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Numerous studies have shown that plant long noncoding RNAs (lncRNAs) play an important regulatory role in the plant response to environmental stress. However, there are no reports on lncRNAs regulating and enhancing aluminum (Al) stress tolerance in legumes. This study analyzed the role of lncRNAs in response to Al stress in the legume model plant Medicago truncatula. A total of 219.49 Gb clean data were generated: 3,284 lncRNA genes were identified, of which 515 were differentially expressed, and 1,254 new genes were functionally annotated through database alignment. We further predicted and classified putative targets of these lncRNAs and found that they were enriched in biological processes and metabolic pathways such as plant hormone signal transduction, cell wall modification and the tricarboxylic acid (TCA) cycle. Finally, we characterized the functions of 2 Al-activated-malate-transporter-related lncRNAs in yeast. The recombinant plasmids of MSTRG.12506.5 and MSTRG.34338.20 were transformed into yeast, and these yeast exhibited better growth than those carrying empty vectors on medium supplemented with 10 μM AlCl3 and showed that they have biological functions affording Al stress tolerance. These findings suggest that lncRNAs are involved in regulating plant responses to Al stress. Our findings help to understand the role of lncRNAs in the response to Al stress in legumes and provide candidate lncRNAs for further studies.
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Introduction

Aluminum (Al) is one of the most abundant metal elements in the earth’s crust and is deprotonated to Al3+ in acidic soils with a pH < 5.0, while at pH > 5.0, Al usually exists in soil in the form of poorly soluble aluminosilicates or alumina that are nontoxic to plants (Kochian et al., 2004). Micromolar concentrations of Al3+ in the soil can inhibit plant root growth in a short period of time and cause the rapid accumulation of reactive oxygen species (ROS), hydrogen peroxide (H2O2) and hydroxyl radicals (-OH), resulting in Al toxicity (Poot-Poot and Hernandez-Sotomayor 2011). Approximately 40% of the world’s arable land is acidic, and Al toxicity is considered one of the main factors limiting crop yields in acidic soil (Liu et al., 1995; Von Uexküll and Mutert 1995). Previous studies found that Al stress caused severe damage to the structure and function of mitochondrial membranes in peanut (Arachis hypogaea), while increased mitochondrial antioxidant system activity reduced cellular damages under Al stress (Zhan et al., 2014). Many plant species have evolved complex mechanisms to cope with Al toxicity; one is the exclusion mechanism in which Al is prevented from entering the root tips (symplast and apoplast), and the other is internal tolerance, which depends on detoxification and sequestration of Al in apoplastic spaces (Lou et al., 2016). Among these mechanisms, the most important one is the apoplastic exclusion strategy, which is based on root-secreted organic acids that chelate Al. Some plants can produce complexes that chelate with Al ions in the soil through the secretion of organic acids such as malic acid, citric acid and oxalic acid from their roots, thereby reducing the effects of Al toxicity (Dissanayaka et al., 2021).

In the model plant species Arabidopsis thaliana, ALUMINUM-ACTIVATED-MALATE-TRANSPORTER 1 (AtALMT1) was identified as a key gene for Al tolerance, and root malate secretion was shown to be regulated by the transcription factor SENSITIVE-TO-PROTON-RHIZOTOXICITY 1 (STOP1), which mediates Al-induced expression of AtALMT1 and is critical for Al resistance of A. thaliana (Tokizawa et al., 2021). Studies have shown that the transcription factor WRKY47 regulates the expression of EXTENSIN-LIKE PROTEIN (ELP) and XYLOGLUCAN ENDOTRANSGLUCOSYLASE-HYDROLASE 17 (XTH17), which are responsible for cell wall modification, thereby balancing the Al distribution between the apoplast and symplast in the roots (Li et al., 2020).

