Effects of Lanthanum(Ⅲ) on Copper(Ⅱ) stressed rice (Oryza sativa) and its molecular mechanism revealed by transcriptome profiling
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Abstract

Rare earth elements are known to alleviate heavy metal stress. However, the potential mechanisms of the alleviation remain unclear. This study compared the effects of La(NO3)3 and La(NO3)3-amino acid chelates (La(Ⅲ)-AA) on growth, oxidative stress, ultrastructure, bioaccumulation and gene expression in rice. Results demonstrated that 20 mg/L La(Ⅲ)-AA can effectively ameliorate CuSO4 (50 mg/L) stress in rice by reducing oxidative stress and increasing chlorophyll content, thus promoting growth. ICP and TEM revealed an antagonistic effect between La(Ⅲ) and Cu(Ⅱ). Exogenous La(Ⅲ)-AA decreased Cu(Ⅱ) content in rice leaves, stems and roots by 55.56%, 59.46% and 26.29%, and ameliorated Cu(Ⅱ) damage by maintaining the ultrastructure of mesophyll cells. RNA sequencing identified 7020 differentially expressed genes, and 8 were validated by qRT-PCR. Indole-3-acetic acid (IAA) concentration was detected by HPLC. Correlation analysis between OsGH3.4-IAA-Expansin revealed that IAA content is negatively correlated with OsGH3.4 (r = -0.82, P <0.05), and positively correlated with Expansin (r = 0.78, P <0.05). It’s assumed that La(Ⅲ)-induced OsGH3.4 could inhibit IAA-dependent Expansin expression, thereby conferring resistance to Cu stress. This work provides novel insights into the molecular basis underlying La(Ⅲ)-induced Cu(Ⅱ) tolerance in rice.
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1  INTRODUCTION

Rice is a major source of calories and nutrients for over half the world's human population 
 ADDIN EN.CITE 
(Chen, Hua, Chen, Rathinasabapathi, Cao & Ma, 2019, Wang, Wang, Zhou & Huang, 2014)
. However, indiscriminate release of heavy metals into the environment has threatened the rice production 
 ADDIN EN.CITE 
(Kim, Chae, Moon, Kim, Cui, An, Jeong & An, 2017, Liu, Yang, Zhou, Qu, Li & Zhong, 2019, Yang, Chen, Wang, Li & Peng, 2017)
. Copper (Cu) is an essential but potentially toxic nutrient. It participates in redox reactions and controls the growth and development of organisms 
 ADDIN EN.CITE 
(Bukonjic, Duan, Stankovic, Jevtic, Ratkovic, Bogojeski, Milovanovic, Dordevic, Arsenijevic, Milovanovic, Potocnak, Trifunovic & Radic, 2019, Fageria, 2015)
. On the other hand, excess Cu can generate reactive oxygen species (ROS) that lead to cellular damage, which leads to reduction of plant biomass, growth retardation, irreversible damage, withering and even necrosis 
 ADDIN EN.CITE 
(Cuypers, Smeets, Ruytinx, Opdenakker, Keunen, Remans, Horemans, Vanhoudt, Van Sanden, Van Belleghem, Guisez, Colpaert & Vangronsveld, 2011, Mostofa & Fujita, 2013)
. Therefore, how to protect the growth and development of plants under copper stress and ensure the quality and safety of food has become a top priority.
Rare earth elements (REEs) are a family of trivalent metal elements with similar physicochemical properties (Brewer, Chang, Park, Kou, Li, Lammers & Jiao, 2019). REEs have been widely used in agricultural application. It has been observed that REEs has positive effects on seed germination, harvest quality and plant biomass 
 ADDIN EN.CITE 
(Liu, Zheng & Wang, 2016, Wen, Liang, Wang, Hu & Zhou, 2011)
.
