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An S-adenosyl Methionine Synthetase (SAMS) Gene from Andropogon virginicus L. Confers Aluminum Stress Tolerance and Facilitates Epigenetic Gene Regulation in Arabidopsis thaliana
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Candidate clones which conferred Al tolerance to yeast transformants (TFs) were obtained from a cDNA library derived from a highly Al-tolerant poaceae, Andropogon virginicus L. One such clone, AL3A-4, encoded an S-adenosyl methionine synthetase (SAMS) gene. A full-length cDNA was obtained by 5′-RACE, designated AvSAMS1, and introduced into Arabidopsis thaliana to investigate its biological functions under Al stress. Two TF plant lines both showed higher tolerance than the Col-0 ecotype (non-TF) not only for Al stress, but also for Cu, Pb, Zn and diamide stresses, suggesting the AvSAMS1 was a multiple tolerance gene. More than 40 of A. thaliana Al response-genes (Al induced genes and Al repressed genes) were selected from microarray results and then used for investigations of DNA or histone methylation status under Al stress in Col-0 and the AvSAMS1 TF line. The results indicated that Al stress caused alterations of methylation status in both DNA and histone H3 (H3K4me3 and H3K9me3) and that these alterations were different between the AvSAMS1 TF and Col-0, suggesting the differences were AvSAMS1-gene dependent. These results suggested the existence of AvSAMS1-related epigenetic gene-regulation under Al stress.
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INTRODUCTION

Aluminum (Al) in acid soil areas is solubilized into soil solution below pH 5.0 as a toxic form, Al3+, and its toxicity results in a loss of crop yields as a limiting factor of plant growth in agriculture. The root apex is a primary target of Al toxicity and an inhibition of root growth is the major symptom of Al toxicity in plants. Secretion of organic acid anions, such as malate, oxalate, citrate and succinate, from root tips into soil has been considered as one of the most effective Al tolerance strategies (Delhaize et al., 1993). Sasaki et al. (2004) isolated the ALMT1 gene encoding a malate transporter from Triticum aestivum and showed that this gene confers Al tolerance in transgenic tobacco cells. Plasma-membrane-localized Al transporter proteins, Nrat1 and PALT1, were isolated from Oryza sativa and Hydrangea macrophylla, respectively (Xia et al., 2010; Negishi et al., 2012). Recently, Ezaki et al. (2015) reported an Al stress induced half type ABCG transporter protein derived from a poaceae wild plant, Andropogon virginicus L. These proteins are suggested to decrease toxic cytoplasmic Al by their transport systems. It has been also demonstrated that induction of anti-peroxidation enzymes can ameliorate the oxidative damage caused by Al stress and lead to Al tolerance phenotypes in various plants (Richards et al., 1998; Ezaki et al., 2001; Milla et al., 2002; Boscolo et al., 2003; Watt, 2003). Phenolic compounds, such as flavonoids, alkaloids, terpenoids and glycosides, form strong complexes with toxic Al ions and are implicated in internal Al detoxification especially in Al-accumulating species (Kidd et al., 2001; Ofei-Manu et al., 2001; Ito et al., 2009).

Many wild plants show extremely high tolerance against abiotic stresses, such as salinity, metal toxicities, drought, temperature stresses and oxidative stresses (Ellis et al., 2000; Ivandic et al., 2000; Akashi et al., 2001; Bartels, 2001; Shen et al., 2001; Mittova et al., 2004). We reported that A. virginicus L. shows a high Al tolerance by a combination of five independent tolerance mechanisms including a low Al accumulation in its root-tip region by the secretion of organic acids and inductions of NO, poly-phenols and anti-peroxidation enzymes such as superoxide dismutase (EC1.15.1.1) and catalase (EC 1.11.1.6) (Ezaki et al., 2013). It was also very interesting that most of the Al tolerance mechanisms of this plant were Al inducible, suggesting a systemic Al-induced mechanism in the expression of these genes. However, the precise gene regulation system involved in Al tolerance has not yet been characterized.

Recently epigenetic gene regulation has been well studied and this wide ranging system is related to adaptation for various environmental stresses in plants via methylations of DNA, RNA and histones as well as other modifications of histones (Hauser et al., 2011; Kou et al., 2011; Wang et al., 2011; Gayacharan and Joel, 2013; Garg et al., 2015). Therefore, methylation is thought to be a very important modification in epigenetic regulation. S-adenosyl methionine (SAM), synthesized from methionine and ATP by SAM synthetase (SAMS; EC2.5.1.6), is involved as the main methyl group donor in many organisms including plants. Highly reactive methyl residue of SAM is very useful for methylation of DNA, RNA, protein, lignin, flavonoid and so on, and it also plays important roles in regulating plant development, abiotic or biotic stress, and metabolic accumulation (Xu et al., 2006; Nagel et al., 2008; Köllner et al., 2010). It is also well known that SAM is used as a precursor in the biosynthesis of polyamines and ethylene in plants (Pandey et al., 2000; Roje, 2006). OsSAMS1-RNAi transgenic plants with repressed transcripts of all three OsSAMS genes (OsSAMS1, OsSAMS2, and OsSAMS3) exhibited a severe late-flowering phenotype (Li et al., 2011). They suggested that the alterations in H3K4 tri-methylation and DNA methylation at specific genes suppressed their expression and subsequently led to late flowering and concluded that SAM, as a major methyl donor, plays a critical role in the epigenetic control of flowering.

In this study, we isolated an Al tolerance gene, AvSAMS1 from A. virginicus L. The AvSAMS1 dependent epigenetic gene-regulation was facilitated under Al stress in an A. thaliana transformant (TF) expressing this gene. This is the first report demonstrating a biological relationship between a SAMS gene, Al tolerance and a deduced epigenetic gene regulation in the TF.

MATERIALS AND METHODS

Growth Conditions of Plants and Yeast

A. virginicus L., A. thaliana Col-0 ecotype and its derivatives were used in this study. Seeds of A. virginicus L. were submerged in distilled water for 7 to 10 days at 4°C and then grown in hydroponic conditions with a nylon mesh net and a floating supporter to keep the seeds at an adequate water level in 0.5 mM CaCl2 solution (adjusted to pH 5.7). Approximately 2- to 3-week-old seedlings were used for each experiment. For A. thaliana, seeds were submerged in distilled water for 4 days at 4°C, grown in soil for approximately 3 week and then used for all experiments except for stress sensitivity tests. For stress sensitivity tests, seeds of A. thaliana were sterilized, submerged in sterilized water for 4 days at 4°C and then grown in hydroponic conditions with a fine nylon mesh net and a floating support in 1/6 MS medium (adjusted to pH 5.7; Ezaki et al., 2000) for 12 to 15 days. All plants were grown under fluorescent illumination (approximately 50 μEm−2s−1, 16 h of light and 8 h of darkness) at 25°C.

Saccharomyces cerevisiae strain, INVSc1 (Invitrogen, USA), was used for a direct screening of the Al tolerant genes derived from A. virginicus L. YNB (yeast nitrogen base) agar plate (1.5% agar in YNB liquid medium) adjusted to pH 5.7 were used for yeast growth and all stress-sensitivity-tests except for Al stress. For Al stress-sensitivity-test, a low phosphate and magnesium (LPM) agar plate (1.5% agar in LPM liquid medium) adjusted to pH 4.2 was used (MacDiarmid and Gardner, 1998). Yeast TF cells were grown at 30°C for 3 to 4 days to estimate their sensitivities to various stresses.