Noncoding RNAs (ncRNAs) longer than 200 nucleotides are called long noncoding RNAs (lncRNAs), have relatively low protein-coding capacity and compose the largest class of ncRNAs (Wang et al., 2017; Yu et al., 2022). LncRNAs lack distinct open reading frames (ORFs), are mainly transcribed by RNA polymerase II, and exhibit tissue- and cell-specific expression patterns (Wang et al., 2015; Zhao et al., 2020). Based on their relative positions to protein-coding genes and genomic origin, lncRNAs can be further classified into lincRNAs, antisense-lncRNAs, intronic-lncRNAs, and sense-lncRNAs (Ponting et al., 2009). In plants, a large number of lncRNAs involved in the regulation of root development (Chen et al., 2018), flowering (Csorba et al., 2014), fruit ripening (Zhu et al., 2015), and responses to biotic (Cui et al., 2020) and abiotic stresses (Wang et al., 2017) have been characterized. Studies have shown that the bra-miR172a-lncRNA interaction is involved in the regulation of target genes associated with heat tolerance in Chinese cabbage (Brassica rapa ssp. chinensis) (Wang et al., 2019). Yu et al. (2022) found that lncRNAs play a role in the senescence of Medicago truncatula root nodules on the basis of their effects on the transport of transmembrane substances. Zhao et al. (2020) identified a set of lncRNAs responsive to cold treatment in M. truncatula seedlings and further analyzed the potential regulatory network of an CBF intergenic lncRNA (MtCIR1) and MtCBF, which play key roles in the cold stress response. However, lncRNA studies related to Al stress are rare.

To identify the lncRNAs corresponding to Al stress in M. truncatula, we performed high-throughput strand-specific RNA sequencing (RNA-seq) on root tip tissue under Al stress to study and characterize lncRNAs associated with the response to Al stress. Our findings provide new insights into the potential functions of lncRNAs during Al stress.



Materials and methods


Plant materials and treatments

The study was carried out in the laboratory of the College of Animal Science, Guizhou University. Seeds of M. truncatula A17 were surface-sterilized with 1% NaClO solution for 5 min, rinsed 5 times with distilled water, and germinated in the dark at 25°C for 3 days. Then, they were cultured in Hoagland nutrient solution (pH 5.8) at constant temperature (25°C, 16 h/8 h light/darkness) for 7 days, during which the nutrient solution was changed every 2 days (Bugbee 2004). Then, 240 same growthing seedlings were separated averagely into four groups, which included three Al-treatment time point groups (4, 24, and 48 h) in a 0.5 mM CaCl2 and 10 μM AlCl3 (pH 4.5) solution and one control (0 h) group, which was cultivated for 48 h in a 0.5 mM CaCl2 solution (pH 4.5). To reduce the circadian rhythm effects, the seedlings of control and 48 h groups were treated at the same time, and harvested after 48 h. For 4 h and 24 h treatment groups, their seedlings began to be treated 44 h and 24 h after the treat time of 48 h treatment group, respectively, and harvested at the same time as 48 h and control groups. Each 20 plants served as a replicate with three replicates per treatment. After the treatment, 1.5-cm-long root tips were taken, immediately frozen in liquid nitrogen, and stored at −80°C.



Physiological trait determination

Root length was measured using a digital Vernier caliper, and root activity was measured using the naphthylamine microplate method (TB1011, Beijing Leagene Biotechnology Co., Ltd., China). The malondialdehyde (MDA) content, peroxidase (POD) activity, superoxide dismutase (SOD) activity, catalase (CAT) activity, and soluble sugar (SS) content were measured using corresponding kits from Beijing Solarbio Science and Technology Co., Ltd. (MDA-BC0020, POD-BC0090, SOD-BC0170, CAT-BC0200, SS-BC0035, Solarbio, Beijing, China). Refer to manufacturer’s instructions for measurement method.



RNA extraction, cDNA library construction and sequencing

RNA extraction, quantitative measurements and quality assessments were performed according to the methods described by Liu et al. (2016). An Epicenter Ribo-zero™ rRNA Removal Kit (Epicenter, United States) was used to remove rRNA. The resulting libraries were sequenced by staff at Biomarker Co., Ltd. (BMKcloud, Beijing, China), on an Illumina NovaSeq 6,000 platform.

Clean reads were obtained by removing the inclusion adapters and low-quality reads from the raw data (Zhao et al., 2020). The reads were subsequently mapped to the M. truncatula reference genome MedtrA17_4.0 using Bowtie2 and TopHat2, after which they were assembled by StringTie (Pertea et al., 2015). LncRNAs were screened using the CPC, CNCI and Pfam platforms (Kong et al., 2007; Sun et al., 2013; Wang et al., 2013). All the transcripts were greater than 200 bp in length.