Lanthanum is the first element of lanthanide in the periodic table. Compared with other REEs, it is more abundant in the environment and is the main component of commercial rare earth micro-fertilizers 
 ADDIN EN.CITE 
(Si, Wang, Zhou & Huang, 2018)
. Much evidence indicates that a certain concentration of La(Ⅲ) can protect plants from environmental pollution including heavy metal stress. La(Ⅲ) at proper concentrations was confirmed to limit the Cd-induced O2- and H2O2 production in the rice leaves 
 ADDIN EN.CITE 
(Wang, Wang, Tian, Zhang, Li, Cao, Zhu & Li, 2014)
. Similar mitigation effect was also verified in Saussurea involucrate (Xu, Zhao, Wang & Wang, 2007).
Although the protective effect of La(Ⅲ) against heavy metal stress has been established, the underlying mechanism remains unearthed and the proper form and dose range of La(Ⅲ) treatment have not been defined.
The recent development of high-throughput sequencing technology has accelerated the gene identification and improved the efficiency of genetic manipulation of the crop plants to stress tolerance. But there is less information available on the global gene expression profiles induced by REEs. In this paper, the effects of La(Ⅲ) on the morphological, physiological characteristics as well as element uptake of rice under Cu(Ⅱ) stress were investigated. Moreover, La(Ⅲ)-responsive genotypic changes were revealed by RNA-Seq and two key genes in IAA metabolism were identified through expression correlation analysis. Finally, a regulatory model was proposed through which La(Ⅲ) mediates the tolerance of rice against Cu(Ⅱ) stress.
2  MATERIALS AND METHODS
2.1 Preparation of La(Ⅲ)-aa
Soy protein isolate (SPI) was hydrolyzed by 10% alkaline proteinase. The mixed amino acid reacted with La(NO3)3·6H2O at the ratio 1.5:1, pH 8 and 50 °C for 5 h to obtain La(Ⅲ)-AA chelate solution. It was centrifuged at 10,000 rpm, 4 °C for 10 min.  The supernatant was then concentrated and precipitated by acetone at 4 °C. The structure was confirmed by UV-Vis and Infrared Spectroscopy (IR) (Figure S1 and S2).
2.2 Rice culture and treatments
Rice seedlings (Oryza sativa L. subsp. Japonica cv. Suxiang 3) were germinated at 36 °C and grown in Hoagland nutrient solution (16/8 h photoperiod, day/night air temperature of 25°C /20°C, 60 % RH, and light intensity of 250 µmol m−2s−1). Cu(Ⅱ) stress was simulated by 50 mg/L CuSO4. The rice seedlings under Cu(Ⅱ) stress were divided into 12 groups , approximately 100 rice seedlings per group and treated by 0, 10, 20, 30, 40, 50 mg/L La(NO3)3-AA or La(NO3)3 solution respectively. The group without Cu(Ⅱ) stress was used as control.
2.3 Measurement of growth, membrane permeability, chlorophyll and MDA
Growth was measured in terms of germination rate, elongation and quantity of root and shoot 5 days after treatment. Membrane permeability of the upper fully expanded leaves was measured through extracellular conductivity. Chlorophyll content was detected by chlorophyll meter (SPAD-502). Malondialdehyde (MDA) content was determined by commercial MDA kit (A003-1, Jiancheng Bioengineering Institute) and expressed in terms of nmol/mgprot. Each treatment was biological repeated three times.
2.4 Measurement of SOD, CAT and POD activities
Rice leaves and roots (0.5 g) were homogenized in 0.1 M phosphate buffer (pH 7.0-7.4) and centrifuged at 4000 r/min for 15 min to prepare enzyme extract. SOD activity was measured by nitro blue tetrazolium (NBT) assay (Issam, Kawther, Haythem & Moez, 2012). POD and CAT activity was analyzed by POD kit A084-3 and CAT kit A007-1 (Jiancheng Bioengineering Institute) and expressed as U/mgprot. Each treatment was biological repeated three times.