Abiotic Stresses for Plants and Yeast

Seedlings of A. virginicus L. (2- to 3-week-old) were transferred to fresh 0.5 mM CaCl2 solution (adjusted to pH 4.2) including 0 or 300 μM AlCl3 for 8 or 24 h to investigate their gene-expressions. Young seedlings were also exposed to 35 μM CdCl2, 50 μM CuSO4, 300 μM PbCl3, 200 μM ZnCl2, 1.5 mM diamide (DM; 1,1′-Azobis (N,N-dimethyl formamide), Sigma-Aldrich, USA) or 1.5 mM H2O2 in 0.5 mM CaCl2 solution at pH 5.7 for 8 h to determine gene-expression in each condition. Seedlings of A. thaliana grown in 1/6 MS medium (10-days to 2-weeks-old) were also exposed to 300 μM AlCl3 in a fresh 1/6 MS medium (adjusted to pH 4.2) for 2 days or to 35 μM CdCl2, 50 μM CuSO4, 300 μM PbCl3, 200 μM ZnCl2, 1.5 mM DM or 1.5 mM H2O2 in a fresh 1/6 MS medium (adjusted to pH 5.7) for 2 days. Root length was randomly measured for more than 20 plants in each condition to calculate the relative root growth which was shown previously (Ezaki et al., 2000).

Direct Screening of Al Tolerant Genes from A. virginicus L.

Approximately 2- to 3-week-old seedlings of A. virginicus L. grown in hydroponic condition (0.5 mM CaCl2, pH 5.7) were transferred to 0.5 mM CaCl2 medium (pH 4.2) including 300 μM Al for another 24 h. Total RNA was extracted from the Al-treated plants using RNeasy Plant Mini Kit (Qiagen, USA) and then purified by Fast Track MAG mRNA isolation Kits (Invitrogen) to obtain poly(A)+-RNA molecules. Double stranded cDNA molecules were moreover prepared by a cDNA Synthesis Kit (M-MLV version) (TAKARA, Japan) using the extracted poly(A)+-RNA and then both ends of these cDNAs were blunted. A Yep-type vector, pYES3 (Smith et al., 1995), were digested with EcoRI and then blunted by T4 DNA polymerase. These blunted cDNAs and the vector DNA were mixed, ligated and introduced into Escherichia coli to amplify them once. The pool of extracted plasmids from the E. coli transformants were used as a cDNA library (DNA donor) for yeast transformation and direct selection on LPM agar plates containing 300 μM Al. CapFishing Full-Length cDNA Premix Kit (Seegene, USA) was used for 5′-RACE to obtain a full length clone of the Al tolerant gene.

Construction of A. thaliana Transgenic Lines

The full-length cDNA fragment of AvSAMS1 was inserted between the cauliflower mosaic virus (CaMV) 35S promoter and the octopine synthase gene (OCS) terminator in pART7 and then cloned into the NotI site of pART27 (Gleave, 1992). The construct was introduced into Agrobacterium tumefaciens LBA4404 to get kanamycin-resistant (Km-r) TFs. Transformation of A. thaliana (Col-0 ecotype) by A. tumefaciens TFs was performed by a dipping method (Clough and Bent, 1998). Five times of dipping (2 or 3 plants per one dipping) were performed in the A. thaliana transgenic events. T1 transgenic lines were selected on the 1/6 MS plates (adjusted to pH5.7) containing 1% agar and 75 mg L−1 Km and more than 30 of Km-r TFs were isolated. The Km-r seedlings were transferred to soil and grown to maturation. Screening of seeds for Km-r progeny was carried out on the same medium to get single-gene inserted, homozygous T2 transgenic lines and five independent TF lines were finally obtained. These TF lines were tested their gene-expression level of the AvSAMS1 by qRT-PCR. Two highest expressing TF lines, TF3 and TF6, were used for abiotic stress sensitivity tests. And TF6 was used for microarray analysis and DNA and histone methylation analyses.

Microarray Analysis

After the Al treatment (0 or 300 μM Al for 2 days) of the AvSAMS1-expressing A. thaliana TF and its parental non-TF, Col-0 line, total RNA were extracted from these four plant samples by RNeasy Plant Mini Kit (Qiagen) and their quality was confirmed by the RIN (RNA Integrity Number) method (Agilent Technologies, USA). Two independent sets of RNA from the different biological pools of plant samples (Al-treated Col-0, untreated Col-0, Al-treated AvSAMS1 TF6 and untreated AvSAMS1 TF6) were subjected to the total four 2-color microarray analyses. Total RNA samples were labeled independently with Cy3 (untreated) or Cy5 (Al-treated), respectively using Quick Amp Labeling Kit, Two-color (Agilent Technologies). A 4 X 44 K format microarray for A. thaliana Ver4.0 (G2519F#21169, Agilent Technologies) was used for hybridization in this experiment. Equal amounts of the two labeled cRNAs were mixed and competitively hybridized on the same slide at 65°C for 17 h. Agilent Feature Extraction and Agilent GeneSpring GX ver.12.5 (Agilent Technologies) were used for analyses. Total four microarray analyses were performed for a screening of Al response genes (Al induced genes and Al repressed genes) from Col-0 and the AvSAMS1 TF line as follows;

Array:252116911539_1_1, Cy3: untreated Col-0#1, Cy5: Al-treated Col-0#1

Array:252116912697_1_1, Cy3: untreated Col-0#2, Cy5: Al-treated Col-0#2

Array:252116911538_1_4, Cy3: untreated AvSAMS1TF6#1, Cy5: Al-treated AvSAMS1TF6#1 Array:252116912697_1_3, Cy3: untreated AvSAMS1TF6#2, Cy5: Al-treated AvSAMS1TF6#2.

Means value of the two relative holds of each gene-expression under +Al condition to –Al condition in the two independent microarray analyses were compared between Col-0 and the AvSAMS1 TF line. Then, we showed the results of P-value (<0.05) of LogRatio(+Al/–Al). These selected genes were confirmed their expression patterns by qRT-PCR, if necessary. They were moreover used for investigation of methylation status of DNA or histone under Al stress in this study. The microarray data was deposited in GEO database (accession number: GSE85593).

DNA Sequencing after Bisulphite Treatment

To investigate alterations of DNA methylation by Al treatment in Col-0 and the AvSAMS1 TF, the genomic DNAs extracted from either Al-treated plants (300 μM Al treatment for 2 days) or untreated plants (0 days) were subjected to bisulphite treatment using a rapid DNA bisulphite modification kit, MethyEasy Xceed (Human Genetic Signatures Pty Ltd., USA) and then applied to DNA sequencing. The Methyl Primer Express® Software v1.0 (supplied from Applied Biosystems, USA) was used to design primers for methylation-focused PCR experiments.

Chromatin Immuno-Precipitation (ChIP) Analysis

To investigate alterations of histone3 (H3) methylation status under Al stress, three independent chromatin preparations were performed for the four plant samples (Al-treated Col-0, untreated Col-0, Al-treated AvSAMS1 TF and untreated AvSAMS1 TF). Genomic DNA fragments specifically associating with either tri-methylated H3K4 (H3K4me3) or tri-methylated H3K9 (H3K9me3) were isolated from the immune-precipitated chromatin according the manual described previously with a minor modification (Villar and Köhler, 2010). Rabbit anti-H3K4me3 antibody and anti-H3K9me3 antibody were used for immuno-precipitation (Active Motif, USA) in this ChIP assay. To calculate the relative enrichment of the target DNA in the immuno-precipitated chromatin fractions including either H3K4me3 or H3K9me3, contents of the recovered target DNA fragments were determined by qRT-PCR, using LightCycler 1.5 (Roche, Germany) and SYBR Premix Ex TaqII (TAKARA). Three sets of primers were individually designed to amplify the target fragments #1, #2, and #3 (see Figures 5B,D) and used for the qRT-PCR. DNA contents of the three target fragments in eight nucleosome fractions (four nucleosome fractions extracted from Al-treated Col-0 line or non-treated Col-0 line and then precipitated with anti-H3K4me3 antibody or anti-H3K9me3 antibody, and another four nucleosome fractions extracted from Al-treated or non-treated AvSAMS1 TF line and then precipitated with either of the two antibodies shown above) were normalized to an internal control, AtAct1 gene of A. thaliana (At2g37620). At least three replicates of qRT-PCR experiments were performed for each DNA fragment.