Analysis of differentially expressed lncRNAs

The DESeq R package v1.10.1 was used for lncRNA differential expression analysis (Anders and Huber 2010). LncRNAs or mRNAs for which p was <0.05 and the log2(fold-change) was ≥1.5 were considered differentially expressed (Frazee et al., 2015). TargetFinder (v1.0) was used to predict target lncRNAs of microRNAs (Fahlgren and Carrington 2010).



Annotation and functional analysis of DElncRNA target genes

The functions of the genes were determined on the basis of BLASTX alignment of the sequences to the contents of the NCBI nonredundant (Nr) protein sequence, Gene Ontology (GO), Clusters of Orthologous Groups of proteins (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG) and SwissProt Protein databases (E-value < 10-5) (Yu et al., 2022). The TopGO R package and KOBAS software were used for GO enrichment analysis and KEGG pathway analysis, respectively (Mao et al., 2005). GO terms with corrected p-values < 0.05 were taken as the significantly enriched by differentially expressed genes.



Quantitative real-time PCR validation

Total RNA was extracted by TRIzol reagent, and random reverse primers were used for reverse transcription of lncRNAs and mRNAs. A SYBR Premix Ex Taq II Kit (TaKaRa, Dalian, China) and Power SYBR Green Master Mix (Applied Biosystems) in conjunction with an iQ 5 Multicolor Real-time PCR Detection System (Bio-Rad, USA) were used for qRT–PCR analysis, and the primers used are designed by Premier 5 (Supplementary Table S1). The relative gene expression levels were calculated using the 2–∆∆Ct method (Giulietti et al., 2001).



Al tolerance test of transgenic yeast

The full-length cDNA sequence of the genes were obtained via seamless cloning, the results of which are shown in Supplementary Table S2. Transformation was performed according to a method described previously (Kawai et al., 2010). pBI121 was used as an expression vector of yeast strain INVSc1 (Invitrogen, Carlsbad, USA). The Al stress tolerance was evaluated in SC-Ura media, and the yeast cells were incubated at 28°C while being shaken for 36 h. Serial dilutions were spotted onto SC-Ura agar plates supplemented with 10 μM AlCl3 and incubated at 28°C for 48 h, all of which was replicated 3 times.

In addition, transgenic yeast solution (1% inoculum) was inoculated into SCu/2% (w/v) glucose liquid media supplemented with 10 μM AlCl3, incubated at 28°C and 180 rpm for 24 h, and then analyzed spectrophotometrically to measure the OD600. The OD600 value of transgenic yeast grown in liquid media without AlCl3 was used as a control (Jiang et al., 2022).




Results


Physiological changes in seedlings under Al stress

To investigate the Al stress tolerance of M. truncatula and whether the redox system plays a role in the Al stress response, we measured the root length; root activity; POD, SOD and CAT activities; and SS and MDA contents. Root length and root activity had similar trends; both began to increase after 4 h of treatment, reached their highest values at 24 h, and then showed a decreasing trend (Figures 1A,B). Compared with that at 0 h, the POD activity at 4 h decreased significantly, increased and then leveled off at 24 h (Figure 1C). The SOD activity increased significantly at 4 h and decreased from 24 h to 48 h (Figure 1D), and The CAT activity increased significantly at 4 h and 24 h and decreased rapidly at 48 h (Figure 1E). The SS content significantly increased and peaked at 24 h, after which it decreased at 48 h (Figure 1F). The MDA content increased slightly after 4 h of treatment and decreased slightly at 24 h and 48 h (Figure 1G). SOD and CAT can scavenge oxides (ROS), hydrogen peroxide (H2O2) and hydroxyl radicals (-OH) accumulated in cells. The significant increase in SOD and CAT at 4 h after M. truncatula exposure to Al stress suggest that cell development and cellular antioxidant-reduction systems respond rapidly to stress.
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FIGURE 1
 Effects of Al treatment on physiological characteristics. (A–G) Changes in root length, root activity, POD activity, SOD activity, CAT activity, SS content and MDA contents in root samples harvested from plants treated for 0, 4, 24, and 48 h. 0 h represents control samples, and 4, 24, and 48 h represent 4-h, 24-h, and 48-h Al stress-treated samples. The error bar represent the SDs across 3 different biological duplicates (n = 3). The asterisks represent significant differences in acid Al-treated samples compared with the controls (*p < 0.05; **p < 0.01; ***p < 0.001).