2.5 Transmission Electron Microscopy (TEM) observation
The ultrastructure of the mesophyll cells in the rice leaves was observed under TEM according to modified methods by Ju et al (Ju, Wang, Zhang, Yin & Shao, 2017). The middle sections of fresh leaves were cut into 1.0×1.0 mm pieces, vacuumed and fixed with 2.5% glutaraldehyde at pH 7.2-7.4 for 4 h. The sample was washed 3 times with phosphate buffer for 10 min each time. The leaf cells were fixed with 1% osmic acid at 4 °C for 2 h followed by dehydration in an ethanol gradient (30%, 50%, 70%, 80%, 90%, and 100%). Alcohol was replaced with 100% acetone for 10 min followed by resin penetration. The samples were then embedded and polymerized at 70 °C for 36 h. Finally, TEM images were obtained (FEI Tecnai Spirit).
2.6 Determination of metal content
Rice was divided into roots, stems and leaves and digested separately. Dry plant sample (2.5 g) was reacted with 70% nitric acid overnight and concentrated in a digestion oven at 300 °C. The heavy metal concentration was detected by Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Vatian720ES).
2.7 RNA extraction and sequencing
Total RNA was extracted from rice leaves 5 day after treatment with Trizol reagent (Sangon). After treatment with DNase I, RNA integrity was evaluated by 1% agarose electrophoresis, and RNA purity was detected with NanoDrop spectrophotometer (Thermo Fisher, USA). cDNA libraries were created and sequenced on Illumina Hiseq4000 platform. Three replication for each treatment were used for sequencing. Trimmomatic software was used to pre-process the raw data for quality. The reads containing low quality bases or poly-N were discarded and the clean reads were mapped to rice reference genome. Fragments per kb per million reads (FPKM) were calculated with cufflinks, and the gene read counts were obtained by htseq-count. The clean data were deposited in the NCBI SRA database with the accession number SRR10693507 and SRR10693506.
2.8 Differential expression analysis and pathway analysis
Differentially expressed genes (DEGs) were screened using the DESeq in the R platform. Negative binomial distribution test was performed to test the significance of differences in reads. Genes with P value < 0.05, log2FC > 1 and FDR < 0.05 were classified as significantly differentially expressed. Gene function was annotated using the DAVID program against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database with FDR corrected p-value cut-off of 0.05.
2.9 qRT-PCR analysis
Total RNA from 6 sequenced samples (3 biological repeat for 2 treatments) were extracted using Trizol reagent and size fractionated. 8 La(Ⅲ)-responsive DEGs were selected for qRT-PCR. SYBR based reactions were performed on ABI PRISM 7500 platform using the following conditions: 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and 60 °C for 30 s. All qRT-PCR reactions were performed in triplicates, and the expression level of each gene was calculated by 2-ΔΔCT method. Rice Actin was used as the reference gene. PCR Primers were shown in Table S1.

2.10 IAA quantification by HPLC

5g homogenized sample from rice leaves 5 day after treatment was extracted with methanol by ultrasonic vibration for 20 min. The extract was rotary evaporated at 40 °C and dissolved in 10 mL water, adjusted to pH 2.0 with 1 mol/L hydrochloric acid, and extracted with 50 mL ethyl acetate. The ester layer was evaporated at 40°C, dissolved in 1 mL methanol. After passing through a 0.45 um filter membrane, the effluents was subjected to HPLC on a Agilent Zorbax Eclipse XDB-C18 column (4.6 mm × 250 mm, 5 μm). The standard IAA was purchased from Sigma-Aldrich. HPLC was programmed over 30 min at a flow rate of 1.0 mL/min with UV detection wavelength at 210 nm and column temperature of 40°C. The injection volume was 20 μL and the retention time of IAA is 8.82 min. Mobile phase consisting of acetonitrile+0.05% phosphoric acid (25:75 v/v) was analyzed by comparison with the elution profiles of IAA standards injected separately.
3  RESULTS
3.1 Effects of La(NO3)3 and La(Ⅲ)-AA on germination and growth
We first evaluated the effect of different concentrations of La(NO3)3 and La(Ⅲ)-AA chelates on germination and growth of rice under Cu(Ⅱ) stress. As listed in Table S2, plant growth indices were all hindered by 50 mg/L Cu(Ⅱ) stress as compared to control group. Leaf length, root elongation and root number were inhibited by 37.75%, 65.87% and 36.40%, respectively.
