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Characterization of the nuclear envelope mechanotransduction in Arabidopsis : from supracellular stress to chromatin remodeling

Rituparna

In Brief

Goswami et al. unravel the nuclear response to hyperosmotic stress in plants. Nuclear shrinking and stiffening correlate with high expression levels of touch response genes. The functional analysis of the GIP/MZT1 proteins reveals a role of nuclear envelope factors in this response and may help us to better understand how plants resist drought.

INTRODUCTION

All living organisms are able to sense and respond to mechanical forces during their development [START_REF] Thompson | On Growth and Form[END_REF]. Typically, in animal cells, mechanical stress affects the cytoskeleton at the cell cortex [START_REF] Discher | Tissue cells feel and respond to the stiffness of their substrate[END_REF]. Mechanical stress also has intracellular effects on nuclear shape and stiffness [START_REF] Irianto | Osmotic challenge drives rapid and reversible chromatin condensation in chondrocytes[END_REF][START_REF] Lovett | Modulation of nuclear shape by substrate rigidity[END_REF], and this may ultimately impact 3D chromatin organization and gene expression [START_REF] Uhler | Regulation of genome organization and gene expression by nuclear mechanotransduction[END_REF][START_REF] Miroshnikova | Emerging roles of mechanical forces in chromatin regulation[END_REF][START_REF] Cho | Mechanosensing by the nucleus: from pathways to scaling relationships[END_REF][START_REF] Maharana | Chromosome intermingling-the physical basis of chromosome organization in differentiated cells[END_REF]. This either implies propagation of mechanical signals through the nucleus via biochemical cascades, or more directly through the linker of nucleoskeleton and cytoskeleton (LINC) complexes at the nuclear envelope [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF][START_REF] Alam | The mammalian LINC complex regulates genome transcriptional responses to substrate rigidity[END_REF][START_REF] Mammoto | Mechanosensitive mechanisms in transcriptional regulation[END_REF]. Thus, the stress born by the cytoskeleton can be transmitted to the nucleoskeleton, composed of lamins, and to chromatin [START_REF] Poh | Dynamic force-induced direct dissociation of protein complexes in a nuclear body in living cells[END_REF][START_REF] Tajik | Transcription upregulation via force-induced direct stretching of chromatin[END_REF][START_REF] Hampoelz | Microtubule-induced nuclear envelope fluctuations control chromatin dynamics in Drosophila embryos[END_REF]. Changes in tension levels at the nuclear envelope can also impact the entry of transcription factors [START_REF] Elosegui-Artola | Force triggers YAP nuclear entry by regulating transport across nuclear pores[END_REF]. Yet the interplay between nuclear shape and stiffness, and its contribution to nuclear function, are still not fully understood in animals [START_REF] Kirby | Emerging views of the nucleus as a cellular mechanosensor[END_REF][START_REF] Stephens | Physicochemical mechanotransduction alters nuclear shape and mechanics via heterochromatin formation[END_REF][START_REF] Alisafaei | Regulation of nuclear architecture, mechanics, and nucleocytoplasmic shuttling of epigenetic factors by cell geometric constraints[END_REF] and are completely unknown in plants.

Mechanical stress can be induced by changing osmotic conditions, through modification of the internal hydrostatic pressure that affects the cell cortex [START_REF] Durand-Smet | Estimation of turgor pressure through comparison between single plant cell and pressurized shell mechanics[END_REF]. Thus, the role of membrane tension in cell polarity can be revealed by modifying the osmolarity of the medium in which single cells in culture are kept [START_REF] Asnacios | The mechanics behind cell polarity[END_REF]. Hyperosmotic stress was also shown to shrink the nucleus through an uneven distribution of macromolecules between cytoplasm and nucleoplasm [START_REF] Finan | The effects of osmotic stress on the structure and function of the cell nucleus[END_REF] and to affect gene expression by modifying chromatin compaction [START_REF] Irianto | Osmotic challenge drives rapid and reversible chromatin condensation in chondrocytes[END_REF]. Under natural conditions, high salinity and drought are the most frequent causes of osmotic stress in plants [START_REF] Xiong | Cell signaling during cold, drought, and salt stress[END_REF]. Osmotic stress leads to changes in chromatin remodeling and gene expression to protect the cell [START_REF] Kim | Chromatin changes in response to drought, salinity, heat, and cold stresses in plants[END_REF][START_REF] Kreps | Transcriptome changes for Arabidopsis in response to salt, osmotic, and cold stress[END_REF][START_REF] Zeller | Stress-induced changes in the Arabidopsis thaliana transcriptome analyzed using whole-genome tiling arrays[END_REF].