Identification and characterization of lncRNAs

To identify M. truncatula lncRNAs involved in the Al stress response, 12 cDNA libraries were used for RNA sequencing. A total of 54,448,590 to 71,603,639 bp of clean reads were generated from each sample, with a mean GC content and number of bases of 42.65% and 1,828.97 Mb, respectively, and a mean Q30 of 94.00% (Supplementary Table S3). The average mapped reads, uniquely mapped reads and multiple-mapped reads constituted 87.70, 79.53 and 8.10% of all libraries, respectively, and the comparison efficiency of reads in each sample with the reference genome ranged from 73.13 to 93.17% (Supplementary Table S4). According to the statistics of the functional annotation results, the most new genes were annotated in the Nr and TrEMBL databases, 1,234 and 1,232, respectively (Supplementary Table S5). A total of 3,284 lncRNAs were obtained (Supplementary Figure 1A). The highest number of DElncRNAs were coexpressed at 0 h vs. 4 h, 0 h vs. 24 h and 0 h vs. 48 h (Figure 2A). Most lncRNAs were lincRNAs (2,125, 64.7%), followed by antisense (692, 21.1%), intronic (95, 2.9%) and sense (372, 11.3%) lncRNAs (Supplementary Figure 1B). The basal genomic features of 3,284 lncRNAs were characterized, the results of which revealed a uniform distribution of lncRNAs across chromosomes, with no apparent chromosomal preference (Figure 2B). The differences between lncRNAs and mRNAs were characterized by comparing the differences in transcript length, ORF length, exon number and isoform number between lncRNAs and mRNAs. The mean expression levels of mRNAs were higher than those of lncRNAs (Figure 2C). Most lncRNAs had transcript lengths <750 nt (60.38%; Supplementary Figure 1C) and ORF lengths ≤200 amino acids (aa) (Supplementary Figure 1E). The average length of mRNAs was >2,289.58 bp (Supplementary Figure 1D), and 61.38% of mRNAs had ORFs >100 aa (Supplementary Figure 1F). A total of 74.61% of lncRNAs had two exons (Supplementary Figure 1G), and 72.08% of mRNAs had more than three exons (Supplementary Figure 1H). The consistency of the boxplots for the expression of the 12 samples indicated that the gene expression level distributions of individual samples were generally consistent with a low degree of dispersion (Supplementary Figure 1I). The presence of one or both isoforms is the most common case for isoform distribution in lncRNAs and mRNAs (Supplementary Figure 1J). A total of 515 DElncRNAs were identified, and these lncRNAs clustered into 6 groups with similar expression patterns, namely, 4 groups whose members exhibited downregulated (2, 3, 4 and 6) patterns and 2 groups whose members exhibited upregulated (1 and 5) patterns (Figures 2D,E).
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FIGURE 2
 Genome-wide analysis identification and characterization of lncRNAs. (A) DElncRNA distribution in each group. (B) Circos plot of the lncRNA distribution across chromosomes. From outside to inside, lncRNA, genome feature list and linked information. (C) Expression levels of lncRNAs and mRNAs. (D) Heatmap of 515 DElncRNAs. (E) Coexpression cluster analysis of 515 DElncRNAs.




Functional analysis of DElncRNAs in response to Al stress

To determine whether DElncRNAs are functionally involved in the Al stress response process, the functions of DElncRNAs in different periods under Al stress were inferred by applying GO category enrichment analysis. According to the results of the GO enrichment analysis of all DElncRNAs, DElncRNAs were mostly enriched in ribosomes in terms of molecular functional category, followed by the oxidoreductase complex in the cellular component category and response to biotic stimulus in the biological process category (Figure 3B). In addition, 0 h vs. 48 h had the most DElncRNAs, among which DElncRNAs were most distributed in binding and catalytic activity of molecular functions, cell and cell part of cellular components, and metabolic process and cellular process of biological processes (Supplementary Table S6).

[image: Figure 3]

FIGURE 3
 Top KEGG and GO enrichment analyses of all the DEGs. (A) Top 20 KEGG enrichment of all the DEGs. (B) Top 20 GO enrichment of all the DEGs.


