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Mitochondria play important roles in the plant stress responses and the detoxification of the reactive oxygen species generated in the electron transport chain. Expression of genes encoding stress-related proteins such as the mitochondrial small heat shock proteins (M-sHSP) is upregulated in response to different abiotic stresses. In Arabidopsis thaliana, three M-sHSPs paralogous genes were identified, although their function under physiological conditions remains elusive. The aim of this work is to uncover the in vivo function of all three M-sHSPs at the whole plant level. To accomplish this goal, we analyzed the phenotype, proteomic, and metabolic profiles of Arabidopsis knock-down lines of M-sHSPs (single, double, and triple knock-down lines) during normal plant growth. The triple knock-down plants showed the most prominent altered phenotype at vegetative and reproductive stages without any externally applied stress. They displayed chlorotic leaves, growth arrest, and low seed production. Concomitantly, they exhibited increased levels of sugars, proline, and citric, malic, and ascorbic acid, among other metabolites. In contrast, single and double knock-down plants displayed a few changes in their phenotype. A redundant function among the three M-sHSPs is indicated by the impairment in vegetative and reproductive growth associated with the simultaneous loss of all three M-sHSPs genes. The triple knock-down lines showed alteration of proteins mainly involved in photosynthesis and antioxidant defense compared to the control plants. On the other hand, heat stress triggered a distinct cytosolic response pattern and the upregulation of other sHSP members, in the knock-down plants. Overall, depletion of all three M-sHSPs in Arabidopsis severely impacted fundamental metabolic processes, leading to alterations in the correct plant growth and development. These findings expand our knowledge about the contribution of organelle-specific M-sHSPs to healthy plant growth under non-stress conditions.

Keywords: growth arrest, heat stress, metabolism, proteomics, sHSP


INTRODUCTION

In plants, reactions involved in regular metabolisms, such as photosynthesis and respiration, are sources of reactive oxygen species (ROS) in the cell as the unavoidable consequence of aerobic life (Halliwell and Gutteridge, 2015). Under heat stress, mitochondria generate much more ROS than other cell compartments (Zhang et al., 2009). To cope with heat stress, plants produce small heat shock proteins (sHSPs) as the most dominant proteins (Sun et al., 2002), representing the first lines of cellular defense against irreversible protein aggregation that arise during various stresses (Waters, 2013). sHSPs are also known to act in the acquired heat stress tolerance (Song et al., 2012).

Plant sHSPs respond to a wide range of environmental stresses (Wang et al., 2004; Jacob et al., 2017), and sHSP gene expression is mediated by the increase in cellular H2O2 accumulation in Arabidopsis thaliana (Vanderauwera et al., 2005; Scarpeci et al., 2008a). Nevertheless, sHSP genes are hardly expressed in vegetative tissue under non-stress conditions (Waters et al., 1996; Scarpeci et al., 2008b).

The protective function of sHSPs in stress responses is quite conserved among different plant species. Overexpression of tea (Camellia sinensis) sHSP genes confers tolerance to heat and cold stress in Arabidopsis (Wang et al., 2017). Also, sHSP21 is responsible for the development of chloroplasts during heat stress (Zhong et al., 2013).

The presence of organelle-targeted sHSPs appears to be unique to plants (Waters, 2013; Waters and Vierling, 2020), except for a mitochondrion-targeted sHSP found in Drosophila melanogaster (Morrow and Tanguay, 2015) and the parasite Toxoplasma gondii (de Miguel et al., 2005).

In Arabidopsis, two homologous genes encoding mitochondrial (M-) sHSPs, M-sHSP23.5 (At5g51440), and M-sHSP23.6 (At4g25200) (Scharf et al., 2001; Hooper et al., 2017) and a later identified gene (At1g52560) encoding an M-sHSP26.5, also of mitochondrial location (Siddique et al., 2008; Hooper et al., 2017), were found to be very highly co-expressed during stress conditions in more than 150 microarray experiments (Leister et al., 2011). In particular, At5g51440 was rapidly and highly upregulated in Arabidopsis seedlings by superoxide anions (O2⋅–) generated in the chloroplast during photosynthesis by the herbicide methyl viologen (Scarpeci et al., 2008a) and by application of 100 mM hydrogen peroxide (Hieno et al., 2019). It was recently reported that one of the six genes encoding cotton (Gossypium hirsutum) M-sHSP accelerates seed germination in response to increased temperature via ROS generation (Ma et al., 2019). The authors reported that the cotton M-sHSP could bind to cytochrome C maturation protein, blocking the cytochrome C in the mitochondrial electron transport chain. Previously, it was demonstrated that D. melanogaster DmHsp22 improves maximal mitochondrial oxygen consumption capacity and ATP content, providing a mechanistic link between DmHsp22 and mitochondrial functions (Dabbaghizadeh et al., 2018).

The function of M-sHSP in thermotolerance has been previously studied, focusing on the overexpression of sHSPs in different plants (Jiang et al., 2009). Transgenic plants were produced using orthologous M-sHSPs genes of Arabidopsis, maize (Zea mays), or tomato (Solanum lycopersicum). Tomato “Micro-Tom” plants transformed for high expression of M-sHSP23.6 from Arabidopsis participate in the heat tolerance mechanism, while the suppression of this protein resulted in more significant physiological damage during heat stress (Huther et al., 2013). Arabidopsis plants expressing a transgene encoding the maize ZmHSP22 showed increased thermotolerance and altered expression of nuclear genes encoding the endogenous M-sHSP23.6 and several HSPs, suggesting that the heat-induced mitochondrial retrograde regulation was altered (Rhoads et al., 2005). Tobacco (Nicotiana tabacum) plants expressing an M−sHSP gene from tomato exhibited thermotolerance, whereas the antisense plants in which the expression of the gene is suppressed exhibited susceptibility to heat stress (Sanmiya et al., 2004).

The set of stress-resistant phenotypes described above for M-sHSP overexpressing transgenic material suggests the importance of M-sHSPs for the plant to survive at high temperatures, although it is essential to recognize the limited nature of the heat tolerance demonstrated up to now. As proposed, sHSPs function as ATP-independent chaperones that capture stress-denaturing proteins to prevent irreversible denaturation (Waters and Vierling, 2020). Currently, there is a lack of knowledge about the in vivo function of sHSPs, particularly the organelle-specific sHSPs, during the plant growth cycle.

In this work, we aim to demonstrate the importance of each M-sHSP at the whole plant level. Accordingly, we generated Arabidopsis knock-down of all the three genes [single, double (At4g25200, At5g51440), and triple knock-down lines] using artificial microRNA (amiR) strategy, and proteomic and metabolomic approaches. Evidence is provided for the critical role of the three M-sHSPs in the overall cell homeostasis.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The A. thaliana Col-0 ecotype was used in all the experiments. The plants were grown in a growth chamber at 22°C ± 2°C under 16 h light/8 h dark with fluorescent light at 120 μmol m–2 s–1 and 60% humidity.



Generation of Artificial microRNA Silenced Plants

The generation of knock-down Arabidopsis was performed by using a constitutive amiR approach, according to Schwab et al. (2006). For the single knock-down amiR lines, optimal amiR sequences to knock down the genes At5g51440, At4g25200, and At1g52560 were obtained from the WMD—Web Micro RNA designer tool1 and the miRNA∗ was designed to match the amiR in the same way as in the duplex miR–miR∗ of miRNA319 (Supplementary Table 1). Similarly, a specific amiR sequence for both At5g51440 and At4g25200 transcript was obtained for the double knock-down amiR23.5/23.6 lines (amiRD). NB147 plasmid containing the MIR319a precursor was used to engineer the amiRs before being subcloned into the binary vector pCHF3 under the control of the 35S promoter. The same amiR sequences designed for the double and amiR26.5 lines were in frame cloned under the control of a unique 355 promoter in the pCHF3 vector to obtain the triple amiR23.5/23.6/26.5 construct. Stable transformation of Arabidopsis plants was performed by flower dip with Agrobacterium tumefaciens (Clough and Bent, 1998), and the presence of the transgene was confirmed by PCR. A minimum of four independent transforming lines was isolated for each construct, including the Col-0 (empty vector controls).



Construction of Promoter–GUS Fusion Lines and GUS Staining

The 5′ sequence upstream of the translation initiation codon of the At5g51440 (446 bp), At4g25200 (1087 bp), and At1g52560 (1100 bp) genes was amplified by PCR using specific primers (Supplementary Table 1) and cloned in-frame fused to the GUS reporter gene (1812 bp) contained into the pCHF3 binary vector. The constructs were used to transform Arabidopsis plants by floral dip. Five independent lines were isolated for each promoter construct. GUS staining was performed as described (Weigel and Glazebrook, 2002) under normal or heat stress conditions (3 h at 37°C). The staining was repeated in at least 20 biological replicates of 7- and 15-day-old plants from every independent line.



Isolation of RNA From Tissues Plants

RNA from 7-day seedlings was isolated using TriPure Isolation Reagent (Sigma-Aldrich Co., St. Louis, United States) and following the manufacturer’s procedure. RNA concentrations were measured by using a NanoDrop 2000 spectrophotometer, and the quality was confirmed by loading 1 μg of the sample in a 1.5% (w/v) agarose gel. In all experiments, extractions were performed in four biological replicates of control or transgenic independent line. Twenty plants were pooled for one replicate.



Quantitative RT-PCR (RT-qPCR)

Contaminant DNA was digested and removed from RNA suspension by using DNase I following the manufacturer’s instructions. The RNA was then reverse transcribed into cDNA with the RevertAid transcriptase. RT-qPCR measurements were performed by using the Takyon No Rox SYBR Core Kit blue dTTP following the manufacturer’s instructions and the iQ5 qPCR cycler. Gene expression was normalized to the protein phosphatase 2A gene (PP2A) that was used as a reference gene. Four biological replicates were measured in each control and transgenic independent line, and two technical replicates were performed.