Statistical Analysis

Experiments included two or three independent replicates. In case of the three independent replicates, means of the obtained values were calculated along with standard deviations (SD). F-tests were performed to identify differences in variance between the two tested groups. Then either the Student's t-test (when variances were similar) or Welch's t-test (when variances were different) was applied to calculate the significance of differences between the means.

RESULTS

Direct Screening of Al Tolerant Genes from A. virginicus L.

Wild plant A. virginicus L. shows a high Al tolerant phenotype by a combination of five Al tolerant mechanisms at least in our previous study (Ezaki et al., 2013). To characterize its high Al tolerance mechanism from molecular genetic points of view, Al tolerant genes derived from this plant were tried to isolate from a full length cDNA library, using S. serevisiae (yeast) INVSc1 as a screening strain. Pool of cDNA clones carrying the A. virginicus L. cDNA were introduced into INVSc1 and then the ura+ and Al tolerant TFs were directly screened on the LPM agar plates including 300 μM Al. Two candidate clones (AL3A-4 and AL5B-2) were obtained in the first screening and their tolerance to Al toxicity was confirmed. Compared with the yeast INVSc1 TF carrying a vector, pYES3, these two TFs showed a higher growth on the 300 μM Al agar plates (Figure 1A). Moreover the AL5B-2 could form colonies on 400 μM Al agar plate. Plasmid DNAs were extracted from these two tolerant TFs and the inserted cDNA fragments were individually sequenced. Result of a primitive homology search of these two clones to DDBJ (DNA Data Bank of Japan) indicated that the AL3A-4 was an S-adenosyl methionine (SAM) synthetase (SAMS) gene (approximately 90% identity in DNA sequence with O. sativa AK103157 and with Zea mays BT088116)(data not shown). The other clone, AL5B-2, had a homology to a Z. mays function-unknown clone, DY620452 with approximately 90% homology (data not shown). We therefore focused on AL3A-4 in further analyses in this study. The yeast TF carrying the AL3A-4 was furthermore exposed to various heavy metal stresses, such as Cu, Cd, Pb and Zn, and to two oxidative stresses, DM and H2O2. It did not show a clear tolerance to all of these stresses except for DM stress in yeast TF (Figure 1B).
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FIGURE 1. Sensitivity test of the yeast TF carrying AL3A-4 or AL5B-2 clones on agar plates. (A) Al test on LPM agar plate (adjusted at pH4.2), (B) DM test on YNB agar plate (adjusted at pH5.7). Log phase cells of the TFs carrying either pYES3 (vector), AL3A-4 or AL5B-2 were serially diluted with sterilized water(1/5~1/3125 fold for Al test and 1~1/3125 fold for DM test) and then spotted on the agar plates. Plates were incubated at 30°C for 3 to 4 days and the sensitivity was estimated by a colony forming ability on the agar plates.



Property of AvSAMS1 Gene

Since the primitive comparison of the DNA sequence among AL3A-4 clone and the other SAMS genes indicated that this clone lacked the 5'-end, a full length of cDNA was tried to isolate by 5'-RACE. The longest clone completely carried its N-terminal region and 29-nt-upstream region of ATG start codon. Highest homology (95% identity) in DNA sequence was seen between the SAMS gene of Saccharum hybrid cultivar (KJ577596) and other high homologies were also seen among those of O. sativa and Z. mays described above (90 and 94% identity, respectively) (Supplement Figure 1). The SAMS gene derived from A. virginicus L. was therefore designated as AvSAMS1 gene (accession number AB907169) and used for further analyses in this study. Open reading frame of the AvSAMS1 gene was 1188 nt encoding 396 amino acids and the deduced molecular weight was 98.81 kDa. A high homology in amino acid sequence was also observed in a wide range of organisms (Supplement Figure 2).

The transcriptional response of the AvSAMS1 gene to Al stress in A. virginicus L. was precisely confirmed by qRT-PCR (Figure 2A). Compared with the basal expression level of this gene under non-treated conditions (0 h), approximately 8.8-fold higher expression was occurred in roots after an exposure to 300 μM Al stress for 8 h and this elevated expression was maintained at 24 h (approximately 3.4-fold), whereas the expression was very low in shoots during the Al treatment (Figure 2A). Young seedlings of A. virginicus L. were also exposed to several abiotic stresses, such as Cd, Cu, Pb, Zn, H2O2 and DM for 8 h and the transcriptional responses to these stressors in root and shoot were determined (Figure 2B). The results indicated that the AvSAMS1 was induced in roots by Cu and slightly by DM stress (approximately 3.7 and 1.9-fold, respectively). DM dependent induction was also detected in shoots (approximately 1.9-fold).
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FIGURE 2. Gene-expression profile of AvSAMS1 in A. virginicus L. (A) Al. Gene expression in root (left) and shoot (right) are represented as expression of the AvSAMS1 relative to each control condition (-Al, 0 h). (B) Cd, Cu, Pb, Zn, DM, and H2O2. Gene-expression under each tested condition in roots (R) and shoots (S) are also shown as relative expression to the control conditions (Control-R and Control-S, respectively). Error bars indicate standard deviations (SD). Asterisks indicate significant differences to each control (*p < 0.05, **p < 0.01).



AvSAMS1 Is A Multiple Tolerant Gene for Metal Stress and Oxidative Stress

To characterize the biological functions of this gene under Al stress and other stresses in plant, transgenic A. thaliana carrying the AvSAMS1 were constructed and two of single-copy-inserted homozygote TFs were obtained (TF3 and TF6). These two plant lines grew and flowered normally, with no visible phenotypic difference from wild-type Col-0. Sensitivity tests for various stressors (Al, Cd, Cu, Pb, Zn, and DM) were performed and both of the TF lines showed higher relative root growth than a control Col-0 ecotype under Al, Cu, Pb, Zn, and DM treatments, but not under Cd stress (Figure 3). These results suggested that the AvSAMS1 gene could confer multiple stress tolerance in A. thaliana.
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FIGURE 3. Results of stress sensitivity tests in A. thaliana TF. Two of the constructed A. thaliana TF expressing the AvSAMS1 gene (TF3 and TF6) and their parental non-TF line, Col-0, were treated with various stressors and then measured for root length. Results were shown as relative root growth (%) as described previously (Ezaki et al., 2000). Error bars indicate SD. Asterisks indicate significant differences to each control shown as black bar (*p < 0.05, **p < 0.01).