To understand the metabolism of M. truncatula under Al stress, we mapped all DElncRNAs to the KEGG database contents to determine their involved metabolic enrichment pathways. Among them, ribosome, phagosome and fatty acid metabolism were the most abundant KEGG enrichment pathways (Figure 3B). We also observed that the tricarboxylic acid (TCA) cycle at 0 h vs. 48 h involves 21 target genes, mainly enriched in carbon metabolism (ko01200), glyoxylate and dicarboxylate metabolism (ko00630), malate dehydrogenase (ko00026) and other pathways (Supplementary Tables S7, S8).

To reveal the relationship between lncRNAs coexpressed and separated by less than 200 kb and protein-coding RNAs, the interaction network of ALMT-related mRNA (MTR_1g077670) and lncRNA (MSTRG.12506.5) was constructed using Cytoscape software (Figures 4A,B). The results show that there are both single nodes and complex networks with more than three nodes in the interactive network. For example, the ALMT-related mRNA MTR_1g077670 was regulated by 4 lncRNAs, while the lncRNA MSTRG.12506.5 may be involved in the regulation of 18 mRNAs. Thus, the network between these lncRNAs and mRNAs may play important roles in the response to Al stress and malate synthesis.

[image: Figure 4]

FIGURE 4
 Representatives of predicted interaction networks among ALMT-related lncRNAs and protein-coding RNAs. (A) Interaction network of MTR_1g077670. (B) Interaction network of MSTRG.12506.5. The lncRNA and mRNA nodes are colored red and green, respectively.




Identification of lncRNAs related to the tricarboxylic acid cycle under Al stress

At 0 h vs. 48 h, we identified 15 mRNAs targeted by TCA cycle-related lncRNAs (Figure 5A; Supplementary Table S9). Among them, malate dehydrogenase mRNA (MTR_2g021700 and MTR_2g045010) related to malate metabolism was significantly more abundant at 24 h than it was in the other treatments, while citrate synthase mRNA (MTR_2g061630) related to citrate metabolism was significantly more abundant at 4 h than in the other treatments. It was suggested that the synthesis of citrate and malate may be regulated by lncRNAs with different expression patterns in response to Al stress.
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FIGURE 5
 Malate and citric acid metabolic pathways. (A) mRNA involved in the regulation of malate and citric acid metabolism. The colored blocks represent the aluminum stress treatment time, 0 h, 4 h, 24 h and 48 h from left to right. (B) Validation of lncRNAs. Bars represent RNA-Seq and yellow lines represent qRT-PCR.


To verify the results of RNA-seq, we randomly selected five DElncRNAs in the TCA cycle pathway (MSTRG.12506.5, Al-activated malate transporter 10; MSTRG.34338.24, Al-activated malate transporter 10; MSTRG.34338.35, Al-activated malate transporter 10; malate transporter 10; MSTRG.37528.1, Al-activated malate transporter family protein; MSTRG.37867.6, Al-activated malate transporter 10), and two mRNAs (MTR_2g061630, citrate synthase; and MTR_1g064070, isocitrate dehydrogenase) were measured by qRT–PCR. The expression trends of DElncRNAs were consistent with the results of RNA-seq, indicating the reliability of the expression analysis results (Figure 5B).



Determination of DElncRNA functions in transgenic yeast

To further investigate the relationship between the identified DElncRNAs and Al stress, two ALMT-related DElncRNAs (MSTRG.12506.5 and MSTRG.34338.20) were overexpressed in the Saccharomyces cerevisiae yeast strain INVSc1, and the growth characteristics of the transformants were observed. There was no difference in the growth rates of the yeast transformed with the empty and recombinant plasmids on plates of media without AlCl3 (Figure 6A). On plates with media supplemented with 10 μM AlCl3, the recombinant plasmid cells showed better growth than empty vector cells, and pBI121-MSTRG.12506.5 and pBI121-MSTRG.34338.20 could still grow at a 10−4 dilution, but the pBI121 transgenic yeast cells were barely able to grow at the 10−4 dilution (Figure 6A). In the liquid media that included 10 μM AlCl3, the OD600 of the transgenic yeasts pBI121-MSTRG.12506.5 and pBI121-MSTRG.34338.20 was significantly higher than that of the yeast harboring empty pBI121 vectors (Figure 6B). These results indicated that potential candidate genes with Al stress tolerance can be screened in these DElncRNAs, and the Al tolerance of legumes can be improved by molecular breeding.
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FIGURE 6
 Phenotypic growth assay and concentration assay of transgenic INVSc1 cells under Al stress. (A) Aliquots of serially diluted (1, 10−1, 10−2, 10−3, and 10−4) cultures on 10 μM Al SC-Ura media with the yeast containing a pBI121 empty vector, pBI121-MSTRG.12506.5, or pBI121-MSTRG.34338.20. (B) Yeast growth in SCu/2% (w/v) glucose liquid media supplemented with 10 μM Al.





