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Abstract

:

Terrestrial plants respond to and resist gravitational force. The response is termed “gravity resistance”, and centrifugal hypergravity conditions are efficient for investigating its nature and mechanism. A functional screening of Arabidopsis T-DNA insertion lines for the suppression rate of elongation growth of hypocotyls under hypergravity conditions was performed in this study to identify the genes required for gravity resistance. As a result, we identified PEPTIDYL-tRNA HYDROLASE II (PTH2). In the wild type, elongation growth was suppressed by hypergravity, but this did not happen in the pth2 mutant. Lateral growth, dynamics of cortical microtubules, mechanical properties of cell walls, or cell wall thickness were also not affected by hypergravity in the pth2 mutant. In other words, the pth2 mutant did not show any significant hypergravity responses. However, the gravitropic curvature of hypocotyls of the pth2 mutant was almost equal to that of the wild type, indicating that the PTH2 gene is not required for gravitropism. It is suggested by these results that PTH2 is responsible for the critical processes of gravity resistance in Arabidopsis hypocotyls.
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1. Introduction


Terrestrial plants have been constantly exposed to gravity on Earth since the aquatic ancestors of terrestrial plants landed during their evolution [1,2]. Since then, terrestrial plants have developed a sequence of adaptations to survive at 1 g and have used gravity as a signal to regulate growth and development. Gravitropism is defined as the directional growth response of plants in response to the direction of gravity and is recognized as a primary graviresponse in plants [3]. Mechanical resistance to the gravitational force (gravity resistance) is the principal graviresponse in plants in addition to gravitropism [4,5]. Conditions that facilitate the analysis of the mechanisms in gravity resistance but are difficult to duplicate on Earth are provided by true microgravity. Therefore, the nature and mechanisms of gravity resistance have mainly been studied using basipetal hypergravity produced by centrifugation [4,5].



Hypergravity generally suppresses elongation growth but stimulates the lateral growth of the stem organs of plants [6,7,8,9,10,11,12]. In other words, plants have short and thick bodies under hypergravity conditions. The construction of a short and thick body is considered an essential factor in gravity resistance. The shape of the plant body is predominantly determined by the direction of the expansion of individual cells. Cortical microtubules, a characteristic structure in the interphase cells of plants, are responsible for regulating the direction of cell expansion [13,14]. The frequency of cells having longitudinal microtubules in the epidermal cells of azuki bean epicotyls [15] and Arabidopsis hypocotyls [16,17] is increased by hypergravity. The reorganization of cortical microtubules was also accelerated by hypergravity in protoplasts from Brassica napus hypocotyls [18]. The modification of the dynamics of cortical microtubules required for the regulation of the direction of cell expansion in response to hypergravity stimuli is suggested by these results.



Plant cells are enclosed by highly developed cell walls, which provide their cells with structural support and mechanical strength. Thus, the cell wall may play a significant role in gravity resistance, analogous to the role of bones and muscles in an animal body. Previously, we illustrated that cell wall extensibility in various plant materials is decreased by hypergravity [8,9,10,11,19]. Namely, cell wall rigidity increases, resulting in a tough body under hypergravity conditions. Increasing the cell wall rigidity and constructing a short and thick body are considered essential factors for gravity resistance. Cellulose and matrix polysaccharides, such as pectin and hemicellulose, are the major components of plant cell walls. Cell wall thickness is one of the factors determining cell wall extensibility. The levels of cell wall polysaccharides, such as cellulose, per unit length of the shoot were increased by hypergravity in various plant materials [8,9,10,11,12]. Namely, cell wall thickness is increased under hypergravity conditions, leading to a decrease in cell wall extensibility.



We performed a functional screening of confirmed homozygous T-DNA insertion lines in Arabidopsis produced in the SALK institute (the Salk Unimutant Collection) project for the suppression rate of elongation growth of hypocotyls under hypergravity conditions to identify the genes required for gravity resistance. These lines were successfully used to specify a novel cell wall-related gene, namely ANTHOCYANINLESS2 [20]. As a result, we identified PEPTIDYL-tRNA HYDROLASE II (PTH2), a gene required for gravity resistance. PTH2 encodes an enzyme that releases tRNA from peptidyl-tRNA by cleaving the ester bond between the peptide and the tRNA [21]. Changes in growth, the orientation of cortical microtubules, the mechanical properties of cell walls, and the levels of cell wall polysaccharides were examined in the pth2 mutant to clarify the roles of PTH2 in gravity resistance. We also examined the gravitropic curvature in the pth2 mutant to confirm whether PTH2 is required not only for gravity resistance but also for gravitropism.




