 
proliferation and cell elongation on both sides of mung bean 
taproot, causing the root tip to bend in the direction of UV-B 
radiation, i.e., the phenomenon of "warping root". 
 

The content of auxin and cytokinin in the taproot of 
mung bean seedlings: It is well known that hormones can 
affect the development of plant roots in the normal life 
activities of plants from cell, tissue and molecular levels, 
and affect the establishment of plant root morphological 
structure. The gravitational growth of plant roots is 
inseparable from the action of auxin, which can also 
promote cell elongation, division and differentiation. 
Cytokinin is also an important hormone that promotes cell 
growth, proliferation and differentiation, and has direct or 
indirect effects on plant growth under abiotic stress (Kazan, 
2013). Considering the importance of auxin and cytokinin 
in cell growth and proliferation, combined with the above 
experimental results, it can be speculated that the difference 
in cell length and number between the irradiated (i) and non 
irradiated (ni) surface of mung bean taproot may be related 
to the asymmetric distribution of auxin and cytokinin on 
both sides of the root.Therefore, the contents of auxin and 
cytokinin in both sides of the taproot cells of mung bean in 
each treatment group were determined. 

In the CK group, there was little difference in the 

content of auxin and cytokinin on both sides of the taproot 

cells of mung beans, and the trend was basically the same 

in the CeO2-NPs group.The auxin level on the 

non-irradiated side (ni) of the taproot of mung bean in the 

UV-B group was significantly higher than that on the 

irradiated side (i), while the cytokinin level was 

significantly lower than that on the irradiated side (i). After 

CeO2-NPs combined treatment, the asymmetric distribution 

of auxin and cytokinin on both sides of the taproot of mung 

beans was significantly improved (Fig. 11). 

 
 

Fig. 10. Effect of UV-B radiation on the structure of mung bean taproot cells: a, Observation of cells on both sides of mung bean root 

tips, red arrows represent UV-B radiation direction, white arrows represent the radiating side (i) and non-radiating side (ni) of the root; 

b, The number of cells on both sides of the taproot of mung bean; c, Average cell length on both sides of the taproot of mung bean; d, 

Mean cell width on both sides of the taproot of mung bean. Different letters represent significant differences in mung bean roots 

between the radiating side (i) and non-radiating side (ni) (p<0.05). Scale bar: 200 μm. 
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Fig. 11. The content of auxin and cytokinin in the taproot of mung bean seedlings: a, Observation of mung bean root tips under 

different treatments, the red arrow represents the UV-B radiation direction, and the blue arrow represents the radiating side (i) and the 

non-radiating side (ni) of the root; b, auxin content of cells on both sides of mung bean root tips; c, Cytokinin content of cells on both 

sides of mung bean root tips. Different letters represent significant differences in mung bean roots between treatments (p<0.05). 

 

 
 
Fig. 12. Transcription levels of auxin and cytokinin-related genes in mung bean taproot. i represents the radiation side and ni 

represents the non-radiation side. The relative expression of: a, YUC2; b, YUC8; c, IAA; d, CYCB; e, LOG. Different letters represent 

significant differences in mung bean roots between treatments (p<0.05). 

 

To further clarify whether the upstream regulatory 

genes of auxin and cytokinin had undergone changes at 

the molecular level, we detected the expression of to 

auxin and cytokinin- related key genes on both sides of 

mung bean root tips. Among them, YUC2 and YUC8 are 

key genes for auxin synthesis, IAA is a gene encoding 

auxin suppressor protein, CYCB is a gene regulating 

cyclin, and LOG is a key gene for cytokinin synthesis. 

The expression differences of the above-mentioned genes 

on both sides of mung bean root tips in the CK group and 

CeO2-NPs group were not significant. The expressions of 

YUC2 and YUC8 on the non-irradiated side (ni) of mung 

bean seedlings in the UV-B group were higher than those 

on the irradiated side (i), while the expressions trends of 

IAA, CYCB and LOG were opposite to them. Enhanced 

UV-B radiation inhibited the synthesis of auxin on the 

non-irradiated (ni), promotes its cytokinin production, and 

leads to asymmetric distribution of auxin and cytokinin on 

both sides of the taproot of mung bean seedlings. 

CeO2-NPs treatment equalized the difference in gene 

expression between the two sides of the taproot cells of 

mung bean seedlings in the UV-B group (Fig. 12). 