Root Length and Seed Germination Experiments

Sterilized Arabidopsis seeds were spread on petri dishes containing half-strength Murashige and Skoog medium and 0.8% (w/v) agar. After stratification for 3 days at 4°C in the dark, seeds were grown vertically under normal conditions, and the roots were photographed every day and measured for 15 days. Fourteen independent triple knock-down lines (amiRT) were evaluated, as well as three independent lines in the rest of the construct and controls. Eight biological replicates in each line were measured. For seed germination, approximately 80 sterilized seeds of each amiR line (four independent lines) and control lines were used. Nine days after stratification, the number of germinated seeds under normal conditions was counted.



Pigment Content

Twenty milligrams fresh weight of plant material was extracted two times with 80% ethanol (Merck)/10 mM MES (pH 5.9) (Sigma-Aldrich) and once with 50% Ethanol/10 mM MES (pH 5.9) for 30 min at 80°C; the supernatants were combined and used for pigment content determination in a polystyrene 96-deep well plate as in Scarpeci et al. (2017). Four independent lines of each amiR construct, and eight biological replicates in every control and transgenic independent line were measured.



Pulse Amplitude Modulation (PAM) Analyses

PSII photochemical response was evaluated through PAM fluorometric measurements by using a Dual-PAM-100 system (Heinz Walz, Effeltrich, Germany). Four independent lines and three biological replicates per line were measured for each amiR construct, as well as 12 control plants. Replicates consisted of individual plants. The experiment was repeated twice. Twenty-one-day-old control and amiR plants were used and dark adapted for 2 h before measurements. This allowed the complete inactivation of the Calvin-Benson cycle. A short induction protocol of 70 s was applied to the leaves consisting of illumination with actinic light of 166 μmol photons m–2 s –1 and saturating pulses every 5 s. The information of photosynthetic parameters was extracted from the Dual-PAM-100 software as described in Klughammer and Schreiber (2008). The parameters Fv/Fm, ΦPSII, qL, ETR (II), NPQ, ΦNPQ, and ΦNO were evaluated during the 70 s of induction.



ROS and Cell Death Detection

H2O2 and O2⋅– were detected in 28-day-old plants as described in Scarpeci et al. (2008a). For O2⋅– detection, leaves were vacuum-infiltrated with 50 mM sodium phosphate, pH 7.5, containing 0.2% (w/v) nitroblue tetrazolium (NBT) (N6876, Sigma-Aldrich) and incubated at room temperature for 2 h in the dark. For the detection of H2O2, leaves were infiltrated with a solution of 1 mg/ml 3,3′-diaminobenzidine (DAB). Trypan blue staining was performed following a modified protocol (Fernández-Bautista et al., 2016). Leaves were incubated in trypan blue staining solution (85% lactic acid 10 ml, phenol 10 ml, 99% glycerol 10 ml, distilled water 10 ml, and trypan blue 40 mg) for maximum 1 h. After all incubations, tissues were cleared with 70% ethanol before being photographed. Experiments were conducted in four independent lines of each amiR construct; eight biological replicates were measured in control and transgenic lines.



Cell Areas Determination

Leaves from 21-day-old plants were incubated with lactic acid (85%) at room temperature for 3 days, until tissues were completely cleared. Leaf cells were detected using differential interference contrast microscopy in an Olympus BH2 microscope. To determine the mean areas, six leaves and a minimum of 650 epidermal and parenchymal cells from each knock-down line or control plants were measured.



Electrolyte Leakage Measurement

Discs from 28-day-old Arabidopsis leaves were thoroughly rinsed with deionized water, covered with 0.4 M mannitol, and incubated at 25°C for 3 h. A conductance meter (Twin Compact Meter-Horiba, Northampton, United Kingdom) was used to measure the conductivity at 25°C after the incubation and again after autoclaving samples for 30 min at 120°C to release all the electrolytes. Electrolyte leakage was indicated as a percentage of total electrolytes. Three independent lines of each amiR and three biological replicates in each control and transgenic independent line were measured.



Metabolite Profiling by GC-MS

Metabolites were extracted from 100 mg of ground leaf material of 15-day-old Arabidopsis plants. According to an established GC-MS protocol (Lisec et al., 2006), extractions were done by using a methanol/chloroform protocol followed by samples derivatization and measurement of the metabolite levels. Metabolites were identified by comparing to databases of authentic standards (Schauer et al., 2005) and quantified based on the internal standard added. Values were expressed as fold changes of metabolites in each sample relative to control plants. Experiments were performed in three biological replicates of control and amiR lines; replicates consisted of a pool of 50 plants.



Proteomic Experiments

Proteins were isolated from 15-day-old Arabidopsis plants grown in half-strength Murashige and Skoog medium by using a phenol extraction protocol, according to Grimplet et al. (2009). Protein concentration was determined by using the protein quantitation assay kit BSA Thermo Scientific Pierce. Sixty micrograms of protein was loaded on a 10% SDS polyacrylamide gel and run until samples had migrated 1 cm into the running gel. The bands stained with Coomassie Brilliant Blue G-250 (Neuhoff et al., 1988) were excised from the gels and subjected to an in-gel tryptic digest as in Shevchenko et al. (2007). The peptides were analyzed with LC-combined tandem MS in the Service Unit LCMS Protein analytics at the University of Göttingen by the use of OrbitrapTM mass spectrometers coupled to UltiMate3000 RSLCnano systems. Data are available via ProteomeXchange with identifier PXD019603. Measurements were performed in three biological replicates of empty vector control and amiR lines; each replicate corresponds to one transgenic independent line and consisted of a pool of 50 plants. Two technical replicates were performed and combined in the data analysis.



Proteomic Data Analysis

Protein groups were identified and quantified by performing label-free quantification (LFQ) with the MaxQuant software 1.6.2.10 (Cox and Mann, 2008) following standard procedure. The Arabidopsis Proteome ID UP000078284 database downloaded from UniProt was used. The resulting protein groups file was loaded into Perseus 1.6.1.1 (Tyanova et al., 2016), and the matrix was filtered using default settings. Technical replicates were combined in a new matrix. The data were transformed into log2 for the statistical tests and imputation. For the hierarchical clustering, the data were filtered to have at least three valid values in one group. Missing values were imputed from a normal distribution (witch: 3, down shifted: 1.8). Samples in one group were combined and the average was calculated. Z score normalization was applied and a hierarchical cluster with Euclidean distance, average linkage, and maximum 30 clusters was performed. Protein abundance changes were discovered by performing pair-based comparisons of the LFQ intensities between control and each amiR group using two-side t-test analysis. For this, the LFQ matrix was filtered to have three valid values in at least one of the groups in each comparison. Proteins identified with at least two unique peptides and statistically significant changes (t-test, P < 0.05) were considered for further analysis. Unless otherwise stated, relative LFQ (rLFQ) was calculated as a percentage of the total LFQ in the sample and was used to show the relative abundance of proteins in the proteome.



Bioinformatics Analysis

Protein sequences were aligned using the Clustal2.1 program (EMBL-EBI), the percentage of identity was determined, and the CLC Sequence Viewer 7.0.2 was used to represent the conservation at a particular position in the alignment. The overrepresented Gene Ontology (GO) in the list of proteins was investigated by using STRING (Szklarczyk et al., 2019), and the subcellular localization was determined by SUBA 4 (Hooper et al., 2017). Venn diagrams were drawn on the Online Venn Diagram Tool.



Statistical Analyses

Statistical significance in the pair-based comparisons was estimated according to Student’s t-test by using Excel 2016. Only comparisons with a P-value < 0.05 were designated as statistically significant. Proteomic data were statistically analyzed by Perseus 1.6.1.1 and Excel 2016 software.



RESULTS


All Three M-sHSP Genes Are Heat-Inducible

The protein sequence alignment of the M-sHSP23.5, M-sHSP23.6, and M-sHSP26.5 revealed that the three mitochondrial proteins share high sequence similarity (Supplementary Figure 1A). The highest sequence conservation is observed between sHSP23.5 and sHSP23.6 (68% identity) (Supplementary Figure 1B), reflecting that At5g51440 and At4g25200 may be paralogous genes and the product of a duplication event (Waters et al., 2008). The heat response of M-sHSPs was assayed by RT-qPCR in 7-day-old Arabidopsis seedlings (whole seedling) exposed to 37°C for 3 h. Compared to the expression under normal growth conditions, the three M-sHSP genes were significantly and highly upregulated by heat (Supplementary Figure 2). To further evaluate this heat stress response in different tissues, the promoter region of At5g51440 (446 bp), At4g25200 (1087 bp), and At1g52560 (1100 bp) was fused to the reporter gene GUS, and transgenic Arabidopsis seedlings were analyzed under normal growth conditions and heat stress (3 h at 37°C) (Figure 1). All three promoters were clearly responsive to heat stress and almost inactive under normal growth conditions in 7-day-old seedlings (Figure 1). At this stage, M-sHSP23.5 and M-sHSP23.6 promoters were active in all tissues after heat treatment, while M-sHSP26.5 promoter activity was only detectable in the root. In 15-day-old seedlings, M-sHSP23.5, M-sHSP23.6, and M-sHSP26.5 promoters were responsive to heat conditions in all tissues (Figure 1).
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FIGURE 1. Histochemical analysis of M-sHSPs promoter activity in Arabidopsis seedlings. Transgenic plants carrying the promoter regions of At5g51440 (−446 bp), At4g25200 (−1087 bp), and At1g52560 (−1100 bp) fused to the GUS gene were grown for 7 or 15 days under normal condition (22°C) and then exposed for 3 h to a higher temperature (37°C). GUS staining was performed as stated in Materials and Methods. Five independent transformed lines and a minimum of 20 biological replicates per line were tested for each construct, stage, and condition. Experiments were performed twice. Representative pictures of plants before and after stress treatments are shown.