Microarray Analysis

It is well known that SAM is widely used as a methyl residue donor in many metabolisms, including the methylation processes of both DNA and histone. It is also well known that a genome-wide alteration in gene-expression (repression and induction), so-called epigenetic gene-regulation, can be led by these methylation processes (see review; Henderson and Jacobsen, 2007). It was therefore hypothesized that a highly expressed AvSAMS1 enzyme might accumulate higher amounts of SAM and preferentially promote a higher epigenetic gene regulation in the AvSAMS1 TF line, compared with Col-0 ecotype. To prove this hypothesis, methylation status of genome DNA and histone protein should be determined and compared between the two lines [“Al-treated Col-0 vs. untreated Col-0” and “Al-treated AvSAMS1 TF vs. untreated AvSAMS1 TF”], using Al response genes as target genes. To select such target genes, microarray analysis was performed and the gene-expression patterns with and without Al were compared in the two lines [“Al-treated Col-0 vs. untreated Col-0” and “Al-treated AvSAMS1 TF vs. untreated AvSAMS1 TF”] (Supplement Figure 3). From genes induced (more than approximately 2-fold) or repressed (less than approximately 0.5-fold) by Al stress, two groups were defined that were affected in both or either plant lines and that were also more highly induced or more severely repressed in the AvSAMS1 TF line than in Col-0 line. These two groups were classified and designated as “Gene group I (induced type)” or “Gene group R (repressed type)”, respectively and used for the investigation of methylation status in genome DNA and histone under Al stress.

Methylation in DNA under Al Stress

Six genes and eight genes were selected from the Gene group I and Gene group R, respectively and then applied to DNA sequencing based on a methylation-focused PCR. Results are summarized in Table 1. As a primary result of epigenetic gene-regulation, DNA methylation generally occurs in CG, CHG, or CHH sites in plant genomic DNA (H stands for A, C, or T). Approximately half of the tested regions showed non-methylation in all such C sites and no change in methylation status by Al treatment in either Col-0 or AvSAMS1 TF plant. One representative result of the complete non-methylated status observed in At1g17180 (Glutathione transferase belonging to the tau class; Gene group I) is shown in Supplement Figure 4.


Table 1. List of genes used for DNA methylation status analysis.

[image: image]



The remainder of the tested genes showed alterations of their methylation status under Al stress in either or both of the two lines. In case of At2g34430 (Photosystem II type I chlorophyll a/b-binding protein) belonging to Gene group I, there were 43 of C sites in the −85 to +38 nt region of the original DNA sequence (Figure 4A). The raw data of DNA sequencing are shown in Figure 4B. The effect of Al stress on Col-0 can be seen in the comparison of the top two electropherograms. The total number of single “T” peaks (shown by black dots in Figure 4B) indicating non-methylated C (which were completely converted to T by the bisulphite treatment) in Col-0 was increased from 15 to 20 by the Al treatment, indicating that there was an overall demethylation across the region. However, the situation was more complex, since some unmethylated sites also became partly methylated under Al stress, and one site (marked by the blue dot) switched from fully methylated to completely unmethylated. If we consider only the double peaks consisting of “T” and “C” in the same position in Col-0 line (shown by red dots in Figure 4B, representing a mixture of non-methylated C and methylated C), the ratios of the methylated to non-methylated C's under the +Al stress condition were clearly higher than the ratios at the same sites under −Al condition. This result suggested that increased methylation was occurring in these double-peak sites by Al stress. Taken together the results suggested that Al stress induced an intricate pattern of changes involving both demethylation and methylation, at C residues in the upstream region of At2g34430 in Col-0. Meanwhile, in the AvSAMS1 TF line, 22 of the original C sites in the same region (shown by red dots) were altered to mixtures of methylated C and non-methylated C under −Al condition in the AvSAMS1 TF line like those in Col-0 line (Figure 4B). However, under +Al condition, all of these double peaks except one were changed to T single peaks (shown by black dots), suggesting that most of the methylated C in these C sites were completely demethylated during Al stress in the TF line. These results show a dramatic difference in methylation status has been induced in the TF line. In case of At4g12230 (alpha/beta-Hydrolases superfamily protein) belonging to Gene group R, a clear difference of DNA methylation status between the two lines was also observed in the gene-body region far away from the start codon (195–247 nt from ATG site) (Supplement Figure 5). Eighteen of C sites in the original DNA sequence were mixture of methylated and non-methylated C (shown by red dots) under –Al conditions in the Col-0 line, most of which were changed to the methylated form (shown by blue dots) under +Al stress. In contrast, most of these C sites were non-methylated status under both –Al and +Al stress in the AvSAMS1 TF line (shown by black bots). This result also indicated that the alterations occurred not only in the promoter region, but also in various positions of the coding region.
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FIGURE 4. Alteration of Al stress dependent DNA methylation status caused in the Al response gene, At2g34430. (A) Comparison of the original DNA sequence and the deduced DNA sequence of At2g34430 after a bisulphite treatment. Y with red color in the latter sequence represents a mixture of C and T in the sequence, indicating both methylated C (retained as C after bisulphite treatment) and non-methylated C (converted to T by bisulphite treatment). The start codon, ATG, is shown by blue color and with underline. (B) Raw data of DNA sequence patterns of the four templates (Condition 1-4). Template DNAs (genomic DNA) were extracted from the untreated plants (0 days) (Condition 1 and 3) or from the Al treated plants (300 μM Al treatment for 2 days) (condition 2 and 4). Condition 1 and 2, Col-0 ecotype; Condition 3 and 4, the AvSAMS1 TF line. Symbols shown in the bottom of each sequence pattern represented methylation status at C sites. •, Mixture of methylated C and non-methylated C; •, non-methylated C only; •, methylated C only. The limit for defining mixtures was taken as a ratio of >0.1 up to <0.9. Start codon, ATG, is shown by the arrow.



Methylation in Histone H3 under Al Stress

The relationship between histone 3 (H3) methylation and regulation of gene-expression has been well studied and DNA regions that strongly interact with H3K4me3 or H3K9me3 are generally induced or repressed in their gene-expression levels, respectively (see review, Henderson and Jacobsen, 2007). Is there also a similar relationship in the strength of interaction between genome DNA and methylated histones (H3K4me3 and H3K9me3) under Al treatment? Furthermore, are there any Al-stress-dependent differences in the DNA/methylated histone interaction between Col-0 and the AvSAMS1 TF line? To address these questions, two types of nucleosome including H3K4me3 or H3K9me3 were individually prepared and precipitated by ChIP method from both Al treated and non-treated plants (Al-treated Col-0, untreated Col-0, Al-treated AvSAMS1 TF and untreated AvSAMS1 TF). Since only DNA fragments specifically bound to these two types of nucleosome are preferentially recovered in this method, alteration of histone methylation status under Al stress can be investigated by the determination of the recovered DNA contents. Fifteen and thirteen genes were selected from “Gene group I” and “Gene group R”, respectively (totally 28 genes, Supplement Table 1) and the contents of the recovered individual DNA fragment was determined by qRT-PCR. Representative results of six genes were shown in Figure 5. Among the tested Al induced genes, At1g24200 (Paired amphipathic helix repeat-containing protein), At1g5777 (Uncharacterized protein) and At4g10510 (Subtilase family protein) were confirmed their higher expressions in the TF than in Col-0 under Al stress (Figure 5A). Compared with -Al condition, one or two of the tested regions of these genes were enriched in the ChIP treated fraction including H3K4me3 under +Al condition (“Al-treated Col-0 vs. untreated Col-0” and “Al-treated AvSAMS1 TF vs. untreated AvSAMS1 TF”), indicating that a part of promoter region was enriched by an interaction with H3K4me3 under Al stress (Figure 5B). Moreover, a higher enrichment of these fragments in the recovered nucleosome fraction was observed in the TF than in Col-0. The members of Al repressed genes, At1G33910 (Putative avirulence-responsive protein), At2G30670 (Tropine dehydrogenase) and AT3G20360 (TRAF-like family protein), were also confirmed their repressed expression patterns by qRT-PCR (Figure 5C). qRT-PCR analysis of these three genes indicated that the either of the three fragments in the promoter region of each gene were enriched by an interaction with the repress type nucleosome including H3K9me3. Moreover, a higher enrichment of DNA fragment was observed in the Al-treated AvSAMS1 TF line than in the Al-treated Col-0 line (Figure 5D).