2. Materials and Methods


2.1. Plant Materials and Growth Analysis


Wild-type Arabidopsis thaliana (L.) Heynh. (ecotype Columbia-0) and confirmed homozygous T-DNA insertion lines of Arabidopsis (Arabidopsis Biological Resource Center, Columbus, OH, USA) were used in this study. The plant materials were prepared as previously described [22]. For hypergravity treatment, the seedlings were exposed to basipetal hypergravity at 300 g with a centrifuge (H-28-F; Kokusan, Tokyo, Japan) at 25 °C for 24 h in the dark. Hypocotyl length was measured using a scale. Epidermal cells of hypocotyls were observed with a scanning electron microscope (Miniscope TM-1000; Hitachi, Tokyo, Japan). The length and width of the cells were measured using ImageJ software (http://rsbweb.nih.gov/ij, accessed on 1 October 2022; NIH).



Arabidopsis seedlings were cultivated for 48 h, and the seedlings were transferred on the surface of a 0.8% (w/v) agar medium in a plastic Petri dish to analyze the gravitropic curvature. The curvature was measured after rotating a plastic Petri dish containing vertically fixed seedlings at 90° and at 25 °C for 24 h in the dark. After treatment, the curvature of the hypocotyls was measured using ImageJ software.




2.2. Immunofluorescence Microscopy


Cortical microtubules were observed by immunofluorescence microscopy, as described previously [16]. Primary antibodies against α-tubulin (product T6199; Sigma-Aldrich, Saint Louis, MO, USA) and a secondary antibody, Cy3-conjugated anti-mouse IgG (product C2181; Sigma-Aldrich), were used for the visualization of cortical microtubules. Immunofluorescence images were obtained with a fluorescence microscope (Axio Imager. A1; Carl Zeiss, Göttingen, Germany) equipped with a cooled CCD camera (DP74; Olympus, Tokyo, Japan) and processed with bundled image processing software (cellSens Imaging Software; Olympus). As for the orientation of cortical microtubules, the frequency of cells with cortical microtubules within a range of 0–20° (longitudinal), 20–70° (oblique), and 70–90° (transverse) to the longitudinal cell axis, and in a variety of directions (random), was determined.




2.3. Measurement of the Mechanical Properties of Cell Walls


Samples for measuring the mechanical properties of the cell walls were prepared as described previously [20]. The cell wall extensibility and breaking load of the hypocotyls were measured using a tensile tester (Tensilon STB-1225S; A&D, Tokyo, Japan). Hypocotyls were fixed between two clamps at a distance of 0.5 mm and stretched by raising the upper clamp at a rate of 20 mm min−1 until the hypocotyls were broken. The cell wall extensibility (strain load−1, μm g−1) was determined by measuring the load’s rate of increase from 0.8 g to 1.0 g.




2.4. Quantification of Cell Wall Polysaccharides


As described previously, the fractionation and quantification of cell wall polysaccharides were performed [20]. Hypocotyls excised from seedlings (120–220 per batch) were used for the analysis. Pectin substances were extracted with 50 mM EDTA at 100 °C. Hemicellulose I and hemicellulose II were extracted with 4% (w/v) KOH and 24% (w/v) KOH containing 0.02% NaBH4 at 25 °C, respectively. The alkali-insoluble fraction was designated as cellulose. The total sugar content of each fraction was determined using the phenol-sulfate method [23] and expressed as glucose equivalents.