The M-sHSP amiR Plants Show Differences in the Vegetative Phenotype

To assess the function of the M-sHSPs, we knocked down the three M-sHSPs in transgenic Arabidopsis plants by using a constitutive amiR approach. Since transfer DNA insertion lines (knockout) were not available for all of the individual genes, to avoid problems due to potential redundancy, and in order to make them comparable to the double and triple lines, knock-down transgenic plants were in parallel obtained for each of the M-sHSP by using an identical artificial microRNA strategy (Supplementary Figure 3). Transgenic plants were accordingly named as amiR23.5, amiR23.6, and amiR26.5 for every single construct, amiR23.5/23.6 (or amiRD) for the double knock-down, and amiR23.5/23.6/26.5 (or amiRT) for the triple knock-down line. The posttranscriptional silencing of the target genes was confirmed by RT-qPCR in at least four independent transgenic lines obtained for each amiR construct (Figure 2). The single and amiRD lines, with downregulation of one or two of M-sHSP, responded with increased M-sHSPs expression of the others, indicating a transcriptional regulation and probable functional compensation of these proteins (Figure 2F). The phenotype of at least three independent transgenic lines of all amiR construct and empty vector control plants at different developmental stages was analyzed. Seven-day-old seedlings (not shown) and 15-day-old plants from amiR lines were equal in size to those of the control plants (Figure 3A). Soon after, 20-day-old plants of the single and double knock-down lines of sHSP23.5 and sHSP23.6 produced bigger rosettes than control plants (Figure 3B). Representative 25-day-old rosettes (Figure 3C) and 28- and 40-day-old plants (Figures 3D,E) show the apparent difference in the size of these plants. The single amiR26.5 lines, on the other hand, developed a control-like phenotype at this stage (Figure 3E). The most extreme phenotype was found in the amiR23.5/23.6/26.5, where the complete development was affected (Figures 3B–E). These plants showed tiny plants in the whole growth cycle. They were significantly smaller, only half-height of the control plants, with apparently fewer branches than control plants, and the leaves were chlorotic. Although amiRT plants developed fully expanded rosettes, they develop an entirely different phenotype from all other transgenic lines (Figure 3E).
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FIGURE 2. Expression of sHSP23.5, sHSP23.6, and sHSP26.5 in knock-down amiR lines. Seedlings of amiR23.5 (A), amiR23.6 (B), amiR26.5 (C), amiRD (D), and amiRT (E) were grown for 7 days at 22°C under long-day conditions and then exposed 3 h to 37°C for expression induction, before sampling. All expression values are normalized to the protein phosphatase 2A gene (PP2A) as a reference. Relative expression of the transcripts was normalized to their respective expression in control plants. In each construct, four independent transgenic lines were evaluated for the expression of the silenced gene. Experiments were performed twice; data shown correspond to one representative experiment. Each data point represents the mean value ± SD of four biological replicates in every independent line. Twenty plants were pooled for one replicate. One of these four replicates of each independent line in one construct was selected to measure the expression of the three genes (the amiR target and the others). These four samples were taken as representative of the four independent lines and combined in the last panel (F). Asterisks indicate significance by a two-sided t-test with *P < 0.05.
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FIGURE 3. Phenotypes and root length of amiR plants. At least three independent transgenic lines of amiR constructs and control plants at different developmental stages were analyzed. Representative pictures of 15-day-old (A), 20-day-old (B), 25-day-old (C), 28-day-old (D), and 40-day-old (E) plants are shown. For the root length evaluation (F,G), plants were vertically grown, and roots were periodically photographed and measured. Pictures (F) and values (G) correspond to the root length after 15 days of growth. Three independent lines of each amiR construct were evaluated, except for the amiRT, where 14 independent lines were evaluated (G). Data points represent the mean value ± SD of eight biological replicates. Asterisks indicate significance by a two-sided t-test with *P < 0.01.


Concerning the roots, the phenotype and length in amiR23.5, amiR23.6, and amiR23.5/23.6 lines were similar to control plants (Figures 3F,G). Differently, amiR26.5 and amiR23.5/23.6/26.5 plants produced shorter roots than control in all the evaluated lines (Figures 3F,G).

Expanded rosettes of 28-day-old plants were dissected to better evaluate leaf phenotype in all knock-down lines (Figure 4A). Both single amiR23.5 and amiR23.6 and amiR23.5/23.6 produced curved down leaves, unlike control plants with flat and completely expanded leaves. Leaves of amiR26.5 did not display any difference to control leaves. On the contrary, the leaves of amiRT lines showed small size, indicating an alteration in the plants’ correct development and growth. Besides, the amiR23.5/23.6/26.5 plants produced chlorotic and reticulated leaves (Figure 4B) in all independent lines analyzed. Therefore, we determined the photosynthetic pigments in the leaf of these plants (Figure 4B). Among the quantified pigments, the levels of chlorophyll a showed a significant reduction in all amiRT lines (Figure 4B). Chlorophyll b and xanthophylls plus carotenoid contents, however, exhibited statistically significantly lower levels only in one line each (amiRT-3 and amiRT-1, respectively).
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FIGURE 4. Leaf phenotypes of amiR plants. (A) Leaf series of the amiR knock-down lines. Series were created by dissecting 28-day-old rosettes and arranging the individual leaves. Four independent transgenic lines of amiR constructs and control plants were dissected; one representative line is shown. (B) Picture showing the chlorotic and dwarf phenotype and pigment content of amiRT compared to control lines. Chlorophyll a (Chl a), chlorophyll b (Chl b), and xanthophylls and carotenoids (X + C) were measured in four independent transgenic lines from 28-day-old plants. Each data point represents the mean value ± SD of eight biological replicates. For the leaf and cell area analyses, leaves from 21-day-old control and three independent lines of amiRT were incubated with lactic acid at room temperature until tissues were completely cleared and leaf epidermal and parenchymal cells were observed using differential interference contrast microscopy. Representative pictures and the measured areas of leaves (C,F), epidermal (D,G), and parenchymal (E,H) cells of the control and the triple amiR are shown. Data points represent mean areas of six leaves and a minimum of 650 epidermal and parenchymal cells per amiR or control lines. Asterisks indicate significance by two-sided t-test with *P < 0.01 and **P < 0.05.


In light of the small plant size observed in the amiRT lines, leaf cells from these amiRT and control lines were observed using differential interference contrast microscopy, and their areas were measured. Besides the reduced leaf areas (Figures 4C,F), epidermal (Figures 4D,G) and parenchymal (Figures 4E,H) cell areas were significantly smaller in the triple knock-down line. However, the estimated number of epidermal and parenchymal cells per leaf showed no significant differences between the amiRT and control plants (data not shown), suggesting that the leaves’ phenotype might be due to the smaller cell size but not to a less number of them.



amiR Lines Showed Reduced Photosynthetic Efficiency

To monitor the photosynthetic performance of the plants, we used a PAM fluorometer. Plants (21-day-old control and amiR lines) were previously dark adapted, and then illuminated and saturating pulses of illumination were applied every 5 s to measure the photosynthetic parameters. After 25 s of illumination, amiR lines showed clear alteration of all photosynthetic parameters. Maximal efficiency of PSII (Fv/Fm) was significantly lower in all amiR lines compared to control plants (Figure 5A), showing that amiRT has the lowest value. Two parameters related to the PSII efficiency, the quantum yield of PSII (ΦPSII) and the proportion of photochemically active PSII reaction centers (qL), were also evaluated after illumination. After 40 s, ΦPSII and qL values decreased in amiR lines compared to control plants, and amiRT exhibited significantly lower ΦPSII and qL levels during the complete induction measurement (Figures 5B,C). These results indicate a less efficient PSII in amiR lines with the exception of amiR23.6, which showed control like ΦPSII and qL values. Related to this, the electron transport rate, ETR(II), significantly decreased in amiR23.5, amiR26.5, amiRD, and amiRT (Figure 5E). It is worth mentioning that lower PSII efficiency and ETR in amiR lines could lead to alterations in the CO2 assimilation of the amiR plants. Another estimated parameter was the non-photochemical quenching (NPQ), the apparent rate constant for heat loss from PSII. NPQ significantly decreased in amiR23.5 and increased in amiR26.5 compared to control plants (Figure 5D). NPQ was higher in amiRT at the beginning of illumination but then reached control levels (Figure 5D). Although no significant differences were found in amiR23.6 and amiRD, NPQ exhibited a clear reduction in both lines, suggesting lower efficiency in the non-photochemical energy dissipation. In addition, other NPQ-related parameters, the light-induced NPQ (ΦNPQ), and the basal dissipative pathways (ΦNO) were estimated during light induction (Figures 5F,G). amiR26.5 and amiRT showed significantly higher ΦNPQ, while in amiR23.5, ΦNPQ decreased and ΦNO increased compared to control values. In amiR23.6 and amiRD, the values of these two parameters were similar to control plants (Figures 5F,G).
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FIGURE 5. Photosynthetic response in control and amiR lines. Plants were grown for 21 days, dark adapted for 2 h and used for PAM fluorometric measurements. The Fv/Fm (A), ΦPSII (B), qL (C), NPQ (D), ETR(II) (E), ΦNPQ (F), and ΦNO (G) parameters were evaluated during 70 s. An induction protocol with actinic light of 166 μmol photons m–2 s–1 and saturating pulses every 5 s was applied to individual leaves. The data show variations of the different photosynthetic parameters over time after the first 25 s up to 70 s. In each construct, four independent transgenic lines and a minimum of three replicates per line were measured. Twelve control plants were also evaluated. The data were combined in each amiR line and used in paired comparisons with the control data. The experiment was repeated twice, data shown correspond to one representative experiment. The data represent the mean value ± SE of a minimum of 12 biological replicates in every line. Asterisks in panel (A) indicate significance by two-sided t-test with *P < 0.01.