Plant growth was affected by La addition in a concentration-dependent manner. As illustrated in Figure 1A, 10 mg/L La(NO3)3 increased leaf length, root elongation and root number by 3.94%, 42.81% and 21.44% respectively. However, concentration above 10 mg/L La(NO3)3 had little stimulative effect on the growth. 

For La(Ⅲ)-AA, the growth indices changed as an inverted U-shaped curve with the concentration, among which 20 mg/L exhibit the maximum degree of increment. Interestingly, germination rate varied little among control, stressed and test group, suggesting that germination was less sensitive to metal concentration.

3.2 Effects of La(NO3)3 and La(Ⅲ)-AA on membrane permeability, MDA and Chlorophyll content

As shown in Figure 1, membrane permeability and MDA content significantly increased after Cu(Ⅱ) stress whereas the chlorophyll content decreased in leaves. Addition of 10 mg/L La(NO3)3 and La(Ⅲ)-AA from 20 to 30 mg/L can effectively decrease membrane permeability in leaves, suggesting an antagonistic interaction of Cu(Ⅱ) and La(Ⅲ). The MDA content subjected to the 20 mg/L La(Ⅲ)-AA was significantly lower vs. other treatments in leaves (Figure 1B). In roots however, La(Ⅲ)-AA showed no obvious effect in roots membrane permeability. La(NO3)3 even aggravated the membrane permeability (Figure 1C), indicating that roots cell might be subjected to more severe oxidative damage induced by Cu(Ⅱ), which could not be reversed by La. In Figure 1D, 20 mg/L La(Ⅲ)-AA significantly increased the chlorophyll content by 62.93%, whereas excessive La(Ⅲ) (> 40 mg/L) accelerated the inhibition.
3.3 Effects of La(NO3)3 and La(Ⅲ)-AA on antioxidant systems
As shown in Figure 1(E-G), in Cu(Ⅱ) stressed group without La(Ⅲ), we observed the increase of SOD, POD and CAT activity, implying the accumulation of ROS.
POD and CAT in all La(Ⅲ) treatments declined below single Cu treatment and exhibited the largest decrease at 20 mg/L. SOD activity at 20 mg/L La(Ⅲ)-AA significantly reduced, and rebounded when the La(Ⅲ)-AA was more than 30 mg/L. Effects of La(Ⅲ) on SOD, POD and CAT activities under Cu(Ⅱ) stress seemed to have the same development trend, indicating that La(Ⅲ)-AA at low concentration could relieve oxidative stress when rice is confronted with severe Cu(Ⅱ) stress injury.
3.4 Cu(Ⅱ) and La(Ⅲ) distribution in rice
ICP was performed to study the tissue distributions of Cu(Ⅱ) and La(Ⅲ) elements in rice seedlings in the absence or presence of La(Ⅲ)-AA. Cu(Ⅱ) and La(Ⅲ) concentrations in the roots, stems and leaves of the rice in the three treatments are presented in Table S3. Regardless of the treatment, Cu(Ⅱ) was predominantly accumulated in roots. The content of Cu(Ⅱ) in different parts of rice was: roots > stems > leaves. This may be a main reason that the toxic effect of Cu(Ⅱ) on roots was more evident than leaves in rice.
La(Ⅲ) tends to distribute evenly in various parts of rice (Figure 2). La(Ⅲ) was effective in reducing the Cu(Ⅱ) content in various parts compared to the untreated group. The Cu(Ⅱ) concentration decreased by 26.29% in the roots, 59.46% in the stems and 55.56% in the leaves, respectively. Particularly noticeable is that Cu(Ⅱ) translocation to the aerial parts was restricted, the majority of Cu(Ⅱ) (86%) was accumulated in roots, and the excessive Cu(Ⅱ) accumulation was decreased in the above ground organs from 22% to 14%.
It can be inferred that the migration ability of La(Ⅲ) in rice leaves was stronger than that in roots. La(Ⅲ) is able to replace or interfere with Cu(Ⅱ), acting as an antagonist to Cu(Ⅱ) in organisms. 