[image: image]

FIGURE 5. Alteration of the enrichment of the DNA fragments bound to methylated Histone H3 (H3K4me3 or H3K9me3) under Al stress. (A,B) Results of Al-induced genes selected from Gene group I. (C,D) Results of Al-repressed genes selected from Gene group R. (A,C) Relative expression of each gene under Al stress (0 μM Al for 0 and 1 days, and 300 μM Al for 1 days). Values were normalized to the expression of the AtAct1 gene and are shown as relative fold expression compared to that seen in Col-0 or AvSAMS1 TF at 0 days for each condition (set to 1). (B,D) Relative enrichment of recovered target-DNAs (three target sites in each tested gene, #1, 2 and 3) in the tri-methylated H3 fractions. DNA/Histone complex including H3K4me3 or H3K9me3 were extracted and prepared from Al treated (300 μM Al treatment for 1 days) or untreated (0 days) plants of Col-0 or from those of the AvSAMS1 TF. DNA content in each DNA/histone complex was determined by qRT-PCR and then normalized with the AtAct1 gene content bound to either H3K4me3 or H3K9me3. All qRT-PCR were replicated three times for each sample from three independent ChIP experiments. Error bars indicated SD. Different letters above the bars indicate significant differences among the four values in each DNA fragment (p < 0.05).



DISCUSSION

To understand the high Al tolerance phenotype of A. virginicus L., a direct screening of Al tolerant genes was performed in this study. One of the isolated clones, AvSAMS1, was inducible by Al stress and could confer Al tolerance to A. thaliana. Since this gene could also confer tolerance phenotypes for Cu, Zn, Pb, and DM, it was suggested to be a multiple tolerance gene for these abiotic stresses. Guo et al. (2014) reported that plant SAMS genes are induced by various environmental stresses, such as cold stress, salt stress, Cd stress and so on and suggested that some of them are related to tolerance mechanisms. Rice and tomato SAMS genes were also induced by Al stress, but it was not clear whether they were actually related to Al tolerance mechanisms (Yang et al., 2007; Zhou et al., 2009). Recently, Kim et al. (2015) reported that expression of a potato SAMS gene (SbSAMS) in A. thaliana TF plant could confer tolerance to salt stress and drought, and concluded that SAM was produced as a broad-spectrum signal molecule to upregulate stress-related genes. Our results are fully consistent with all of these results, and moreover suggest a relationship of SAM as a methyl-residue donor and SAMS as a regulator affecting the epigenetic regulation of Al stress.

This is the first report that the Al-stress-induced SAMS gene derived from A. virginicus L. (AvSAMS1) can confer tolerance to Al toxicity. It is also interesting that the AvSAMS1 gene shows a multiple-response in A. virginicus L. and a multiple-tolerance to heavy metal stresses and DM-derived oxidative stress in A. thaliana. The AvSAMS1 gene may have a similar tolerance function for all of these stresses. It was originally screened and isolated in yeast as an Al tolerant gene, even though it did not carry approximately 200 bp of its N-terminal region which is well conserved across different species. It has been suggested that this region interacts with its methionine substrate, but the precise binding site was still unclear (Garrido et al., 2011). It is presumed that the partial AL3A-4 subclone when over-expressed in yeast retained at least part of its activity. “Tolerance spectrum” depends on “stress response” in individual organisms, but “response to stress” and “tolerance to stress” is not same each other. For example, the AvSAMS1 gene is responsible for Al, Cu and DM in A. virginicus L. as described in Result (please see Figures 2A,B), but we do not know whether the gene can confer tolerance to individual abiotic stresses in this plant. What is the explanation for the different tolerance to different abiotic stress among yeast, A. virginicus L. and A. thaliana in this study? A possible explanation for the difference in the tolerance spectrum (especially between A. thaliana and yeast in this study) may be that we used different promoters (the GAL1 prompter for yeast and CaMV 35S promoter for A. thaliana) to express the AvSAMS1 gene in these two organisms. These promoters are furthermore different from the domestic AvSAMS1 promoter in A. virginicus L. The expression-pattern of the AvSAMS1 gene in A. virginicus L. were shown in Figures 2A,B. While, we did not determine the expression level of AvSAMS1 gene in the A. thaliana TFs under various stress conditions, because the gene-expression was expected to be regulated by a constitutively and strongly expressing promoter, CaMV 35S promoter. The expressing level of this gene in yeast TF was also kept high, because galactose was added to the medium and agar plates (as an inducer) to induce the gene-expression during the stress sensitivity tests. It is therefore easily suggested that there are differences in both expression-level and expression-pattern under various stress conditions among yeast, A. thaliana and A. virginicus L. in our study. These differences in gene-expression of the AvSAMS1 may effect on the differences in the tolerance spectrum of these three organisms, even though we used the same full length AvSAMS1 gene. Alternative simple explanation may be that the SAMS dependent epigenetic gene-regulation probably has specificity in its contribution to abiotic stress-tolerance. We think that the epigenetic regulation can effect on some of the abiotic stresses with a degree of difference, but completely not on other stresses. This specificity must be different among organisms and causes a difference in tolerance spectrum in each organism. Tolerance spectrum can be said an important point of view to characterize the biological functions of the AvSAMS1 gene in the epigenetic gene-regulation under abiotic stress and we would like to address this theme as a future work.

We hypothesized that there was a difference in the SAM contents between the two lines due to an introduction of the AvSAMS1 gene and that the different SAM contents lead a difference in methylation status of genome DNA and/or histones under Al stress. Genome-wide gene-regulation via the deduced epigenetic regulation therefore might be preferentially enhanced in the AvSAMS1 TF than Col-0 under Al stress. To confirm our speculation, we performed two experiments. Result of DNA sequencing after bisulphite treatment demonstrated that some genes (e.g., At2g34430 and At4g12230) showed a clear change of DNA methylation status in response to Al stress, and moreover that Col-0 and the AvSAMS1 TF line individually showed significant differences in their DNA methylation status during Al stress. It was concluded that an epigenetic regulation exists in A. thaliana during Al stress and that the AvSAMS1 gene was able to confer differences in DNA methylation status. It has been well known that DNA methylation causes a down regulation of gene-expression, because a stereo-hindrance inhibits the binding of various transcription factors and RNA polymerase to the methylated DNA region. In this study, some promotion of DNA methylation under Al stress was observed in several Al-induced genes which were the members of in the Gene group I. However, methylation and de-methylation occurred simultaneously and intricately in a narrow area in At2g34430 as well as other tested genes, in both plant lines. In these cases, DNA methylation and demethylation occurred individually in each C site, but not evenly as an area. Recently, it has been reported that DNA methylation occurs in both promoter and gene-body and these methylations individually have different effects on the gene-expression. DNA methylation in promoter regions usually represses gene-expression. However, in the case of the gene-body, a mild methylation promoted gene-expression, but extremely low or high DNA methylations caused a lower gene expression (Suzuki and Bird, 2008; Takuno and Gaut, 2012). In this study, different DNA methylation status in the gene-body was also detected in At4g12230 and caused a difference in Al response between Col-0 and the AvSAMS1 TF, suggesting a consistence with their reports.

Approximately half of the tested genes in each Gene group showed a non-methylation in all C sites and no change in methylation status by Al treatment in both plants (Table 1, non-ME). Since all of these genes also showed higher or lower expressions by Al stress in the AvSAMS1 TF than in Col-0, it seemed that these genes did not follow the deduced AvSAMS1-dependent epigenetic gene-regulation and that these results were not consistent with our hypothesis. However, it may be that epigenetic control of these genes occurred indirectly, for example via controlled by other transcription factors that are regulated by methylation. An alternative explanation may be that other AvSAMS1-dependent methylation systems, such as histone methylation, regulates the expression of these genes under Al stress in the AvSAMS1 TF line. There may also be additional stress-induced mechanisms controlling gene-expression, so that a combination of the gene-regulation systems decides the final expression level of individual gene under Al stress.