Discussion


lncRNA is involved in the regulation of Al stress tolerance

Al in acidic soil is one of the main toxic metal ions that inhibits the growth and development of roots and aerial parts of crop species such as Triticum aestivum, Oryza sativa and Medicago sativa and, in severe cases, causes death (Chauhan et al., 2021; Jiang et al., 2022). Plants growing in acidic soils have evolved complex adaptive mechanisms to cope with Al stress. Understanding the molecular mechanisms of the Al stress response is important for Al-tolerant crop plants breeding programs. Studies have shown that ncRNAs play important roles in many important biological processes, among which lncRNAs have received increasing attention in regulating plant responses to biotic and abiotic stresses, such as drought stress in Zea mays and Pyrus spp. (Zhang et al., 2014; Wang et al., 2018) as well as cold stress and Pi stress in M. truncatula (Wang et al., 2017; Zhao et al., 2020). However, lncRNAs associated with Al stress have received little research attention. In this study, we identified 3,284 unique lncRNAs by strand-specific RNA-seq, the number of which was smaller than the number obtained during M. truncatula nodule senescence (4,576), salt stress (23,324) and cold stress (24,368) (Wang et al., 2015; Zhao et al., 2020; Yu et al., 2022). These discrepancies may be due to the different tissue sites, or different susceptibilities of M. truncatula to different biotic or abiotic stresses (Wang et al., 2015).



Hormonal signaling-related lncRNAs involved in the Al stress response

Plant hormones can be divided into two categories based on their response to the external environment. One category is “positive growth regulators,” which include hormones such as auxin (IAA), gibberellin (GA) and cytokinin (CK). Another category is “stress hormones,” which include hormones such as abscisic acid (ABA), ethylene (ET) and jasmonic acid (JA) (Ahres et al., 2021). IAAs are a class of hormones that regulate cell division and elongation in plants (Yan et al., 2022). Al inhibits the transport of IAA from plant shoots to root tips. A previous study found that the Al resistance of maize is mainly related to the distal transition zone (DTZ) 1–2 mm from the root tip, and the signaling pathway of the root tip can mediate Al signaling between the DTZ and the elongation zone (EZ) 2.5–5 mm from the apex through basipetal IAA transport, and exogenous indole-3-acetic acid to the EZ site can significantly alleviate the inhibition of root elongation induced by Al stress (Kollmeier et al., 2000). In the present study, after 48 h of Al treatment of M. truncatula, a total of 184 lncRNAs regulating plant hormone signal transduction were detected (Supplementary Table S10). Among them, 88 lncRNAs (8 upregulated, 80 downregulated) were related to IAA, and 9 (1 upregulated, 8 downregulated) were related to the synthesis of indole-3-acetic acid. These results suggest that the correlation between lncRNAs and mRNAs may exist in the regulation of IAA and indole-3-acetic acid synthesis and transport in response to Al stress. IAA response factors (ARFs) are transcription factors involved in IAA signaling downstream of TIR1/AFB in the IAA signaling pathway. IAA-regulated root growth inhibition induced by Al stress is mainly mediated by ARFs (Liu et al., 2022). We detected 62 ARF-related lncRNAs regulating 6 mRNAs (Supplementary Table S10). Furthermore, previous studies have shown that the downregulation of small IAA-upregulated RNA (SAUR)-related genes reflects a compensatory mechanism of plants in response to abiotic stresses such as cold, drought, and salt (Stortenbeker and Bemer 2019). In the current study, we identified 40 SAUR-related lncRNAs that regulate 16 mRNAs (Supplementary Table S10), of which 34 lncRNAs and 12 mRNAs were downregulated, suggesting that M. truncatula may also employ a similar compensatory mechanism under Al stress.