3.5 Ultrastructure by TEM
TEM revealed that Cu(Ⅱ) stress significantly affected the ultrastructure of the rice. The cellular organelles of the controlled group appeared normal (Figure 3A and 3B). The chloroplasts were approximately elliptical, and the granum and stroma thylakoids were in an orderly arrangement, the lamellar structure was relatively tight, and the chloroplast envelope was intact. Most of the grana lamellae were parallel to the long axis of the chloroplast, while a few on the side of the mesophyll cell wall were arranged radially. The stroma was thick and the osmiophilic granules were less.
As illustrated in Figure 3C and 3D, the rice exhibited evident changes in response to Cu(Ⅱ) stress. The chloroplast became more globular, contained disorganized thylakoids, and exhibited a reduced thickness of granal stacking. The grana lamellae became thinner or disintegrated and osmiophilic granules increased. These were the signs of damage to chloroplast ultrastructure. Both the cellular and chloroplast membranes were distorted.
Under La(Ⅲ) treatment, the cellular organelles was less affected as shown in Figure 3E and 3F. The shape of chloroplast appeared slightly changed due to an increase in the osmiophilic granules. The granal stacking remained intact, but the granal and stromal thylakoids underwent dilation. However, the increase of osmiophilic granules was much less than that of Cu(Ⅱ) stress.
3.6 Differentially expressed genes in response to La(Ⅲ)-AA treatment
After normalization and differential expression analysis, 7020 DEGs were identified between the Cu(Ⅱ) stressed and La(Ⅲ)-AA treated samples, including 3222 upregulated and 3798 downregulated genes (log2FC > 1.0, P < 0.05 and FDR < 0.05). The distribution of DEGs was illustrated in Figure 4.
3.7 KEGG pathway analysis
Pathway analysis uncovered 112 canonical pathways that are specifically altered by La(Ⅲ) treatment compared to Cu(Ⅱ) stress. Most significant of them was the plant hormone signal transduction pathway, secondary metabolism, which included phenylpropanoid biosynthesis, phenylalanine metabolism and diterpenoid biosynthesis, corresponding to 57, 46 and 18 DEGs, respectively (Figure 5).
3.8 qRT-PCR validation of the expression of DEGs
To validate the findings from sequencing data, 8 La(Ⅲ)-responsive DEGs were selected for qRT-PCR validation according to their fold change and functional annotation. The detailed gene information was listed in Table S4. The qRT-PCR expression trends were highly consistent with RNA-seq for all transcripts (Figure 6a), indicating the credibility of the transcriptomic profiling data.
3.9 Down-regulation of IAA by OsGH3.4 is an important event in La-induced Cu Tolerance

OsGH3.4 and Expansin rank among the most significantly up-regulated/down-regulated genes by expression analysis. Interestingly, they represent two important genes in IAA metabolism. Therefore we analyzed the correlation between the dynamic accumulation of free IAA and the expression levels of these two key genes. The free IAA in the leaves and roots of rice seedlings under Cu stress and La treatment were quantified by HPLC. As shown in Figure 6b, La treatment group had significant lower average IAA amounts at both the roots and leaves in comparison with Cu stress conditions (p < 0.05), which is in line with the highly induced OsGH3.4 expression level by La treatment (Figure 6a). In contrast, Expansin was most significantly down-regulated after La treatment. Since OsGH3.4 family was known to catalyze IAA acetylation, we performed the correlation analysis between the IAA concentration, OsGH3.4, and Expansin gene expression level to confirm their regulatory relationship. As shown in Figure 6c and 6d, there was a significant negative correlation between OsGH3.4 expression level and free IAA amounts in all samples at the La treatment group (r = −0.82, p < 0.05). Increased OsGH3.4 in response to La treatment possibly caused IAA-amino acid conjugation and declined level of free IAA. Accordingly, the Expansin level which is dependent on IAA level was inhibited and there was a significant positive correlation between Expansin level and IAA amounts in all samples (r = 0.78, p < 0.05). Pearson correlation confirmed that OsGH3.4 and Expansin was negatively correlated (r = -0.72, p < 0.05). Therefore, OsGH3.4 may function under La treatment to down-regulate the free IAA concentration and thence Expansin level.