TiO2-NPs altered the expression levels of biosynthesis 

and transport-related genes of auxin in Arabidopsis 

thaliana, thereby promoting its root growth (Wei et al., 

2020). This study supports a defense mechanism to help 

plants cope with external stress that CeO2-NPs restore 

root gravotropism by regulating the redistribution of 

apical hormones, thus alleviating the phenomenon of 

taproot growth in mung beans. 
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Fig. 13. Starch grain staining of mung bean taproot. Scale bar: 50 μm. 

 

 
 

Fig. 14. Starch content in mung bean taproot. Different letters 

represent significant differences in mung bean roots between 

treatments (p<0.05). 

 

 
 

Fig. 15. Amylase activity in mung bean taproot: a, α-amylase 

activity; b, β-amylase activity. Different letters represent significant 

differences in mung bean roots between treatments (p<0.05). 

 

Changes in starch granules and starch contents in 

taproot of Mung bean seedlings: According to the 

starch-equilibrium stone hypothesis, changes in starch 

granules lead to changes in the response of plant roots to 

gravity (Band et al., 2012). Herein, it was inferred that 

"warps" occurred in the taproot of mung bean under 

UV-B stress, and that the loss of gravitation might also be 

related to the change of starch content. During plant 

growth, starch is present in plant cells in the form of 

starch granules. First, the taproot tips of mung bean 

seedlings in different treatment groups were stained with 

iodine-potassium iodide solution. Compared with the CK 

group, the staining changes of starch granules in the 

taproot of mung bean in the CeO2-NPs group were not 

significant - they all showed darker colors, while UV-B 

radiation made the staining of starch granules lighter. 

Compared to the UV-B group, the staining of starch 

granules in the CeO2-NPs + UV-B group significantly 

deepened, and basically recovered to a level similar to the 

staining effect of the CK group. The treatment of 

CeO2-NPs can significantly improve the phenomenon of 

reduced starch deposition at the root tips of mung bean 

seedlings under UV-B stress (Fig. 13). 

The starch content of mung bean taproot in different 

treatment groups was determined. The difference in starch 

content of mung bean taproots between the CeO2-NPs 

group and the CK group is not significant. Meanwhile, the 

starch content in the enhanced UV-B radiation group was 

significantly decreased compared to the CK group. 

CeO2-NPs significantly alleviate the decrease in the starch 

content in the taproot of mung bean under the enhanced 

UV-B radiation (Fig. 14). Changes in starch content of 

mung bean root tips between different treatment groups 

are in accordance with the above trend of starch granules 

staining results. 

The amylase in plants mainly exists in the form of 

α-amylase and β-amylase, which can affect the starch 

content by hydrolyzing starch. In order to explore the 

reasons for the differences in starch content in mung bean 

roots among different treatment groups, the amylase 

activity of each group was further measured. Compared to 

the CK group, the separate treatment of CeO2-NPs had little 

effect on the α-amylase and β-amylase activities of mung 

bean taproots. The activities of both enzymes in the UV-B 

group was significantly increased, while the CeO2-NPs + 

UV-B group had the opposite effect (Fig. 15). 

As a result, increased activity of α-amylase and 

β-amylase in mung bean taproot under UV-B stress 

resulted in increased hydrolysis of α-amylase and 

β-amylase, thus leading to decreased starch content, 

changes of starch granules as gravity signal receptors, and 

ultimately curvature of the root. The applied CeO2-NPs 

increased the content of starch by regulating α-amylase and 

β-amylase activities, restored the response of plant roots to 

gravity, and greatly repaired the phenomenon of "warping 

root" caused by UV-B radiation. Zhao et al. 's findings 

suggest that the use of CeO2-NPs can also increase the 

starch content in cucumbers (Zhao et al., 2014). 
 

Conclusion 

 

CeO2-NPs could alleviate the inhibition of UV-B 

stress on mung bean seedlings taproot growth and 

increase their biomass. Applying CeO2-NPs to mung 

beans treated with enhanced UV-B could help in 

balancing the production and removal of ROS, and reduce 

oxidative damage. CeO2-NPs balanced the expression of 

auxin and cytokinin in cells on both sides of the mung 

bean taproots, while reducing the amylase activities of the 

taproots to increase starch content, thereby restoring the 

main root's response to gravity and improving the 

phenomenon of mung bean taproots "warping" caused by 

UV-B radiation. This provides a new way to improve 

plant tolerance to UV-B radiation, but the potential 

molecular mechanism by which CeO2-NPs enhance plant 

tolerance under UV-B stress still needs further research. 
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