M-sHSPs Impact on the Reproductive Growth

All amiR plants showed no evident differences in the aspect of flowers and siliques compared to control plants. Nevertheless, the seed area was significantly reduced in the single amiR23.6 and in the amiRD and amiRT lines (Supplementary Figure 4A), indicating that the presence of M-sHSP23.6 is necessary for the seed to acquire the proper size. The seed yield was similar to control in all amiR lines, except for the amiRT, where it was significantly reduced (Supplementary Figure 4B). Seed germination was also affected in the amiRT; it was highly reduced (more than 90%) in comparison with control seeds (Supplementary Figure 4C). In the amiRD and single amiR23.5 and amiR23.6 lines, seed germination was significantly reduced (ca. 20%), while in amiR26.5, it was not affected.



Almost All amiR Plants Accumulated ROS, and the Cell Membrane Permeability Increased

The level of ROS was examined in adult plants by standard histochemical detection. Accumulation of H2O2 was found in leaves of amiR23.5 and amiR23.6, and in the double amiR23.5/23.6 plants, which can be visualized as dark brown color by staining with DAB (Supplementary Figure 5A). On the other side, a reduced DAB staining was observed in the leaves of amiR26.5 and amiRT plants, indicating less H2O2 than in the control leaves. The level of O2.– in the leaves was detected by using NBT (Supplementary Figure 5B). Results show that amiRT lines seem to actively accumulate O2⋅–, leading to a deep blue coloration, while amiR26.5 has reduced O2.– levels (Supplementary Figure 5B). To visualize cell death in amiR lines, trypan blue staining was performed (Supplementary Figure 5C). While in all single and double knock-down lines, trypan blue staining did not show an accumulation, deep blue staining was detected in the amiRT leaves, considerably higher than in control leaves (Supplementary Figure 5C). These data suggest that the lower number of functioning cells in amiRT lines is related to the lower H2O2 level in amiRT leaves. Overall, these data indicate higher levels of O2.– and a greater degree of cell death in the amiRT leaves, while amiR26.5 leaves showed lower accumulation of ROS, H2O2, and O2.–.

High levels of ROS can be extremely harmful to cells by causing lipid peroxidation in cellular membranes, protein and carbohydrate oxidation, DNA damage, and cell death (Gill and Tuteja, 2010). The ion permeability of cell membranes, which is considered an indicator of cell damage induced by ROS, significantly increased in all amiR lines, showing higher electrolyte leakage than control plants (Supplementary Figure 6), indicating the loss of cell membrane stability and integrity. Nevertheless, the amiR26.5 plants showed higher electrolyte leakage, which was not related to their leaves’ ROS levels (Supplementary Figure 5).



Downregulation of M-sHSPs Produced Dramatic Changes in the Proteome

Protein extractions from amiR and empty vector control plants were performed in 15-day-old seedlings, the single vegetative stage where no phenotypic differences were observed (Figure 3A). Comparable protein yields were obtained in control and amiR samples, as revealed by the protein quantitation and SDS polyacrylamide gel of the samples indicating that the M-sHSPs downregulation did not affect the total protein content. Samples were further analyzed by comparative quantitative shotgun MS/MS. A total of 2414 protein groups with at least two unique peptides were identified in the complete dataset (Supplementary Tables 2, 3). The processed LFQ data were filtered to have three valid values in at least one sample group, and the resulting 1290 protein matrix was used to perform a hierarchical clustering (Supplementary Table 4). In total, 30 clusters were defined and presented as a heat map in Figure 6A. A visible and profound alteration in the overall proteome is observed in all amiR lines. Specific groups of proteins accumulated in the single amiR plants, such as in Cluster 1 (in amiR23.5), Clusters 4 and 18 (in amiR23.6), and Clusters 6, 29, and 30 (in amiR26.5). Cluster 28 and Cluster 5 grouped proteins abundant in amiRD and in amiRT, respectively. Specific clusters with a lower abundance of proteins compared to control are observed in the amiR26.5 (Clusters 3–5), amiRD (Clusters 12 and 17), and amiRT (Cluster 7).
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FIGURE 6. Proteome alterations in the amiR plants. (A) Hierarchical clustering of amiR and control (EV) proteomes. An average linkage clustering of proteins was performed using a Euclidian distance method for the z score normalized abundances (Supplementary Table 4). The data were filtered to have three valid values in at least one sample group. A raw tree for proteins and a column tree for samples were performed. Colors indicate intensities from the lowest (blue) to the highest (red). (B,C) Subcellular localization of differentially expressed proteins in the amiR lines. The list of statistically changed proteins in at least one amiR line (Supplementary Table 5) was analyzed by SUBA 4 (Hooper et al., 2017) and classified in 10 main subcellular categories; the number of proteins in each of them is shown (B). (C) The protein abundance in each subcellular localization was calculated (Supplementary Table 11) and shown as a comparative color gradient, from the highest (darker green) to the lowest (lightest green). (D–F) Venn diagrams showing common and unique altered proteins in the knock-down lines. The differentially expressed proteins in different amiR lines (Supplementary Tables 6–10) were imported into the Venndiagram.net website, and the intersections between proteomes were graphed. The common and exclusive proteins found in the three single amiR (D); amiR23.5, amiR23.6, and amiRD (E); and amiR26.5, amiRD, and amiRT (F) are shown. All proteins are listed in Supplementary Tables 12–14.


To identify changes in specific proteins, amiR samples were individually compared to the control proteome, and the proteins with statistically significant alterations in at least one amiR line (642) were filtered (Supplementary Table 5). The individual proteins changed in each amiR line are listed in Supplementary Tables 6–10. The lower number of proteins identified in the amiR23.6 proteome is related to detection issues. The 642 proteins were investigated for the subcellular localization by SUBA 4 (Hooper et al., 2017), classified in 10 categories (Figure 6B), and the relative protein abundance (percentage of the total LFQ of the 642 proteins) was calculated (Figure 6C and Supplementary Table 11). Interestingly, the highest number of changing proteins (225) are localized in the plastid, which are especially abundant in amiR26.5 (57.86%), followed by the cytosolic proteins (202), more abundant in amiRT (24%). The amiR23.6 and control plants exhibited the most similar protein abundances in each localization. The relative protein abundances of cytosol, nucleus, and plastid of the other amiR lines are higher than control lines, while compartments such as endoplasmic reticulum, extracellular, mitochondrion, and peroxisome showed lower abundances of proteins compared to the control proteome (Figure 6C). These ubiquitous changes indicate that mitochondria are not the only affected organelle when M-sHSPs are downregulated.

The lists of significantly changed proteins (Supplementary Tables 6–10) were further compared to found common and unique proteins in the knock-down lines. The single amiR lines have 16 proteins in common with members from almost all cell compartments (Figure 6D and Supplementary Table 12), but with a high number of unique proteins. The amiR26.5 proteome was notably different from those in the other single amiR lines with 231 unique proteins. Since amiR23.5 and amiR23.6 exhibited similar phenotypic alterations, which are also observed in the amiRD, their proteomes were compared. These three lines shared 24 proteins (Figure 6E and Supplementary Table 13), whereas 293 unique proteins differentiate the amiRD proteome from the single amiR. These data suggest that new cell alterations may occur when both sHSPs are simultaneously downregulated in amiRD. Finally, the triple amiRT, the double amiRD, and the amiR26.5 proteomes were analyzed (Figure 6F and Supplementary Table 14). The amiRT proteome showed most of its proteins in common with amiRD and amiR26.5 proteomes, and only 68 unique proteins, despite the distinct phenotype of the amiRT plants.

To analyze the functional enrichments of the 642 differentially expressed proteins along the amiR lines (Supplementary Table 5), we applied a GO term analysis (Figure 7). The results revealed several enriched GO terms (Supplementary Table 15); the relative protein abundances (rLFQ) of selected GO terms were calculated and analyzed (Supplementary Table 16). Again, similar patterns in the protein abundances are found for the amiR26.5, amiRD, and amiRT (Figures 6A, 7). The protein abundance of amiR23.6 showed the highest similarity to the control proteome. The abundances of proteins participating in cellular amide, protein binding, translation, protein degradation (proteasome complex), and metabolic processes are higher in the amiR than in control lines. Another point to highlight is the higher abundance of proteins involved in photorespiration found in the proteomes of amiR compared to control lines. In contrast, proteins related to sHSP functions such as response to stimulus and stress, including high temperature, and unfolding protein binding, are reduced in the amiR lines (Figure 7). The abundances of proteins from the mitochondrial matrix decreased in all amiR. Similarly, lower rLFQs were observed in stromule, plastid extensions probably involved in signaling and trafficking between plastids and other structures (Waters et al., 2004), whereas the abundance of proteins from the cell membrane and cell wall increased.
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FIGURE 7. Comparative color gradient showing changes in the intensity of proteins involved in specific functions. Proteins that show statistical change relative to control (EV) plants in at least one amiR line (Supplementary Table 5) were analyzed by STRING (Szklarczyk et al., 2019) for the Gene Ontology (GO) classification. Selected GO terms in the biological process (BP), molecular function (MF), and cellular component (CC) categories are shown. n and nGO is the number of proteins found in the dataset and the total number of proteins in one GO, respectively. The relative abundance (rLFQ) of all proteins allocated to one GO was summed in each amiR. A color gradient from the highest rLFQ (darker blue) to the lowest (lightest blue) was used. Values correspond to the average of the total rLFQ for one GO in the three biological replicates.




amiR Plants Exhibited Alteration of Several Photosynthesis-Related Proteins

Due to the chlorotic phenotype of amiRT plants (Figure 4B) and the reduced photosynthetic efficiency of amiR plants (Figure 5A), the proteomes of these plants and single and double knock-down transgenic lines were analyzed for photosynthesis-related proteins (Table 1). The proteomes of amiR23.5, amiR26.5, amiRD, and amiRT showed enrichment of the GO photosynthesis (GO:0015979), but not the amiR23.6 (Supplementary Tables 17–21). These data are in line with the photosynthetic parameter measurements, where amiR23.6 line showed control like PSII efficiency (Figures 5B,C). Proteins involved in photosynthesis represent 7.49% and 9.31% of the total proteome in amiRT and amiRD, respectively (Supplementary Table 22). Proteins related to the stability of PSI and PSII, the efficiency of electron transfer, and oxygen evolution are highly accumulated in the amiR26.5, amiRD, and amiRT lines (Q9SA56, Q42029, Q9SHE8, Q9S714, and Q9XFT3) (Table 1). The Rubisco small subunit is also upregulated in the double and triple knock-down lines. The subunits A and B of the plastidial glyceraldehyde 3-phosphate dehydrogenase (Q9LPW0, P25857, and P25856) are significantly downregulated in the amiR lines compared to control plants as well as other two proteins involved in the carbon fixation (P25697 and O23404).