4 DISCUSSION
Based on the growth indices and antioxidant enzyme results, chelated La(NO3)3 was found to outperform inorganic La(Ⅲ) in growth stimulation and heavy metal detoxification. The reasons may be that amino acid chelates have higher absorption rates in plants compared to soluble inorganic metal salts (Marchetti, Ashmead, Tossani, Marchetti & Ashmead, 2000). Previous evidence showed that metal-amino acid chelate has a good effect in promoting agricultural growth and germination. For example, seed priming with Zn(Gly)2 and Zn(Gln)2 increased grain yield of wheat over Zn-sulfate (Seddigh, Khoshgoftarmanesh & Ghasemi, 2016). IDHA/Fe(Ⅲ) chelate serves an effectively foliar fertilizer (Villen, Garcia-Arsuaga & Lucena, 2007). Fe(Ⅱ)-amino acid chelate not only increased the contents of Fe, N and K in shoots, but also alleviated the adverse effects of tomato plants exposed to salt stress (Ghasemi, Khoshgoftarmanesh, Afyuni & Hadadzadeh, 2014). 
The transcriptomic sequencing along with PCR revealed the genotypic changes of Cu(Ⅱ) stressed rice in response to La(Ⅲ). A majority of La(Ⅲ)-responsive DEGs encode proteins that are involved in Cu(Ⅱ) detoxification, e.g. heavy metal transport (Nramp6 and ctr copper transporter family protein), heavy metal chelation (Glutathione transferase and Metallothionein) and cell wall defense (CHIT13 and Laccase precursor).
The expression of Nramp6 and ctr copper transporter family protein were upregulated after La(Ⅲ) treatment. Nramp6 is a metal transporter involved in Cu(Ⅱ) accumulation in rice. It functions in Cd uptake in Arabidopsis thaliana (Thomine, Wang, Ward, Crawford & Schroeder, 2000) and associated with Cd tolerance in rice 
 ADDIN EN.CITE 
(Takahashi, Ishimaru, Senoura, Shimo, Ishikawa, Arao, Nakanishi & Nishizawa, 2011)
. Ctr copper transporter family protein encodes a high-affinity Cu transport protein. It represented a ubiquitous detoxification strategy adopted by several plant species (Cobbett & Goldsbrough, 2002). The upregulation of both genes by La(Ⅲ) treatment could reduce the uptake of Cu(Ⅱ) into plants and contribute to Cu(Ⅱ) tolerance.
Glutathione transferase (GST) and Metallothionein (MT) were also upregulated upon Cu stress, which chelate Cu(Ⅱ) to form non-toxic complexes which are then sequestered into the vacuole to avoid accumulation of free cytotoxic Cu in the cytosol. Glutathione (GSH) is a γ-Glu-Cys-Gly tripeptide, which plays an important role in metal detoxification. GSH is a precursor for the biosynthesis of metal-chelating phytochelatins. GSTs are the enzymes involved in cellular detoxification by conjugating the GSH to various substrates such as endobiotic and xenobiotic compounds (Jain, Ghanashyam & Bhattacharjee, 2010). Some evidences showed that GST activity in plants protect the cells from diverse abiotic and biotic stresses 
 ADDIN EN.CITE 
(Barrameda-Medina, Montesinos-Pereira, Romero, Blasco & Ruiz, 2014, Liedschulte, Wachter, An & Rausch, 2010, Thom, Cummins, Dixon, Edwards, Cole & Lapthorn, 2002)
. 