3. Results


3.1. Identification of PTH2 as a Gene Required for Gravity Resistance


Hypergravity at 300 g suppressed the elongation growth of hypocotyls by 20% in the wild type. We performed a functional screening of Arabidopsis T-DNA insertion lines for the suppression rate of hypocotyl elongation at 300 g to identify the genes required for gravity resistance. As a result, we obtained several lines whose suppression rates were modified from those of the wild type. The growth analysis was repeated at least three times with the reproduced seeds for the selected lines to confirm the modifications.



One confirmed gene was PEPTIDYL-tRNA HYDROLASE II (PTH2; At4g32900, SALK_048173C). Hypergravity suppressed hypocotyl elongation in the wild type but did not affect that of the pth2 mutant (Figure 1). The length of etiolated hypocotyls in the pth2 mutant was about 60% shorter than in the wild type at 1 g. Growth suppression by hypergravity might not be detected due to the low growth rate of the pth2 mutant. We examined the elongation growth of the pth2 mutant in the presence of salt stress (50 mM NaCl) to assess this possibility and found that elongation growth was suppressed to the same extent as in the wild type (data not shown). It was indicated by these results that the suppression of elongation growth could be detected even at low growth rates in the pth2 mutant.



The gravitropic curvature of the pth2 mutant is shown in Figure 2. The hypocotyl of the pth2 mutant was bent in the direction opposite gravity at a similar rate to the wild type. This result indicates that the PTH2 gene is not required to induce gravitropism.




3.2. Modification of Growth Anisotropy under Hypergravity Conditions


The length (left panel) and width (right panel) of individual epidermal cells within a cell file are shown in Figure 3. The epidermal cell files of the wild type and the pth2 mutant hypocotyls consisted of about 17 cells. The frequency of cell division in the pth2 mutant was indicated by this result to be similar to that of the wild type. Nonetheless, the hypocotyl length of the mutant was shorter than that of the wild type. At 1 g, the length of epidermal cells in the wild type increased rapidly from the tip to the 11th cell, but in the pth2 mutant it was almost the same from the tip to the 7th cell. Comparing the length of individual epidermal cells of the wild type and of the pth2 mutant in hypocotyls grown at 1 g, the length of the pth2 cells was shorter than that of the wild type. In the wild type, the length of cells 10 to 15 was decreased by hypergravity. On the other hand, the length of the cells in the pth2 mutant was not affected by hypergravity. In 1 g-grown hypocotyls, the width of wild-type cells was almost the same between tip and base, but the width of cells gradually increased from tip to base in the pth2 mutant. Some cells in the wild type had an increased width due to hypergravity, but the width of the cells in the pth2 mutant was not affected by hypergravity. Therefore, in the wild type, the cell shape was thickened and shortened by hypergravity, but there were no effects on the cell shape in the pth2 mutant caused by hypergravity.



The orientation of cortical microtubules adjacent to the outer tangential wall of epidermal cells was nearly uniform in individual cells. Thus, the cells were categorized into four types based on the orientation of the microtubules (longitudinal, oblique, transverse, and random) in the middle region (cells 10–12 in Figure 3) of hypocotyls (Figure 4). Cells with longitudinal microtubules were predominant in the wild type, regardless of gravitational conditions. On the other hand, in the pth2 mutant, cells with transverse microtubules were predominant, regardless of gravitational conditions. Hypergravity decreased the cells with transverse microtubules and increased the cells with longitudinal microtubules in the wild type. However, the microtubule orientation in the pth2 mutant was not affected by hypergravity.




3.3. Modification of Cell Wall Properties under Hypergravity Conditions


The cell wall extensibility (left panel) and the breaking load (right panel) of the hypocotyls measured using a tensile tester are shown in Figure 5. Comparing the cell wall extensibility of the wild type and the pth2 mutant grown at 1 g, the cell extensibility of the pth2 mutant was smaller than that of the wild type. On the other hand, the breaking load of the pth2 mutant was larger than that of the wild type. It was indicated by these results that the cell walls of the pth2 mutant are less extensible than those of the wild type, suggesting that hypocotyls of the pth2 mutant are shorter because the cell walls are less extensible. The cell wall extensibility was decreased by hypergravity in the wild type while breaking load was increased. This is an indication that cell walls are made mechanically rigid in hypocotyls of the wild type by hypergravity. However, neither the cell wall extensibility nor the breaking load in the hypocotyls of the pth2 mutant were affected by hypergravity.