Histone methylation is also very important in epigenetic regulation and has been reported to be related to both gene-induction and gene-repression by the various methylations in the four histone proteins (H2A, H2B, H3, and H4). In this study, we focused on the tri-methylation in H3K4 and H3K9 and investigated the methylation status of these histones under Al stress. We estimated the relative abundance of DNA fragments recovered after ChIP that were specifically bound to nucleosomes carrying either H3K4me3 or H3K9me3, but not to the nucleosome carrying non-methylated H3K4 or H3K9. The alteration of the recovered target DNAs by Al stress indicates the alteration of methylation status of H3K4 and H3K9 by Al stress. This method allows precise investigation of the histone methylation status in individual genes. In this study, the promoter regions of 28 genes selected from Gene group I or R were tested and approximately 30% of them showed both an alteration of enrichment of the DNA contents in the recovered tri-methylated histone complex by Al stress, and a clear difference in the DNA enrichment in the AvSAMS1 TF line (Figures 5B,D). These results indicated that an alteration of H3 methylation status (in H3K4 or H3K9) occurred by Al stress in A. thaliana. Moreover, the two types of H3 methylation preferentially occurred in the AvSAMS1 TF, suggesting an AvSAMS1 dependency in the methylation under Al stress. Although approximately 70% of the tested genes showed no changes in tri-methylation of H3K4 or H3K9, epigenetic modifications other than methylation and modifications to the other histone proteins have not been investigated yet. Total methylation status in H3K4, H3K9, or H3K27 under Al stress also should be investigated by western blotting analysis as a future work.

In this study, differentially induced or repressed genes between Col-0 and the AvSAMS1 TF were selected from Gene group I or R. These two groups were classified from the microarray data and used for further analyses, but the array experiments with the two biological replicates might increase the rate of both false positives and false negatives and might not to be enough to obtain reproducible data for the selection. In this study, we found that the Al dependent alteration of methylation status in DNA and histone are actually occurred in some genes, but not all genes. Moreover, the methylation especially in DNA was very complex and the alterations seemed not to simply follow whether the target gene was Al induced type or repressed type. To understand the relation between the AvSAMS1 dependent epigenetic regulation and gene-response under Al stress more clearly, integrated analyses in the two lines for alteration of methylation status and for gene expression by microarray must be necessary. Future study will help us to understand how Al stress regulates gene-expressions by epigenetic modification.
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Supplement Figure 1. Comparison of the full length of the AvSAMS1 cDNA (Gene Bank Accession Number, AB907169) and other highly homologous sequences of the four SAMS cDNA (KJ577596 derived from S. hybrid, BT088116 from Z. mays and AK103157 from O. sativa). The latter three cDNAs were retrieved from DDBJ and then aligned with the AvSAMS1. Start codon (ATG) and stop codon (TAA) of each gene were shown with bold red characters. Two symbols “*” and “•” represented 100% and 75% identity among the four sequences, respectively.

Supplement Figure 2. Phylogenetic tree of the SAMS genes among plants, yeast and animal. The tree was created by UPGMA method.

Supplement Figure 3. Competitive microarray data. Scatter plot of Col-0 ecotype (A) and the AvSAMS1 TF line (B). Total RNA samples were extracted from seedlings treated either with 300 μM Alor without Al (control; −Al condition) for 2 days at pH 4.2. X and Y axes indicate signal intensities of each gene under −Al and +Al conditions, respectively. Three slopes of pale green lines (right, center and left) in each panel show 4, 1 and 0.25 relative fold changes, respectively.

Supplement Figure 4. DNA methylation status of At1g17180 (region of 52–314 nt) under A stress in Col-0 and the AvSAMS1 TF. Result of the original sequence (ori) and the four bisulphite treated sequences (Col-0, ±Al and the AvSAMS1 TF, ±Al) were aligned. All C sites in the four sequenced regions were replaced to T indicating that all C were kept as non-methylated style (free form).

Supplement Figure 5. Alteration of Al stress dependent DNA methylation status caused in the Al response gene, At4g12230. Raw data of DNA sequence pattern of the four templates extracted from the untreated plants (0 days) (Condition 1 and 3) or from the Al treated plants (300 μM Al treatment for 2 days, +Al)(Condition 2 and 4). Condition 1 and 2, Col-0 ecotype; Condition 3 and 4, the AvSAMS1 TF line. Symbols shown in the bottom of each sequence pattern represented methylation status at C sites. •, Mixture of methylated C and non-methylated C; •, non-methylated C only; •, methylated C only. The limit for defining mixtures was taken as a ratio of >0.1 up to <0.9. Two DNA sequences in the middle were the original sequence and the bisulphite treated DNA sequence of this gene. Y with red color in the latter sequence represents a mixture of C and T in the sequence, indicating both methylated C (retained as C after bisulphite treatment) and non-methylated C (converted to T by bisulphite treatment).

Supplement Table 1. List of genes used for analysis of histone methylation status.

ABBREVIATIONS

ChIP, Chromatin immuno-precipitation; DM, diamide; H3K4me3, tri-methylated H3 in the 4th Lys residue; H3K9me3, tri-methylated H3 in the 9th Lys residue; qRT-PCR, quantitative real time PCR; RACE, rapid amplification of cDNA ends; SAM, S-adenosyl methionine; SAMS, S-adenosyl methionine synthetase; TF, transformant.

REFERENCES

 Akashi, K., Miyake, C., and Yokota, A. (2001). Citrulline, a novel compatible solute in drought-tolerant wild watermelon leaves, is an efficient hydroxyl radical scavenger. FEBS Lett. 508, 438–442. doi: 10.1016/S0014-5793(01)03123-4

 Bartels, D. (2001). Targeting detoxification pathways: an efficient approach to obtain plants with multiple stress tolerance. Trends Plant Sci. 6, 284–286. doi: 10.1016/S1360-1385(01)01983-5

 Boscolo, P. R., Menossi, M., and Jorge, R. A. (2003). Aluminum-induced oxidative stress in maize. Phytochemistry 62, 181–189. doi: 10.1016/S0031-9422(02)00491-0

 Clough, S. J., and Bent, A. F. (1998). Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 16, 735–743. doi: 10.1046/j.1365-313x.1998.00343.x

 Delhaize, E., Ryan, P. R., and Randall, P. J. (1993). Aluminum tolerance in wheat (Triticum aestivum L.) II. Aluminum-stimulated excretion of malic acid from root apices. Plant Physiol. 103, 695–702. doi: 10.1104/pp.103.3.695

 Ellis, R. P., Forster, B. P., Robinson, D., Handley, L. L., Gordon, D. C., Russell, J. R., et al. (2000). Wild barley: a source of genes for crop improvement in the 21st century. J. Exp. Bot. 51, 9–17. doi: 10.1093/jexbot/51.342.9

 Ezaki, B., Gardner, R. C., Ezaki, Y., and Matsumoto, H. (2000). Expression of aluminum-induced genes in transgenic Arabidopsis plants can ameliorate aluminum stress and/or oxidative stress. Plant Physiol. 122, 657–665. doi: 10.1002/biof.1338

 Ezaki, B., Jayaram, K., Higashi, A., and Takahashi, K. (2013). A combination of five mechanisms confers a high tolerance foraluminum to a wild species of Poaceae, Andropogon virginicus L. Environ. Expr. Bot. 93, 35–44. doi: 10.1016/j.envexpbot.2013.05.002