TABLE 1. Photosynthesis-related proteins in the amiR plants showing significant level change relative to control plants.
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The amiR Plants Showed Significant Changes in Their ROS-Related Proteins

Several proteins with essential roles in ROS detoxification, including chloroplast thiol-specific peroxidases that catalyze the reduction of H2O2, were upregulated in the amiR26.5 plants (Table 2). The Fe-superoxide dismutase 1 (FSD1), which removes O2⋅–, also increases in amiR26.5 lines but not in others. Single knock-down amiR23.5 and amiR23.6 did not exhibit significant increases in these proteins, while catalase and the chloroplastic glutathione reductase (P42770) decreased in the amiR23.5 plants. Proteins related to oxidative stress were also upregulated in the proteome of amiRD plants such as the peroxiredoxins type 2, Q (PRXQ) and IIF, and the thioredoxin M type 4. In addition to the two downregulated proteins (catalase and glutathione reductase) in the amiR23.5, the amiRD showed a reduction of Fe-superoxide dismutase 2. The amiRT lines accumulate three chloroplastic peroxiredoxins (Q949U7, Q9LU86, and Q9C5R8) and a cytosolic glutathione transferase as in amiR26.5, whereas four secreted forms of peroxidases slightly decreased in these plants (Table 2). The statistically changed proteins in each amiR that are ROS-related (GO:0045454 and GO:0006979) represent, on average, 0.97%, 1.41%, 1.19%, and 1.34% of the total proteome of amiR23.5, amiR26.5, amiRD, and amiRT, respectively (Supplementary Table 23). None of these GO terms showed enrichment in the amiR23.6 (Supplementary Table 18). This increased antioxidant capacity in the single amiR26.5 and amiRT plants could alleviate, in part, the ROS accumulation (Supplementary Figure 5). Indeed, the histochemical ROS detection showed no accumulation of H2O2 and O2.– molecules in the amiR26.5 and H2O2 in the amiRT leaves.


TABLE 2. Proteins with antioxidant activity in the amiR plants showing significant level change relative to control plants.
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Silencing of M-sHSPs Leads to Profound Metabolic Alterations

The functional analysis of the changed proteins in the amiR plants (Supplementary Tables 6–10) showed the enrichment of various metabolic processes in the amiR26.5, amiRD, and amiRT (Supplementary Tables 19–21). These data were filtered to keep the first 20 most significant metabolism-GOs (Figure 8A). The highest overrepresentation was found in the double and triple knock-down lines in at least 16 GOs, indicating that a metabolic disruption may be more substantial in these lines (Figure 8A).
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FIGURE 8. Metabolic changes in the amiRD and amiRT plants. (A) Color map showing top significant metabolism-related GOs in the differentially expressed proteins from amiR26.5, amiRD, and amiRT (Supplementary Tables 19–21). The -log10 of the calculated false discovery rate (FDR) is shown. (B) Metabolic profiling of amiRD and amiRT by GC-MS. The heat map shows the changes in the metabolome of amiRD and amiRT relative to control (EV) samples. Metabolites were extracted from 15-day-old plants and analyzed as described in Materials and Methods. Numbers indicate fold changes relative to control. Experiments were based on three biological replicates corresponding to three independent lines of each amiR; replicates consisted of a pool of 50 plants. Metabolites are represented by a color scale from blue (downregulated) to red (upregulated). Asterisks mean significance by a two-sided t-test with *P < 0.05.


To further test the primary metabolism of amiRD and amiRT plants, metabolic profiling by GC-MS was performed. At this stage (15-day-old plants), amiRD and amiRT lines accumulated several amino acids, such as serine, methionine, glutamine, and proline (Figure 8B). Among the pool of organic acids, the double amiR showed significantly increased levels of fumaric, maleic, phosphoric, and citric acid, which showed a significant accumulation in the amiRT. Fructose and galactose highly accumulated in the amiRT, while lyxose significantly increased in amiRD and amiRT lines. It is worth mentioning the increment in the amiRD and amiRT lines of myo-inositol, a small molecule that is crucial in the regulation of growth and development (Donahue et al., 2010) in the amiRT plants.



Downregulation of M-sHSPs Impacted the Mitochondrial Protein Profile in the amiR Lines

Several mitochondrial proteins (localization according to SUBA4 database) were differently affected in the amiR lines (Table 3). Also worth highlighting are the glycine cleavage system H protein 3 involved in glycine decarboxylation, associated with photorespiration in Arabidopsis (Eisenhut et al., 2019), and the ARM repeat superfamily protein, which was reported to interact with isocitrate dehydrogenase, an enzyme of the tricarboxylic acid cycle (Zhang et al., 2018), in amiR26.5, amiRD, and amiRT lines. The proteome of amiRD showed upregulation of several proteins related to the membrane respiratory chain NADH dehydrogenase (Complex I) and the 24-kDa subunit of the membrane ATP synthase; the peptidyl-prolyl cis-trans isomerase CYP19-3, which accelerates the folding of proteins; the haloacid dehalogenase-like hydrolase; and the peroxiredoxin-IIF, involved in the antioxidant activity (Table 2), also upregulated in amiRT.


TABLE 3. Mitochondrial proteins of amiR lines showing significant changes relative to the control plants.

[image: Table 3]To test the effect of heat stress (3 h at 37°C) on the mitochondrial protein profile, the amiR lines’ proteome was also evaluated in 15-day-old plants. Most of the detected mitochondrial proteins decrease their level under heat stress (Table 3), while many cytosolic proteins related to heat response were upregulated; they are described below.



Heat Conditions Mainly Affected the Cytosolic Protein Profiles in the amiR Lines

The proteome of the amiR lines was evaluated in 15-day-old plants under heat conditions (3 h at 37°C). Comparisons were established in empty vector control or amiR line separately, between heat and normal conditions (Supplementary Tables 24–30). After heat stress, the proteome of all lines showed enrichment of GO terms related to stress response, and amiRD exhibited the highest overrepresentation among amiR lines (Table 4). Proteins of different subcellular compartments (localization according to SUBA4 database) were differently affected by the heat condition in empty vector control and each amiR line (Supplementary Table 31). Although mitochondrial proteins were reduced in all lines, they were particularly affected in the amiR23.5, amiR23.6, amiRD, and amiRT. Cytosolic proteins highly accumulated after heat stress, reaching the highest level in amiR23.6, amiRD, and amiRT, while proteins from the rest of the compartments decreased their abundances in all samples (Supplementary Table 31). These results indicate an utterly new adjustment in the proteome homeostasis under high temperature.


TABLE 4. HSP superfamily proteins and stress-related GOs showing significant changes after heat stress in control and amiR lines.

[image: Table 4]From the three M-sHSPs, M-sHSP23.6 is the only one that was well detected with the proteomic approach, while M-sHSP23.5 and M-sHSP26.5 showed no consistent intensities in the analysis (Supplementary Table 32). M-sHSP23.6 exhibited significant induction under heat treatment in the proteome of all samples of control, amiR23.5, and amiR26.5 plants, and in one or two samples of amiRD and amiRT, respectively. Under these conditions, all plants (control and all amiR lines) induced several cytosolic and one endoplasmic reticulum-localized HSPs in common (Table 4). However, a member of Heat Stress Transcription Factor (HsfA2, At2g26150) and members of cytosolic HSP20-like chaperone superfamily proteins (At1g54050, At1g59860.1, and At2g29500) were induced by heat in amiR23.5, amiR26.5, amiRD, and amiRT, but not in control plants (Table 4 and Supplementary Tables 25–30). Besides, the most substantial effect in the abundance of the detected HSP family members was observed in the amiR23.5, amiR26.5, and amiRD. These data indicate that the absence of any M-sHSPs triggered a distinct pattern of cytosolic response to heat stress.



DISCUSSION

Our understanding of how plant sHSPs function comes from studies that use overexpression strategies. Most of these studies were focused to enhance the heat tolerance of crops. Recently, plants overexpressing the mitochondrion-targeted Hsp24.7 (an ortholog of Arabidopsis M-Hsp23.6) of G. hirsutum were shown to enhance germination in transgenic cotton, Arabidopsis, and tomato (Ma et al., 2019). The aim of this work was to uncover the function of M-sHSPs in Arabidopsis plants growing under normal conditions. We present evidence that the simultaneous downregulation of all three Arabidopsis M-sHSPs is essential for plant growth and development under normal growing conditions. This is based on the phenotypic and molecular analyses of the M-sHSPs knock-down plants. Downregulation of the three M-sHSPs leads to a drastic disruption in the vegetative and reproductive growth. Triple amiR23.5/23.6/26.5 plants are dwarf (Figures 3B–E) probably due to the small cell size (Figures 4C–H), with shorter roots (Figures 3F,G), have small pale and chlorotic leaves (Figures 4A,B), and produce a smaller and lower amount of seeds, with reduced germination rates (Supplementary Figure 4). The phenotype of the single and double knock-down lines contrast with the more prominent phenotype of the amiR23.5/23.6/26.5 plants (Figure 3). The single amiR23.5, amiR23.6, and the double amiRD developed synergistic phenotypes, with curved down leaves, bigger rosettes, and plants (Figures 3, 4), and lower seed area and germination rate (Supplementary Figure 4C). Previous reports showed that sHSP23.5 and sHSP23.6 appear to be dual targeted to mitochondria and chloroplasts and were highly co-expressed (Van Aken et al., 2009). The authors suggested that sHSP23.5 and sHSP23.6 form a functional pair and both are needed for stabilizing mitochondrial proteins, and possibly plastidic proteins during stress conditions. As said before, M-sHSP23.5 and M-sHSP23.6 protein sequences are highly similar (68%), while they share only 33% similarity with M-sHSP26.5 (Supplementary Figure 1B). It is important to remark that the seed germination of the amiR23.5 and amiR23.6 lines opposed to the phenotype of AtHSP23.6 overexpression lines that exhibited fast germination rates (Ma et al., 2019). Moreover, the seed phenotype of amiR26.5 plants is indistinguishable from the control lines, indicating that M-sHSP26.5 is not essential for seed development and germination, but the absence of all three M-sHSPs makes a drastic effect on seed viability. The transcriptional upregulation of the M-sHSPs in the single and double knock-down lines lacking one or two of them (Figure 2) denotes that these proteins are strictly regulated. These data suggest that any of the others could compensate for the absence of one M-sHSP, but the absence of the three M-sHSPs causes severe plant growth and reproduction impairment.