Quantitative changes in the polysaccharides of cell walls may be the mechanism responsible for changes in cell wall extensibility and breaking load. The quantities per unit length of the hypocotyl in the pectin, hemicellulose I, hemicellulose II, and cellulose fractions are shown in Figure 6. Comparing the quantities of the wild type and the pth2 mutant grown at 1 g, the quantities of all four fractions of the pth2 mutant were larger than those of the wild type. It was indicated in these results that the cell wall thickness of the pth2 mutant was greater than that of the wild type. The less extensible cell walls of the pth2 mutant may be due to the thickness of the cell walls (Figure 5 and Figure 6). The quantities of all four fractions were increased by hypergravity in the wild type, indicating that the cell wall thickness was increased by hypergravity. However, the quantities of all four fractions in the pth2 mutant were not affected by hypergravity.





4. Discussion


The functional screening of Arabidopsis T-DNA insertion lines for the suppression rate of elongation growth of hypocotyls under hypergravity conditions was performed in this study to identify the genes required for gravity resistance. In the wild type grown under hypergravity conditions at 300 g, hypocotyl elongation was suppressed by 20%. However, hypergravity did not affect elongation growth in the T-DNA insertion line of the PTH2 gene isolated in this study (Figure 1). It has been shown that hypergravity not only suppresses elongation growth, but also stimulates lateral growth in the stem organs of various plants [6,7,8,9,10,11,12]. Namely, hypergravity modifies growth anisotropy in the cells of stem organs. Hence, we investigated whether the hypergravity-induced modification of growth anisotropy occurred in the epidermal cells of hypocotyls in the pth2 mutant. Although the effects of hypergravity varied from cell to cell, in many cells of the wild type, hypergravity decreased the length but increased the width of the cells (Figure 3). However, hypergravity affected neither the length nor the width of the cells in the pth2 mutant. It is indicated by these results that the pth2 mutant could not develop short and thick hypocotyls in response to the magnitude of gravity.



Cells with longitudinal cortical microtubules were increased, while cells with transverse cortical microtubules were decreased, when hypergravity suppressed elongation growth and promoted lateral expansion in azuki bean epicotyls and Arabidopsis hypocotyls [15,16,17]. Conversely, microgravity decreased cells with longitudinal cortical microtubules, while it increased cells with transverse cortical microtubules when it promoted elongation growth and suppressed lateral expansion in Arabidopsis hypocotyls [24,25]. It is suggested by these results that regulating the orientation of cortical microtubules contributes to the modification of the body shape of plants to resist gravitational force. In this study, hypergravity affected neither the body shape nor the microtubule orientation in the pth2 mutant (Figure 1, Figure 3 and Figure 4). The pth2 mutant may lack the capacity to modify body shape by regulating the orientation of cortical microtubules in response to the magnitude of gravity.



The cell wall rigidity of the shoots was increased by hypergravity, while microgravity decreased the cell wall rigidity of the shoots [5,26]. It is suggested by these results that an increase in the cell wall rigidity in response to the magnitude of gravity was considered an essential component of gravity resistance, in addition to the development of a short and thick body. Hypergravity affected neither the cell wall extensibility nor the breaking load of the cell wall in the hypocotyls of the pth2 mutant (Figure 5). Namely, cell wall rigidity in the pth2 mutant was not affected by hypergravity. It is indicated by these results that the pth2 mutant was not only unable to develop short and thick hypocotyls but also to increase the cell wall rigidity in response to the magnitude of gravity. The cell wall thickness was increased by hypergravity when the cell wall rigidity of shoots was increased by hypergravity [5,27]. On the other hand, the cell wall thickness was decreased by microgravity when the cell wall rigidity of the shoots was decreased by microgravity [5,27]. It is suggested by these results that the regulation of the cell wall thickness contributes to the modification of the cell wall rigidity to resist the gravitational force. In this study, neither the cell wall rigidity nor the cell wall thickness was affected by hypergravity in the pth2 mutant (Figure 5 and Figure 6). The pth2 mutant may be unable to modify cell wall rigidity because it cannot regulate cell wall thickness in response to the magnitude of gravity.