 Ezaki, B., Katsuhara, M., Kawamura, M., and Matsumoto, H. (2001). Different mechanisms of four aluminum (Al)-resistant transgenes for Al toxicity in Arabidopsis. Plant Physiol. 127, 918–927. doi: 10.1104/pp.010399

 Ezaki, B., Takahashi, K., Utsumi, K., and Higashi, A. (2015). A half-type AvABCG1 transporter derived from Andropogon virginicus L. confers aluminum tolerance. Environ. Expr. Bot. 118, 21–31. doi: 10.1016/j.envexpbot.2015.05.005

 Garg, R., Narayana, C. V., Shankar, R., and Jain, M. (2015). Divergent DNA methylation patterns associated with gene expression in rice cultivars with contrasting drought and salinity stress response. Sci. Rep. 5:14922. doi: 10.1038/srep14922

 Garrido, F., Estrela, S., Alves, C., Sánchez-Pérez, G. F., Sillero, A., and Pajares, M. A. (2011). Refolding and characterization of methionine adenosyltransferase from Euglena gracilis. Protein Expr. Purif. 79, 128–136. doi: 10.1016/j.pep.2011.05.004

 Gayacharan, Joel, A.J. (2013). Epigenetic responses to drought stress in rice (Oryza sativa L.). Physiol. Mol. Biol. Plants 19, 379–387. doi: 10.1007/s12298-013-0176-4

 Gleave, A. P. (1992). A versatile binary vector system with a T-DNA organisational structure conductive to efficient integration of cloned DNA into the plant genome. Plant Mol. Biol. 20, 1203–1207. doi: 10.1007/BF00028910

 Guo, Z., Tan, J., Zhuo, C., Wang, C., Xiang, B., and Wang, Z. (2014). Abscisic acid, H2O2 and nitric oxide interactions mediated cold-induced S-adenosyl methionine synthetase in Medicago sativa subsp. falcata that confers cold tolerance through up-regulating polyamine oxidation. Plant Biotechnol. J. 12, 601–612. doi: 10.1111/pbi.12166

 Hauser, M.-T., Aufsatz, W., Jonak, C., and Luschnig, C. (2011). Transgenerational epigenetic inheritance in plants. Biochim. Biophys. Acta 1809, 459–468. doi: 10.1016/j.bbagrm.2011.03.007

 Henderson, I. R., and Jacobsen, S. E. (2007). Epigenetic inheritance in plants. Nature 447, 418–424. doi: 10.1038/nature05917

 Ito, D., Shinkai, Y., Kato, Y., Kondo, T., and Yoshida, K. (2009). Chemical studies on different color development in blue- and red-colored sepal cells of Hydrangea macrophylla. Biosci. Biotechnol. Biochem. 73, 1054–1059. doi: 10.1271/bbb.80831

 Ivandic, V., Hackett, C. A., Zhang, Z. J., Staub, J. E., Nevo, E., Thomas, W. T. B., and Forster, B. P. (2000). Phenotypic responses of wild barley to experimentally imposed water stress. J. Exp. Bot. 51, 2021–2029. doi: 10.1093/jexbot/51.353.2021

 Kidd, P. S., Llugany, M., Poschenrieder, C., Gunsé, B., and Barceló, J. (2001). The role of root exudates in aluminum resistance and silicon-induced amelioration of aluminum toxicity in three varieties of maize (Zea mays L.). J. Exp. Bot. 52, 1339–1352. doi: 10.1093/jexbot/52.359.1339

 Kim, S. H., Kim, S. H., Palaniyandi, S. A., Yang, S. H., and Suh, J.-W. (2015). Expression of potato S-adenosyl-L-methionine synthetase (SbSAMS) gene altered developmental characteristics and stress responses in transgenic Arabidopsis plants. Plant Physiol. Biochem. 87, 84–91. doi: 10.1016/j.plaphy.2014.12.020

 Köllner, T. G., Lenk, C., Zhao, N., Seidl-Adams, I., Gershenzon, J., Chen, F., et al. (2010). Herbivore-induced SABATH methyltransferases of maize that methylate anthranilic acid using S-adenosyl-L-methionine. Plant Physiol. 153, 1795–1807. doi: 10.1104/pp.110.158360

 Kou, H. P., Li, Y., Song, X. X., Ou, X. F., Xing, S. C., Ma, J., et al. (2011). Heritable alteration in DNA methylation induced by nitrogen-deficiency stress accompanies enhanced tolerance by progenies to the stress in rice (Oryza sativa L.). J. Plant Physiol. 168, 1685–1693. doi: 10.1016/j.jplph.2011.03.017

 Li, W., Han, Y., Tao, F., and Chong, K. (2011). Knockdown of SAMS genes encoding S-adenosyl-l-methionine synthetases causes methylation alterations of DNAs and histones and leads to late flowering in rice. J. Plant Physiol. 168, 1837–1843. doi: 10.1016/j.jplph.2011.05.020

 MacDiarmid, C. W., and Gardner, R. C. (1998). Overexpression of the Saccharomyces cerevisiae magnesium transport system confers resistance to aluminum ion. J. Biol. Chem. 273, 1727–1732. doi: 10.1074/jbc.273.3.1727

 Milla, M. A., Butler, E., Huete, A. R., Wilson, C. F., Anderson, O., and Gustafson, J. P. (2002). Expressed sequence tag-based gene expression analysis under aluminum stress in rye. Plant Physiol. 130, 1706–1716. doi: 10.1104/pp.009969

 Mittova, V., Guy, M., Tal, M., and Volokita, M. (2004). Salinity up-regulates the antioxidative system in root mitochondria and peroxisomes of the wild salt-tolerant tomato species Lycopersicon pennellii. J. Exp. Bot. 55, 1105–1113. doi: 10.1093/jxb/erh113

 Nagel, J., Culley, L. K., Liu, E., Matthews, P. D., Stevens, J. F., and Page, J. E. (2008). EST analysis of hop glandular trichomes identifies an O-methyltransferase that catalyzes the biosynthesis of xanthohumol. Plant Cell 20, 186–200. doi: 10.1105/tpc.107.055178

 Negishi, T., Oshima, K., Hattori, M., Kanai, M., Mano, S., Nishimura, M., et al. (2012). Tonoplast and plasma membrane-localized aquaporin-family transporters in blue Hydrangea sepals of aluminum hyperaccumulating plant. PLoS ONE 7:e43189. doi: 10.1371/journal.pone.0043189

 Ofei-Manu, P., Wagatsuma, T., Ishikawa, S., and Tawaraya, K. (2001). The plasma membrane strength of root-tip cells and root phenolic compounds are correlated with Al tolerance in several common woody plants. Soil Sci. Plant Nutr. 47, 359–376. doi: 10.1080/00380768.2001.10408399

 Pandey, S., Ranade, S. A., Nagar, P. K., and Kumar, N. (2000). Role of polyamines and ethylene as modulators of plant senescence. J. BioSci. 25, 291–299. doi: 10.1007/BF02703938

 Richards, K. D., Schott, E. J., Sharma, Y. K., Davis, K. R., and Gardner, R. C. (1998). Aluminum induces oxidative stress genes in Arabidopsis thaliana. Plant Physiol. 116, 409–418. doi: 10.1104/pp.116.1.409

 Roje, S. (2006). S-adenosyl-L-methionine: beyond the universal methyl group donor. Phytochemistry 67, 1686–1698. doi: 10.1016/j.phytochem.2006.04.019