MTs are cysteine rich metal binding proteins which is involved in the cysteine and methionine metabolism pathways (Pirzadeh & Shahpiri, 2016). MTs are able to bind metal ions by the formation of mercaptide bonds between Cys residues and the metal. The ectopic expression of OsMT1e-P enhances tolerance towards multiple abiotic stresses in transgenic tobacco and the resultant plants could survive and set viable seeds under saline conditions (Kumar, Kushwaha, Panjabi-Sabharwal, Kumari, Joshi, Karan, Mittal, Pareek & Pareek, 2012). Some MTs have a role in detoxification of As (V) in arsenic-tolerant rice cultivars 
 ADDIN EN.CITE 
(Gautam, Verma, Verma, Tripathi, Trivedi, Adhikari & Chakrabarty, 2012)
. Therefore, GSH and MT could be used as biomarker to represent the cellular redox status. In this analysis, GST and MT expression was down-regulated upon La(Ⅲ) treatment, which suggested that the synthesis GSH and metallothioneins are constantly decreasing, indicating that the toxification is relieved by La(Ⅲ).
The cell wall is the first structure in which plants are exposed to heavy metals. In this study, we observed that several genes involved in the cell wall defense to heavy metals, e.g. CHIT13 and laccase precursor were up-regulated after La(Ⅲ) treatment. CHIT13 encodes for chitinase which is an important enzyme in the plant defense system. It is capable of releasing chitin oligomers as an elicitor for a series of plant defense responses 
 ADDIN EN.CITE 
(Kovacs, Sagi, Jacon, Arinaitwe, Busogoro, Thiry, Strosse, Swennen & Remy, 2013)
. Transcriptomic analysis showed that La(Ⅲ) treatment greatly induced the expression of chitinase genes, which is likely to participate in cell wall formation and Cu detoxification in rice.
Pathway analysis revealed some canonical pathways that are significantly altered in response to La(Ⅲ) treatment, and plant hormone signal transduction ranks among the most highly enriched pathways. Plant hormones play a crucial role in controlling plant growth and development. In line with pathway analysis, the most significantly up-regulated gene by RNA-seq is OsGH3.4, which is a plant hormone regulator that mediates IAA acetylation. Meanwhile, the most significantly down-regulated gene by RNA-seq is Expansin, whose expression is dependent on the level of IAA. 
IAA, also known as heteroauxin, is an important hormone widely present in plants. IAA participates in a wide variety of processes such as cell elongation and division of cells, vascular development and the organization of root and shoot architecture. In spite of previous efforts, the details of IAA metabolism and its functions in plants remain unclear, due to the lack of an integrative method evaluating IAA and its metabolites simultaneously. 
In this study, we simultaneously investigated IAA level and two key genes upstream and downstream of the IAA metabolism and calculated their correlation coefficient. Quantitative measurement of IAA content in both the leaves and roots by HPLC indicated that the free IAA level decreased after La-treatment. OsGH3.4 was found to be up-regulated while the expression of Expansin gene was reduced in rice leaves exposed to La(Ⅲ). OsGH3.4 is a key molecule in the control of auxin levels in rice. The GH3 family members could catalyze the conjugation of IAA to amino acids. It has been reported that TLD1, a rice GH3.13 gene, encoding IAA-amido synthetase, is silenced in above ground tissues in normal conditions but significantly induced under drought stress (Zhang, Li, Cao, Zhang, Zhang, Xia, Sun & Sun, 2009). Similarly, positive roles for Arabidopsis GH3.5 in abiotic stress have been described (Park et al., 2007a). Our findings regarding the high expression of GH3.4 genes were consistent with the previous observations. The negative correlation between OsGH3.4-IAA by Pearson’s correlation analysis confirmed the role of OsGH3.4 as endogenous IAA inhibitors.
Downstream of the IAA metabolism we found a positive IAA-Expansin correlation, supporting that Expansin expression is dependent on the dynamic accumulation of IAA. Expansin are proteins that induce cell-wall loosening in plants. They are known to loosen the cell wall by disrupting non-covalent adhesion of wall matrix polysaccharides to one another or to cellulose microfibrils. 
Furthermore, the negative expression between OsGH3.4 and Expansin suggested a inhibitory role of OsHG3.4 in Expansin expression. It’s likely that OsGH3.4 participates in La(Ⅲ) response processes by down-regulating IAA and thence reduced Expansin level which finally inhibits excessive Cu(Ⅱ) from the cell (Bottcher, Keyzers, Boss & Davies, 2010).