Under normal conditions, the promotor of M-sHSP26.5 was mainly active in the root of 15-day-old plants (Figure 1). At the same growth stage, the amiR26.5 and amiRT plants exhibited a disruption in the root growth (Figure 3). It was previously suggested that the cell size is relevant in determining root length (Aceves-García et al., 2016). Nevertheless, the single amiR26.5 showed reduced root length, without consequences in the plant growth or reproduction. Another thing to highlight is the lower protein abundance in amiR26.5 and amiRT compared to control plants, of three subunits of the plastid-located glyceraldehyde 3-phosphate dehydrogenase (Table 1), and the cytosolic actin 2 (Q96292, At3g18780.2) (Supplementary Tables 5, 8, 10), with both proteins related to root growth (Muñoz-Bertomeu et al., 2009; Vaškebová et al., 2018). In fact, the phenotype of all double mutants of gapc showed a severe arrest of root development after 10 to 12 days of growth (Muñoz-Bertomeu et al., 2009), similar to the phenotype of amiR26.5 and amiRT after 15 days of growth (Figures 3F,G). Additionally, amiRT showed downregulation of two putative peroxidases (Q43387 and Q96511) (Table 2) in coincidence with the downregulation of the expression of the genes (At5g64120 and At5g64100) in the double mutants of gapc. It was postulated that glyceraldehyde 3-phosphate dehydrogenase could act as a plastid redox sensor (Muñoz-Bertomeu et al., 2009).

Concerning ROS homeostasis, several proteins from intracellular and extracellular compartments that participate in the antioxidant response accumulated in the single amiR26.5, such as peroxiredoxin and thioredoxin superfamily proteins, Fe superoxide dismutases, and peroxidases (Table 2). The important role of these proteins in the redox regulation of chloroplast target proteins was known. In particular, 2-Cys peroxiredoxins were found to be associated with the [Fe] superoxide dismutase, which are essential for the maintenance of plastidial redox homeostasis, due to the dismutation of superoxide radicals produced at the level of photosystem I to hydrogen peroxide (Cerveau et al., 2016). The proportion of the total proteome involved in the oxidative stress response and redox homeostasis increased in the amiR26.5 when considering the protein abundances (Supplementary Table 23). The overrepresentation of proteins related to the antioxidant activity (GO:0016209) (Table 2) suggests that both mitochondrial and chloroplast ROS are detoxified, resulting in the lower level of ROS in the amiR26.5 plants (Supplementary Figure 5).

The photosynthetic performance of amiR was affected in all lines compared to control plants, although in different ways (Figure 5). amiRT lines, which presented a high chlorotic phenotype (Figure 4), showed the lowest PSII efficiency and ETR values (Figures 5B,E). Proteins related to photosynthesis were significantly overproduced in amiR26.5, amiRD, and amiRT (Table 1). Specifically, the photosystem II reaction center psbp family protein was overproduced exclusively in the amiRT, while other PSI and photosynthetic electron transport proteins were overproduced in amiR26.5 and amiRD. The alterations in the PSII efficiency and ETR values of amiR plants indicate that CO2 assimilation of the amiR plants is also affected. In fact, Rubisco small subunit family proteins were similarly upregulated in amiRD and amiRT plants (Table 1 and Supplementary Tables 9, 10). It is worth mentioning that a cpHsp70 (Q9STW6), involved in protein import into chloroplasts during early developmental stages (Su and Li, 2010), was significantly downregulated in amiRD and amiRT (Supplementary Tables 5, 9, 10), suggesting that the accumulation of the photosynthetic proteins could be due to an impairment of chloroplast protein import in these plants.

The amiRT significantly increased the production of primary metabolites in 15-day-old-plants (Figure 8B), indicating a metabolic reprogramming in these plants. Proline accumulation was reported to be detrimental for plant growth (Lv et al., 2011), which could contribute, in part, to the amiRT phenotype. Myo-inositol and galactose, precursors for the ascorbic acid biosynthesis (Lorence et al., 2004), and ascorbic acid (Figure 8B) are increased in 15-day-old amiRD and amiRT plants in comparison with the control lines, indicating a need to regulate the ROS production in mitochondria. Related to this, the malate content is highly increased in amiRT compared to control plants (Figure 8B). Malate could link the chloroplast metabolism with the mitochondrial ROS, as it was recently proposed (Zhao et al., 2020). Malate plays a key role as an effective readout of the chloroplast redox status leading to the mitochondrial ROS production (Zhao et al., 2020).

Another aspect to consider is the role of M-sHSPs in the stabilization of proteins and membranes (Wang et al., 2004). Several proteins at the cell membrane and cell wall were increased in the amiRT, indicating an alteration of these structures (Figure 7). The disruption of cell membranes in the knock-down plants, indicated by the higher electrolyte leakage (Supplementary Figure 6), supports the view that M-sHSPs may also function as membrane protectants as it was postulated in another system by regulating membrane fluidity and preserving membrane structure and integrity (Tsvetkova et al., 2002).

Except for vacuole and Golgi apparatus, proteins from all cell compartments changed their abundance (Figure 6C), indicating an alteration in the overall protein homeostasis of the amiR plants. Besides the photosynthetic and antioxidant proteins and the associated metabolites, results revealed a complete reprogramming of several crucial pathways and biological processes in response to the absence of M-sHSPs (Figures 7, 8). These new adjustments demonstrate that, although located and playing essential roles in mitochondria, M-sHSPs may have functional interconnections with other cellular processes and structures outside these organelles.

From the proteome of the amiR lines under heat conditions, the M-sHSP23.6 is the only one that was well detected in the single amiR23.5 and amiR26.5, although not in all samples of amiRD and amiRT (Supplementary Table 32). These data could be due to the detection limits of the LC/MS protein analysis. Some mitochondrial proteins were similarly upregulated in amiR26.5, amiRD, and amiRT (Table 3). Several of these mitochondrial proteins are involved in the mitochondrial electron transport, ATP synthesis, and photorespiration. None of them was affected by heat treatment. However, several proteins belonging to the cytosolic HSP chaperone superfamily and HSF2 (Table 4 and Supplementary Table 24) were markedly increased by the absence of any M-sHSPs, triggering a distinct pattern of cytosolic response to heat stress.

In conclusion, the simultaneous downregulation of the three M-sHSPs in Arabidopsis is critical for the proper development and growth of the plant. In response to M-sHSP deficiency, the plant regulates the photosynthetic efficiency, and the level of proteins involved in photosynthesis, the antioxidant system, and mitochondrial metabolism. The protein profile of subcellular compartments was altered, mainly the plastid, cytosol, and mitochondrion, affecting the whole plant cell. Most likely, M-sHSPs coordinate the function between these intracellular spaces to maintain the cellular homeostasis.

While the individual absence of one of the M-sHSP is not critical for the plant to grow and reproduce, possibly by partial compensation of the function by the other proteins, the amiRT is severely affected and unable to complete a healthy life cycle. The absence of M-sHSPs seems to affect the coordination of the cellular components for growth. This is the first demonstration that the three M-sHSPs, involved in stress responses, are essential for the normal vegetative and reproductive growth of Arabidopsis.
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amiR23.5 amiR23.6 amiR26.5 amiRD amiRT
Accession Protein code  Annotation log, LFQ difference
AT1G32470.1 Q9LQLO Glycine cleavage system H protein 3 ns ns 25.70 26.18 25.96
AT2G21870.1 F4lll4 Probable ATP synthase 24 kDa subunit ns ns ns 24.33 ns
AT2G33255.1 QB8RYE9 Haloacid dehalogenase-like hydrolase (HAD) superfamily protein ns ns ns 23.84 | ns
AT3G06050.1 QIM7TO Peroxiredoxin-IIF ns ns ns 24.88 24.95
AT3G56070.1 Q38867 Peptidyl-prolyl cis-trans isomerase CYP19-3 ns ns ns 24.20 | ns
AT3G59760.1 Q43725 Cysteine synthase nsc 16.25 | ns 16.32 | ns
AT3G62530. 1 Q94K48 ARM repeat superfamily protein ns ns 2532 ) 2550 2548
AT4G02580. 1 022769 NADH-ubiquinone oxidoreductase 24 kDa subunit ns ns ns 2423 ns
AT4G11010.1 049203 Nucleoside diphosphate kinase |l ns ns 2599 26.09 2508
AT4G40030.2 P5g168 Histone superfamily protein ns ns 26.13 26.07 25.74
AT5G10860.1 QILEV3 CBS domain-containing protein CBSX3 ns ns 25.08 24.53 ns
AT5G26780.3 Q94C74 Serine hydroxymethyltransferase 2 16.17 | ns ns ns ns
ATMGO00070.1 Q95748 NADH dehydrogenase subunit 9 ns ns ns 24.50 ns