 Sasaki, T., Yamamoto, Y., Ezaki, B., Katsuhara, M., Ahn, S. J., Ryan, P., et al. (2004). A wheat gene encoding an aluminum-activated malate transporter. Plant J. 37, 645–653. doi: 10.1111/j.1365-313X.2003.01991.x

 Shen, W., Gómez-Cadenas, A., Routly, E. L., Ho, T. H. D., Simonds, J. A., and Gulik, P. J. (2001). The salt stress-inducible protein kinase gene, esi47, from the salt-tolerant wheatgrass Lophopyrum elongatum is involved in plant hormone signaling. Plant Physiol. 125, 1429–1441. doi: 10.1104/pp.125.3.1429

 Smith, F. W., Hawkesford, M. J., Prosser, I. M., and Clarkson, D. T. (1995). Isolation of a cDNA from Saccharomyces cerevisiae that encodes a high afinity sulphate transporter at the plasma membrane. Mol. Gen. Genet. 247, 709–715. doi: 10.1007/BF00290402

 Suzuki, M. M., and Bird, A. (2008). DNA methylation lands capes: provocative insights from epigenomics. Nat. Rev. Genet. 9, 465–476. doi: 10.1038/nrg2341

 Takuno, S., and Gaut, B. S. (2012). Body-methylated genes in Arabidopsis thaliana are functionally important and evolve slowly. Mol. Biol. Evol. 29, 219–227. doi: 10.1093/molbev/msr188

 Villar, C. B. R., and Köhler, C. (2010). “Plant chromatin immunoprecipitation,” in Plant Developmental Biology: Methods and Protocols, Vol. 655. Methods in Molecular Biology, eds L. Henning and C. Köhler (Humana Press), 401–411.

 Wang, W.-S., Pan, Y.-J., Zhao, X.-Q., Dwivedi, D., Zhu, L.-H., Ali, J., et al. (2011). Drought-induced site-specific DNA methylation and its association with drought tolerance in rice (Oryza sativa L.). J. Exp. Bot. 62, 1951–1960. doi: 10.1093/jxb/erq391

 Watt, D. A. (2003). Aluminium-responsive genes in sugarcane: identification and analysis of expression under oxidative stress. J. Exp. Bot. 54, 1163–1174. doi: 10.1093/jxb/erg128

 Xia, J., Yamaji, N., Kasai, T., and Ma, J. F. (2010). Plasma membrane-localized transporter for aluminum in rice. Proc. Natl. Acad. Sci. U.S.A. 107, 18381–18385. doi: 10.1073/pnas.1004949107

 Xu, R., Song, F., and Zheng, Z. (2006). OsBISAMTI, a gene encoding S-adenosyl- L-methioinie: salicylic acid carboxyl methyltransferase, is differentially expressed in rice defense responses. Mol. Biol. Rep. 33, 223–231. doi: 10.1007/s11033-005-4823-x

 Yang, Q., Wang, Y., Zhang, J., Shi, W., Qian, C., and Peng, X. (2007). Identification of aluminum-responsive proteins in rice roots by a proteomic approach: cysteine synthase as a key player in Al response. Proteomics 7, 737–749. doi: 10.1002/pmic.200600703

 Zhou, S., Sauvé, R., and Thannhauser, T. W. (2009). Proteome changes induced by aluminium stress in tomato roots. J. Exp. Bot. 60, 1849–1857. doi: 10.1093/jxb/erp065

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Ezaki, Higashi, Nanba and Nishiuchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-01627-g005.gif
ARSI SoRive






OPS/images/fpls-07-01627-t001.jpg
Gene
AllgO7400
AllgI7 180
AllGIT710
A2g34430

At3g06435
AI3g56060

Atig2230

At4gIB940

At1g24310
At4g33070
AI5g07390(site 1)

A5g07390(site2)
At5626280
Al5g43370(site 1)
Al5g43370(site2)
AI5g63600

Biological function

Class | Heat shock protein (HSP20)
Glutathione transferase belonging to
the tau class

Pyridoxal phosphate
phosphatase-related protein
Photosystem 11 type | chiorophyll
a/o-binding protein
Uncharacterized protein
Glucose-methanol-choline (GMC)
oxidoreductase family protein
alpha/beta-Hydrolases superfamily
protein

RNA ligase/cyclic nucleotide
phosphodiesterase family protein
Uncharacterized protein

Pyruvate decarboxylase
Respiratory burst oxidase homolog A
(RBOHA)

TRAF-like family protein
Phosphate transporter Ph2

Aprotein similr to flavonol synthase

Alresponse in
Col-0*

352"
6.08"

2.66"

0.46°

135
071

050
108
039"

1.01
056

039
0.35*

051

Al response
in TF®

5.28"
1153

295

126

205"
022"

018"
0.07*
0.16"

5.84°
023"

0.15°
0.14*

029"

Response type
(Gene group)®

R

Methylation
status?

non-ME
non-ME

ME

ME

non-ME
ME

ME

ME

ME
non-ME
non-ME

ME
non-ME
ME
non-ME
non-ME

Sequencing
region (nt)

187 ~ 4213
-180 ~ +130

278~ +164

160~ +40

388 ~ 477
-263 ~ +209

+123 ~ 4407

+57 ~ 4452

172~ 482
+1~ 4120
-263 ~ +137

+233 ~ +593
276 ~ +109
228~ -43

+296 ~ +456
+736 ~ +866

* Values indicated means of the two refative holds of each gene-expression in Col-0 ecotype under +A1 condition to Al condliion in the two microarray analyses.
> Velues indicated means of the two relative holds of each gene-expression in the AYSAMS! TF line under +A1 condition to ~Al condition in the two microarray analyses.

°l, Gene group I

%, Gene group R.

non-ME, no-methyktion status was Al independently kept in both lines; ME, methylation status was altered i either the tested nes under Al stress.
*P.value of LogRatio (+-Al/—Al) was less than 0.05.





OPS/images/fpls-07-01627-g003.gif
5 H £

8 - m—
g2sse° gEezse
H s E

3 -y S -}
gsssre° §8888R°
IS ¢ . .

2 — C—
gEsssee 383 sR-°

(56) w018 3001 2AneRY.






OPS/images/fpls-07-01627-g004.gif
At2g34430 gene (-85~ +38 nt)

Orginalsequence
ARAAACCTCACCGTAACCTAGCTATCCAATTTCATCACATCTTATTAACTARA
(GAGCCTTTTACTTGCGCCACACTCTCACCCARIGCCGOCTCGACARTGGCT
crerceTerccTGeTrT '

ONA sequence ater Bisulfite reaction
ARARRYYTYAYYGTAAYYTAGYTATY YAMTTTYATYAYATYTTATTAAYTARA
GAGYYTTTTAYTTGIGYYRYAYTY TYAY G RATGGY {GYYTYGAYARTGGYT
YTYTYYTYTYYTGYTIT

Yecort
o

Conditon 1: Col0 line, A1 0 .
Conditon 2: Col-0line, +A1 2 .

Conditon 3: AvSAMS TF ne, -1 0d 3






OPS/images/fpls-07-01627-g001.gif
Control
[,,M, IM\IScl(pVESS) INVSc1 (AL

L3A-4) INVSc1 (ALSB-2)
m |[omemomam~|
e 5 - |CROI.| sueen|
| TS R | & e ons s |
—_m

o Control

(m) 'NVSCL(pYES3) INVScl (AL3A4)





OPS/images/fpls-07-01627-g002.gif





OPS/images/cover.jpg
’ frontiers
in Plant Science

An S-adenosyl Methionine
Synthetase (SAMS) Gene from
Andropogon virginicus L. Confers
Aluminum Stress Tolerance and
Facilitates Epigenetic Gene
Regulation in Arabidopsis thaliana









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