Function of the cell wall in Al stress tolerance

In plants, the cell wall is the first barrier against biotic or abiotic stress, and root tip cell walls are considered to be the main sites of Al toxicity and Al rejection (Nagayama et al., 2022). Studies have found that up to 90% of the Al3+ absorbed by plants is distributed in the apoplast of the cell, and pectin, the main cell wall polysaccharide of the apoplast, has many carboxyl groups and a strong affinity for Al3+ (Schmohl et al., 2000; Liu et al., 2022). This causes excess Al to bind to the cell wall, thereby altering the composition and structure of the cell wall and ultimately disrupting and inhibiting cell wall and root elongation. Polygalacturonase (PG), a type of pectin-digesting enzyme, belongs to glycosyl hydrolase family 28 (GH28) and plays a major role in the degradation of components of the pectin network (Wang et al., 2016; Kim et al., 2019). Overexpression of the MsPG4 gene in alfalfa can reduce the content of water-soluble pectin and chelator soluble pectin and effectively improve its cell wall extension and Al resistance (Fan et al., 2022). In this study, we detected 11 polygalacturonase-related DElncRNAs regulating 12 mRNAs, of which 4 were upregulated and 8 were downregulated (Supplementary Table S11). These DElncRNAs, which are upregulated under Al stress, may be involved in regulating the hydrolysis of the cell wall pectin network during root growth, reducing Al accumulation in the cell wall and contributing to cell wall elongation, thereby protecting roots from Al-induced elongation inhibition.



Malate synthesis and citric acid synthesis-related lncRNAs play important roles in the Al stress response

There are two main mechanisms of Al tolerance in plants: one is the exclusion mechanism, in which Al ions are prevented from entering the root tip cells through the apoplastic (cell wall) pathway; the other relies on the intracellular symplastic (cytosolic) pathway for detoxification and the mechanism of vacuolar sequestration (Kochian et al., 2004; Wang et al., 2020). Most monocots and dicots secrete organic acids such as malic acid, citric acid and oxalic acid from the roots to form chelates with Al3+ in the rhizosphere, thereby reducing the harm of Al toxicity. This mode is the most typical and effective Al exclusion mechanism (Dissanayaka et al., 2021). In plants, ALMT encodes the malic acid transporter, and the multidrug and toxic compound extrusion-related gene MATE encodes a citrate transporter. Al stress can significantly increase the expression of ALMT and MATE and promote the secretion of malic acid and citric acid from roots (Upadhyay et al., 2019; Liu et al., 2022). In A. thaliana, Al stress-induced AtALMT1 gene expression promoted root malate exudation (Magalhaes 2006). In this study, we detected 16 ALMT family-associated DElncRNAs involved in the regulation of 3 mRNAs and 3 MATE family-associated DElncRNAs involved in the regulation of 3 mRNAs (Supplementary Tables S12, S13). Further research found that STOP1, a C2H2-type transcription factor, plays an important role in plant Al stress tolerance. After sensing Al3+ signals, plants highly express STOP1 in their cells, thereby regulating the expression of ALMT1 and MATE (Liu et al., 2022). We detected 8 C2H2-type transcription factor-related DElncRNAs (Supplementary Table S14) involved in the regulation of 1 mRNA, but only 1 DElncRNA was upregulated at 48 h, and its relationship with Al3+ signaling remains unknown.

Our validation experiments further demonstrated that DElncRNAs related to ALMT families can regulate malate production. Under conditions of 10 μM AlCl3, by targeting the lncRNAs MSTRG.12506.5 and MSTRG.34338.20 predicted to target the regulatory mRNAs MTR_1g077660 and MTR_1g077670, we performed transgenic yeast validation experiments. The results showed that growth of the transformants was significantly better than that of the empty vector-transformed controls, indicating that lncRNAs could adapt to Al stress by regulating malate synthesis-related genes and increasing malate secretion.




Conclusion

We obtained a total of 219.49 Gn of clean sequence data from 12 paired-end library sequences and identified 3,284 lncRNAs. Through GO and KEGG enrichment of lncRNA targets in response to Al stress, we found that these lncRNAs are involved in the regulation of plant hormone signal transduction and the TCA cycle. We further demonstrated that the lncRNAs MSTRG.12506.5 and MSTRG.34338.20 are involved in the regulation of the malate synthesis network. These results provide new insights into the function of lncRNAs in response to Al stress.
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