Proteins differentially expressed in the amiR lines compared to control samples (two-sided t-test, P < 0.05) were analyzed by SUBA 4 (Hooper et al., 2017) for the
subcellular localization and the mitochondrial proteins were identified. The values express the statistical differences in the logs-transformed LFQ intensities in each amiR
line relative to the control samples in normal conditions (Supplementary Tables 5-10). Differences with no statistical significance are indicated as ns. The abundance of
the same proteins was also analyzed in the amiR lines after heat stress (3 h at 37°C, Supplementary Tables 24-30). Arrows indicate a decrease in the protein levels during
heat stress (two-sided t-test between normal and heat stress condition in each amiR line, P < 0.05). Changes with no statistical significance were excluded from the table.
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Control amiR 23.5 amiR 23.6 amiR 26.5 amiRD amiRT
Accession Annotation logs LFQ difference
AT1G07400.1 HSP17.8 27.49 28.46 28.02* 28.19 29.00 28.05
AT1G16030.1 HSP70-B 221 2.70 2.63 226 257 1.83
AT1G538540.1 HSP17.6C 26.13 28.40 - 2752 28.74 27.03
AT1G54050.1 HSP17.4B - 27.97 - 2763 28.19 27.09
AT1G59860. 1 HSP17.6A - 26.25 - 25.67 26.22 25.71
AT2G29500. 1 HSP17.6B - 27.53 - 27.16 27.91 26.68
AT2G32120.1 HSP70-8 27.69 27.99 - 27.81 28.19 27
AT3G09440.1 HSP70-3 0.69 1.14 1.21 0.85 1.21 0.65
AT3G12580.1 HSP70-4 4.06 12.82 12.86 12.08 21.52 12.25
AT3G46230.1 HSP17.4A 26.43 27.93* 27.91 27.20 28.41 27.05
AT4G10250.1 HSP22.0 (ER) 26.04 27.03 - 26.67 27.59 26.71
AT4G25200.1 HSP23.6 (M) 27.24 28.49 - 28.15 - -
AT5G12030.1 HSP17.7 24.54 - - 25.16 25.00 -
AT5G52640.1 HSP90-1 30.57 22.89 22.89 30.35 30.99 29.89
AT5G56030.2 HSP81-2 0.64 0.94 1.06 0.96 1.09 0.68*
AT2G26150.1 HSFA2 - 24.97 - 24.42 25.08 26.35

Control amiR 23.5 amiR 23.6 amiR 26.5 amiRD amiRT
GO term Description —log1o FDR GO enrichment
G0:0009266 Response to temperature 19.42 18.74 9.87 18.90 20.12 12.29
G0:0006950 Response to stress 16.19 17.47 11.44 18.54 19.91 8.75
G0:0009408 Response to heat 7.30 12.56 8.38 12.18 14.01 9.79

The abundance of members of the HSP superfamily was evaluated in control and amiR lines after heat stress (3 h at 37°C) and compared to their levels in control conditions
(two-sided t-test between normal and heat stress condition in each line, P < 0.05, *<0.1). The values express the statistical differences in the logs-transformed LFQ
intensities of the proteins after the heat stress treatment. ER, endoplasmic reticulum, M, mitochondria. The second table shows the enrichment of stress-related GOs in
the proteome of control and amiR lines after heat stress. FDR, false discovery rate.
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Accession Annotation Protein code log, LFQ difference

AT1G03130.1 Photosystem | subunit D-2 (PSAD-2) QISA56 nsc nsc nsc 26.47  26.55
AT1G06680.1 Oxygen-evolving enhancer protein 2-1 Q42029 nsc nsc 2.64 2.57 217
AT1G12900.1 Glyceraldehyde 3-phosphate dehydrogenase A subunit 2 (GAPA-2) QILPWO nsc nsc —0.55 —-0.55 -0.56
AT1G31330.1 Photosystem | subunit F (PSAF) QISHES nsc nsc nsc 2563 25.60
AT1G32060.1 Phosphoribulokinase (PRK) P25697 —0.29 nsc nsc —-0.38 —-0.40
AT1G42970.1 Glyceraldehyde-3-phosphate dehydrogenase B subunit (GAPB) p25857 nsc nsc —0.23 —-0.38 -0.40
AT1G67090.1 Ribulose bisphosphate carboxylase small chain 1A (RBCS1A) P10795 nsc nsc nsc 5.29 4.25
AT1G76450.1 Photosystem Il reaction center psbp family protein Q9S720 nsc nsc nsc nsc 24.09
AT2G20260.1 Photosystem | subunit E-2 (PSAE-2) Q9s714 nsc nsc 25.97 26.10 26.02
AT3G26650.1 Glyceraldehyde 3-phosphate dehydrogenase A subunit (GAPA) P25856 —-0.31 nsc —0.36 —-0.51 -0.55
AT3G56090.1 Ferritin 3 (FER3) QILYN2 nsc nsc nsc 2.08 1.94
AT3G56940.1 Magnesium-protoporphyrin IX monomethyl ester [oxidative] cyclase QIM591 nsc nsc nsc nsc 0.75
AT3G63540.1 Mog1/psbp/DUF1795-like photosystem Il reaction center psbp family protein  P82658 nsc nsc nsc 2491 2467
AT4G15530.5 Pyruvate orthophosphate dikinase (PPDK) 023404 —0.61 nsc —1.13 -1.89 -1.18
AT4G21280.2 Oxygen-evolving enhancer protein 3-1 QIXFT3 nsc nsc 5.78 nsc 4.53
AT5G13630.1 Magnesium-chelatase subunit chih, QIFNBO 0.24 nsc nsc nsc 0.67
AT5G23120.1 High chlorophyll fluorescence 136 (hcf136) 082660 nsc nsc nsc —-0.42 -0.48
AT5G38410.3 Ribulose bisphosphate carboxylase (small chain) family protein P10798 nsc nsc nsc 4.98 418
AT5G38430.1 Ribulose bisphosphate carboxylase (small chain) family protein P10796 nsc nsc nsc 29.04 28.31
AT1G12000.1 Phosphofructokinase family protein Q8w4aM5 24.54 nsc nsc nsc nsc
AT1G61520.1 Photosystem | light harvesting complex gene 3 (LHCAS) QISY97 nsc nsc nsc 24.69 nsc
AT2G47940.1 Degp?2 protease (DEGP2) B3H581 —0.56 nsc nsc —0.53 nsc
AT3G55330.1 Psbp-like protein 1 P82538 nsc nsc 25.58 nsc nsc
AT4G03280.1 Photosynthetic electron transfer C Q9ZR03 nsc nsc nsc 25.03 nsc
AT4G27440.1  Protochlorophyllide oxidoreductase B pP21218 1.07 nsc 0.854 1.37 nsc
AT5G42270.1 Variegated 1 (var1) Q9OFHO02 —-0.60 nsc nsc nsc nsc

Proteins differentially expressed in the knock-down plants relative to control plants (Supplementary Tables 17-21) were analyzed by using STRING (Szklarczyk et al.,
2019) and filtered for the Gene Ontology term photosynthesis (GO:0015979). The values express the statistical differences >0.4 and <-0.4 in the logs-transformed
LFQ intensities in each amiR line relative to control samples (two-sided t-test, P < 0.05). Differences with no statistical significance were excluded from the table and
are shown as nsc.
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Accession Annotation Subcellular location Protein code log, LFQ difference
AT3G52960. 1 Peroxiredoxin type 2 Plastid Q949U7 nsc nsc 28.35 28.29 28.10
AT3G26060.2  Peroxiredoxin Q (PRXQ) Plastid QILU86 nsc nsc 26.75 26.90 25.91
AT5G06290. 1 2-Cys peroxiredoxin (2-Cys prxb) Plastid QIC5R8 nsc nsc 26.19 nsc 25.67
AT3G15360.1 Thioredoxin M-type 4 Plastid QISEUG nsc nsc 26.09 25.66 nsc
AT3G06050. 1 Peroxiredoxin IIF Mitochondrion QIM7TO nsc nsc nsc 24.89 24.95
AT4G03520. 1 Thioredoxin M2 Plastid QISEU8 nsc nsc 24.31 nsc nsc
AT3G11630.1 2-Cys peroxiredoxin (2-Cys prxa) Plastid Q96291 nsc nsc 5.31 nsc nsc
AT4G25100.1 Fe-superoxide dismutase 1 (FSD1) Plastid pP21276 nsc nsc 2.39 nsc nsc
AT1G78380.1 Gilutathione s-transferase TAU 19 Cytosol Q9ZRW8 nsc nsc 2.30 nsc 2.20
AT1G19570.1 Dehydroascorbate reductase Peroxisome QIFWR4 nsc nsc 215 2.52 nsc
AT5G17820.1 Peroxidase 57 (PRXR10) Extracellular Q43729 nsc nsc nsc 1.48 nsc
AT2G38380.1 Peroxidase 22 (PRXEA) Extracellular P24102 0.93 0.77 nsc 0.80 0.66
AT5G51100.1 Superoxide dismutase [Fe] 2 Plastid QoLUB4 nsc nsc nsc —0.50 nsc
AT5G64120.1 Putative peroxidase Extracellular Q43387 nsc nsc nsc nsc —1.50
AT5G64100.1 Peroxidase 69 Extracellular Q96511 nsc nsc nsc nsc —1.21
AT4G35090. 1 Catalase (CAT2) Peroxisome P25819 —0.43 nsc —0.33 —0.66 —0.63
AT3G54660. 1 Glutathione reductase Plastid P42770 —0.40 nsc nsc —0.55 nsc
AT3G21770.1 Peroxidase 30 (PRXR9) Extracellular QILSY7 nsc nsc nsc nsc —23.68

Proteins differentially expressed in the knock-down plants relative to control plants (Supplementary Tables 17-21) were analyzed by using STRING (Szklarczyk et al.,
2019) and filtered for the Gene Ontology term antioxidant activity (GO:0016209). The statistical differences >0.4 and <-0.4 in the logs-transformed LFQ intensities in each
amiR line relative to control samples are shown (two-sided t-test, P < 0.05). Differences with no statistical significance were excluded from the table and are shown as nsc.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mitochondrial Small Heat Shock Proteins Are Essential for Normal Growth of Arabidopsis thaliana