The pth2 mutant had short and thick hypocotyls and higher cell wall rigidity even at 1 g, without any further changes in the hypocotyl growth or cell wall rigidity due to hypergravity at 300 g (Figure 1, Figure 3 and Figure 5). It is suggested by these results that pth2 is the mutant hypersensitive to gravitational force and that the effects of gravity are saturated at 1 g. Under microgravity conditions in space, hypocotyl growth and the cell wall rigidity of the pth2 mutant may be restored to the wild-type level, as shown in tubulin mutants [25,26]. Space experiments are needed to examine this possibility. In wild type Arabidopsis, PTH2 may play an essential role in plant body construction in response to a wide range of gravity forces. Preliminary transcriptome analyses showed that the expression level of PTH2 was higher under hypergravity conditions compared to 1 g. In contrast, the expression of PTH2 tended to be downregulated under microgravity conditions in space. It is suggested by the results that the expression of PTH2 is regulated by the gravitational signal. A detailed analysis of PTH2 expression under different gravity conditions is needed. The analysis should include the lunar (0.17 g) and Martian levels of gravity (0.38 g) because plants are an essential component of the bioregenerative life-support systems required for long-term human space exploration [28,29,30]. Additionally, understanding the mechanism of gravity resistance contributes to the achievement of plant cultivation in space.



As described above, in the pth2 mutant, multiple processes of gravity resistance do not work properly. PTH2 encodes peptidyl-tRNA hydrolase II, an enzyme that releases tRNA from peptidyl-tRNA by cleaving the ester bond between the peptide and the tRNA [21]. It has been shown that protein biosynthesis is suppressed by the accumulation of peptidyl-tRNA. Therefore, the pth2 mutant may not induce proper gravity resistance responses by suppressing the synthesis of proteins responsible for gravity resistance. For example, the γ-tubulin complex and katanin genes, microtubule-associated proteins required to reorient cortical microtubules, were transiently increased by hypergravity [31,32]. Thus, in the pth2 mutant, the synthesis of proteins, such as the γ-tubulin complex and katanin, may be suppressed. However, it would be difficult to specifically suppress only the synthesis of proteins involved in gravity resistance. PTH2 may be involved in the signal perception in the initial step of transduction in gravity resistance. If so, this might explain why multiple processes of gravity resistance do not work properly. The detailed role of PTH2 is currently under investigation.




5. Conclusions


PTH2 was identified as a new gene responsible for gravity resistance in Arabidopsis seedlings. Future studies on the function of PTH2 may contribute to understanding the mechanism of gravity resistance and the achievement of efficient plant cultivation in space.
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Figure 1. The length of the hypocotyls at 300 g. Values are the means ± SE (n = 20). WT, wild type. * Mean value was significantly different between 1 g and 300 g (Student’s t-test: p < 0.05). 
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Figure 2. Gravitropic curvature in hypocotyls. Values are the means ± SE (n = 14–15). WT, wild type. 






Figure 2. Gravitropic curvature in hypocotyls. Values are the means ± SE (n = 14–15). WT, wild type.



[image: Life 12 01603 g002]







[image: Life 12 01603 g003 550] 





Figure 3. The length and width of epidermal cell files from the tip (cell 1) to the base (cell 17). Values are the means ± SE (n = 20). WT, wild type. * Mean value was significantly different between 1 g and 300 g (Student’s t-test: p < 0.05). 
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Figure 4. The orientation of cortical microtubules in epidermal cells of hypocotyls. WT, wild type. L, longitudinal (0–20°). O, oblique (20–70°). T, transverse (70–90°). R, random. n = 147–202. 
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Figure 5. Cell wall extensibility and the breaking load of hypocotyls. Values are the means ± SE (n = 20). WT, wild type. * Mean value was significantly different between 1 g and 300 g (Student’s t-test: p < 0.05). 
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Figure 6. Amounts of cell wall polysaccharides per unit length of the hypocotyl. Values are the means ± SE (n = 4). WT, wild type. * Mean value was significantly different between 1 g and 300 g (Student’s t-test: p < 0.05). 
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