Based on the intercorrelated expression pattern between OsGH3.4-IAA-Expansin, we proposed a putative model for OsGH3.4-dependent inhibition of cell wall expansion, as illustrated in Figure 7. In this model, La(Ⅲ) up-regulates OsGH3.4, which subsequently conjugates IAA to amino acids and reduced IAA level. This in turn inhibits IAA-inducible Expansin expression, thereby preventing cell wall loosening and expansion, inhibiting Cu(Ⅱ) transport and conferring resistance to Cu(Ⅱ) stress.

Further studies are required to confirm the correlation between OsGH3.4 and Expansin at protein level as well as in different rice tissues in order to validate this regulatory mode.
5 CONCLUSION
Through the comprehensive morphological and physiological evaluation, it is indicated that La(Ⅲ)-AA at a definite concentration range would markedly stimulate the growth, and enhance the tolerance of rice seedlings to Cu(Ⅱ) stress. Furthermore, our study determined the genome-wide expression profile in La(Ⅲ)-treated rice by high throughput RNA sequencing. This study highlighted a putative molecular mechanism underlying REE-induced heavy metal tolerance in rice. Genetic manipulation of such La(Ⅲ) responsive genes could facilitate the ability of the plants to tolerate and survive through the heavy metal stresses.
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SUPPORTING INFORMATION
Table S1. The primers used for qRT-PCR analysis of eight DE-genes in rice.
Table S2. Effects of La(NO3)3 and La(III)-AA on growth indices of rice under Cu(Ⅱ).
Table S3. Cu(Ⅱ) and La(Ⅲ) content in roots, stems, and leaves of rice.
Table S4. The qRT-PCR validated transcripts and their expression levels.
Figure S1. UV−vis absorption spectra of the mixed amino acid and La(Ⅲ)-Amino Acid chelate.
Figure S2. IR spectra of (A) mixed amino acid and (B) La(Ⅲ)-Amino Acid chelate.
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FIGURE 1  Effects of La(NO3)3 and La(Ⅲ)-AA on growth indices and antioxidant enzyme of Cu-stressed rice seedlings. (A) Cu-stressed rice seedlings with La(NO3)3 or La(Ⅲ)-AA treatment; (B) MDA concentration; (C) Membrane permeability; (D) Chlorophyll content; (E) SOD activity; (F) POD activity; (G) CAT activity.
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FIGURE 2  Metal distribution in rice. (A) Accumulation of Cu(Ⅱ) in leaves, stems and roots; (B) Accumulation of La(Ⅲ) in leaves, stems and roots.
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FIGURE 3  Ultrastructure of the mesophyll cells. (A, B) Mesophyll cells of control; (C, D) Mesophyll cells of Cu(Ⅱ) stress; (E, F) Mesophyll cells of La(Ⅲ)-AA treatment. 

Ch: chloroplast; M: mitochondrion; N: nucleus; CM: cell membrane; CW: cell wall; G: grana; O: osmiophilic granules.
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FIGURE 4  Volcano plot of DEGs under La(Ⅲ)-AA treatment in rice leaves. Red and green spots show the up-regulated and down-regulated DEGs, respectively.
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FIGURE 5  Scatter plot of top 20 enriched KEGG pathways. Enrichment score is the ratio of the DEGs counts to total gene numbers annotated in this pathway term. Greater enrichment score means greater intensiveness.
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FIGURE 6  Correlation analysis between free IAA content and relative expression levels of OsGH3.4 and Expansin. (a) Validation of sequencing data by qRT-PCR. The y-axis and x-axis indicate Log2 (Fold Change) and gene ID, respectively. (b) Quantification of free IAA in the leaves and roots of rice seedlings by HPLC (*:P<0.05). (c) OsGH3.4-IAA-Expansin correlation analysis (d) Pearson correlation coefficients between OsGH3.4-IAA-Expansin.
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FIGURE 7. A putative model for La(Ⅲ) induced inhibition of Cu(Ⅱ) uptake.
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