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Materials and Growth Conditions



		Generation of Artificial microRNA Silenced Plants



		Construction of Promoter–GUS Fusion Lines and GUS Staining



		Isolation of RNA From Tissues Plants



		Quantitative RT-PCR (RT-qPCR)



		Root Length and Seed Germination Experiments



		Pigment Content



		Pulse Amplitude Modulation (PAM) Analyses



		ROS and Cell Death Detection



		Cell Areas Determination



		Electrolyte Leakage Measurement



		Metabolite Profiling by GC-MS



		Proteomic Experiments



		Proteomic Data Analysis



		Bioinformatics Analysis



		Statistical Analyses







		RESULTS



		All Three M-sHSP Genes Are Heat-Inducible



		The M-sHSP amiR Plants Show Differences in the Vegetative Phenotype



		amiR Lines Showed Reduced Photosynthetic Efficiency



		M-sHSPs Impact on the Reproductive Growth



		Almost All amiR Plants Accumulated ROS, and the Cell Membrane Permeability Increased



		Downregulation of M-sHSPs Produced Dramatic Changes in the Proteome



		amiR Plants Exhibited Alteration of Several Photosynthesis-Related Proteins



		The amiR Plants Showed Significant Changes in Their ROS-Related Proteins



		Silencing of M-sHSPs Leads to Profound Metabolic Alterations



		Downregulation of M-sHSPs Impacted the Mitochondrial Protein Profile in the amiR Lines



		Heat Conditions Mainly Affected the Cytosolic Protein Profiles in the amiR Lines







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fpls-12-600426-g004.jpg
Control ontrol

amiR23.5

amiR23.6 mm Control = qgmiRT-1 wm amiRT-3
mm gmiRT-2 wmamiRT-4

Iy

S o o O
S N A~ o 0 -

amiR26.5

amiRD

(mg mg FW~

Pigment content

amiRT

Controlass amiR23.5/23.6/26.5

7
=
Q
N’
(ae
>
<
oy
(v
D)
-

Control

Cell area (um?)

Control -

Cell area (um?)






OPS/images/cover.jpg
frontiers
In Plant Science

Mitochondrial Small Heat Shock
Proteins Are Essential for Normal
Growth of Arabidopsis thaliana





OPS/images/fpls-12-600426-g005.jpg
(I)PSII

NPQ

(Dmn

0.90

0.80 "
0.70 1
0.60 -
0.50 1
0.40 -
0.30 -
0.20 1
0.10 1

1.40

1.20 7
1.00 1
0.80 1
0.60 1
0.40 1
0.20 1

0.60

0.50 1

0.40 1

0.30 -

0.20 1

0.10 1

Fv/Fm

Control
amiR23.5
amiR23.6
amiR26.5

amiRD
amiRT

0.82 +0.00

0.80 £ 0.02 *
0,794 1,03 *
0.80+0.01 *
0.80 +0.01 *
0.75+0.03 *

0 12 25 30 35 40 45 50 55 60 65 70
time (s)

0O 12 25 30 35 40 45 50 55 60 65 70

time (s)

0O 12 25 30 35 40 45 50 55 60 65 70
time (s)

qL

m

ETR(II)

1.00

0.8 ]

0.60 1

0.40 -

0.20 1

PN — —

0 12 25 30 35 40 45 50 55 60 65 70

time (s)

0 12 25 30 35 40 45 50 55 60 65 70

time (s)

0 12 25 30 35 40 45 50 55 60 65 70

time (s)

el Control == gmiR23.5 ==@= qmiR23.6 =0= amiR26.5 ==te== qmiR]) ==t amiRT





OPS/images/fpls-12-600426-g006.jpg
B o

Plastid S 225
Cytoso] SN 202
Extracellular S 71
Mitochondrion ESS 37
Nucleus B 3]
Peroxisome Bl 25
Plasma membrane ¥ 18

amiR
26.5

EV amiR  amiR

235 236 amiRD amiRT

Vacuole ™ 13

S Golgi appartus & 13
-I C9 ERE 7
C10
Cl1
4 b,
13
Cl4 C amiR amiR amiR : :
8? EV 235 236 26.5 amiRD amiRT
C17) Cytosol 18.83 121.26 20.92 19.23 [22.34 524300
C18 ER D 2.67 34w 2.22 2.13
43 Extracellular L 475 430 05011 382 366 3.60
C21 Golgi apparatus [H0:88° 0.85° BOO3N 0.72 0.72 = 0.83
C22 Mitochondrion 2. 72 2.44 B2B2W 206 225 | 261
| Nucleus 0.99 1.40 1.37 g 178 1.96
23 Peroxisome F12.83 | 1048 11.88 996 934 9.76
Plasma membrane PR 1.47 . 1.28 1515 1.26
‘ Plastid 51.48 53.44 50.24 BSE86° 55.05 51.70
25 N  BEA
C26 %
C27
C28
C29
C30
-2 Z-Score 2
amiR23.5 E inos s F amiR26.5
67 40 81
- s 2
231 \_15 i =
: amiR23.6
amiR23.6
amiRD

amiR26.5

amiRT

amiRD






OPS/images/fpls-12-600426-g007.jpg
o GO amiR amiR amiR . .
GO Annotation categary n nGO EV 23.5 23.6 26.5 amiRD  amiRT

cellular amide metabolic process BP 140 625 4.48 5.48 4.53
translation BP 113 433 S8 4.67 S, 5.4¢€

metabolic process BP 452 9671 @ 27.83 29.50 26.43 29.97

carboxylic acid metabolic process ~ BP 116 863 Sl - 23 7.88

response to stimulus ~ BP 267 5064 2 22.23 22.13 2111

primary metabolic process ~ BP 353 8114 2237 2396  21.32 a5

response to stress ~ BP 175 2932 (NS 16.52 1620  16.35  15.37

protein metabolic process BE 175 3107 & 460 3.5 4.60 54

ribosome biogenesis BP 47 250 1267 2.14 1.80

generation of precursor metabolites and energy BP 47 360 | 4.16
response to temperature stimulus BP 54 505 : | 9.36 ; 8579

glucose metabolic process BP 17 38 6.51 5.86

catabolic process BP 88 1587 0l

photorespiration BP 13 49 3.69 6.02

tricarboxylic acid cycle BP 13 51
ATP metabolic process BP 18 125
gluconeogenesis BP 9 18
serine family amino acid metabolic process BP 13 S LY
plastid organization BP 20 210
structural constituent of ribosome MF 23 309
unfolded protein binding MF 12 60
protein binding MF 72 1988
protein containing complex i 178 2105
mitochondrial matrix & 15 102
stromule CC 15 35
proteasome complex L 11 60
cytosolic ribosome & 92 287
cell wall CC 73 668
whole membrane LA 70 835

rLFQ






OPS/images/fpls-12-600426-g008.jpg
GO annotation

amide biosynthetic process

peptide biosynthetic process

peptide metabolic process

organonitrogen compound biosynthetic process
cellular amide metabolic process
organonitrogen compound metabolic process
metabolic process

organic substance biosynthetic process
biosynthetic process

cellular metabolic process

cellular nitrogen compound biosynthetic process
cellular biosynthetic process

organic substance metabolic process

protein metabolic process

cellular protein metabolic process

primary metabolic process

cellular nitrogen compound metabolic process
nitrogen compound metabolic process

cellular macromolecule biosynthetic process
oxoacid metabolic process

az’g.i? amiRD amiRT
56.71 | 73.06 | 7147
| 70.02
53.81 | 70.00 69.89
58.55 L7760 69.71
5783 B 6934
41.29 40.95
37.66 37.87
24.61 28.98
24.61 76 28.36
27.21 N 28.21
20.05 24.28 27.64
23.69 31.22 25.69
2008 B 25.21
21.61 [ARIN
20.06 22.36 24.07
2471 2 21.28
16.19 19.41
19.57 N 18.20
15.68
24.29 30.42 9.19
- LOG FDR GO enrichment

Serine
Threonine
Aspartic acid
[-Methionine
L- Proline
Glutamine
Asparagine

DL~ Ornithine

Fumaric acid
Maleic acid
Malic acid
Citrate
Cinnamic acid
Lactic acid
Oxalic acid
Phosphoric acid

Palmitic acid
Stearic acid

Fructose
Galactose
Glucose
Sucrose
Lyxose

Myo-Inositol
Ascorbic acid

amiRD

amiRT

SPIO® OUIWY

Sproe d1ue3I0

sie3ng sproe

S1I9U10

Aeq







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





OPS/images/fpls-12-600426-g001.jpg
7 days
Normal 3 b 376

— ~uln

Prom:sHSP23.5

B . .
B . .

15 days

Normal

2R I






OPS/images/fpls-12-600426-g002.jpg
A amiR23.5

§15

2. 1.0

S

£20.5 & s .

= 1

=07 & ¢ g g ¢
o w\ PO

D amiR23.5/23.6

815

2

1.0

ENEE! | R

E .

= o MU &R 20 i WA

d o o) ot
&0 AL A7 A Al
& oﬁ‘“& o“‘& o o‘“&

W

Relative expression

m

Relative expression

amiR23.6
1.5
1.0
0.5 "
0.0
'\
SR
amiR23.5/23.6/26.5
{5
1.0-Iak
0.5
. il ii, ii-r ii

& ab g ol ol
CP& o > o > 0‘“& o‘"‘\&

O

Relative expression

Relative expression =

O =
wh @ © W

&~
S

5.0
4.0
3.0
2.0

amiR26.5

T
T T T
X

O § §

ii-'-

<O
o

C

°>
83»

*

* L

@b

0
&

i
!

&

E

.-





OPS/images/fpls-12-600426-g003.jpg
Control amiR23.5

Root length (cm)

S 1 231 23 123 1 23 123 456 78 91011121314
& amiR23.5 amiR23.6 amiR26.5 amiRD amiRT

C/O