As in animals, gene expression in plants is in part under mechanical control. For instance, the expression of 2.5% of the genome is significantly affected by a gentle touch in Arabidopsis [START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF][START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF]. Furthermore, the expression of the transcription factor PtaZFP2 linearly correlates with stem bending in poplar [START_REF] Coutand | Mechanosensing of stem bending and its interspecific variability in five neotropical rainforest species[END_REF], and the expression level of the homeodomain master regulator SHOOT MERISTEMLESS scales to tissue folding and can be induced by mechanical perturbation during organogenesis at the shoot apical meristem [START_REF] Landrein | Mechanical stress contributes to the expression of the STM homeobox gene in Arabidopsis shoot meristems[END_REF]. Yet whether osmotic conditions affect nuclear mechanics and shape and whether gene expression relates to such modifications is unknown.

Variation in nuclear shape is observed in mutants impaired in LINC components or in plant-specific proteins found at the nuclear envelope. Among them are the plant lamin-like proteins (KAKU4, NEAP, and CRWN1-4) [START_REF] Goto | The novel nuclear envelope protein KAKU4 modulates nuclear morphology in Arabidopsis[END_REF][START_REF] Pawar | A novel family of plant nuclear envelope-associated proteins[END_REF][START_REF] Wang | Arabidopsis CROWDED NUCLEI (CRWN) proteins are required for nuclear size control and heterochromatin organization[END_REF][START_REF] Dittmer | LITTLE NUCLEI genes affecting nuclear morphology in Arabidopsis thaliana[END_REF], as well as the human MZT1 homologs, gamma-tubulin complex protein 3 (GCP3) interacting proteins (GIPs) 1 and 2 [START_REF] Batzenschlager | The GIP gamma-tubulin complex-associated proteins are involved in nuclear architecture in Arabidopsis thaliana[END_REF]. GIP1 and GIP2 are associated with the microtubule nucleation complexes via the GCP3 [START_REF] Janski | Identification of a novel small Arabidopsis protein interacting with gamma-tubulin complex protein 3[END_REF][START_REF] Janski | The GCP3-interacting proteins GIP1 and GIP2 are required for g-tubulin complex protein localization, spindle integrity, and chromosomal stability[END_REF]. They are also found to be associated with centromeric chromatin [START_REF] Batzenschlager | The GIP gamma-tubulin complex-associated proteins are involved in nuclear architecture in Arabidopsis thaliana[END_REF][START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF] (see Figure 2A). Here, we explore the relation between nuclear stiffness and morphology in the multicellular context of the Arabidopsis root tip. Combining hyperosmotic stress, gip1gip2 mutations, nuclear shape, and micro-rheometric measurements, as well as RNA sequencing (RNA-seq) analysis, we show that nuclear stiffness and touch gene expression scale with the osmotic environment of the cell. In addition, we show that plants defective in GIP proteins exhibit this response constitutively, correlating with an increased ability of the plant to resist hyperosmotic stress.

RESULTS

Hyperosmotic Stress Decreases Nuclear Circularity and Size in Root Tip Cells

Building on results obtained in animal cells where osmotic stress affects nuclear shape [START_REF] Finan | The effects of osmotic stress on the structure and function of the cell nucleus[END_REF], we tested the nuclear response to hyperosmotic stress in Arabidopsis root tips. Nine-day-old Arabidopsis seedlings expressing the nuclear envelope SUN1-GFP marker [START_REF] Graumann | Characterization of SUN-domain proteins at the higher plant nuclear envelope[END_REF] were exposed to 0.3 M mannitol for 16 h (Figure 1). Nuclear shape was analyzed by confocal microscopy, focusing on the central part of the root meristem and the external layers of the root (epidermis and cortex; see white frames in Figures 1A and1B).

Whereas most nuclei displayed round shapes in untreated seedlings, the treated nuclei exhibited irregular shapes and reduced size (Figures 1A and1B). Nuclear circularity was equal to 0.936 ± 0.001 in control seedlings (n = 99) and 0.854 ± 0.008 in treated seedlings (n = 98), which is significantly different from the control (p = 3.23eÀ16; Figure 1C). Nuclear area reached 75% of its initial area, from 41.1 ± 0.8 mm2 in untreated seedlings to 32.1 ± 1.0 mm 2 in treaded seedlings (p = 1.63eÀ11; Figure 1E). Similar findings were observed when considering the 3D nature of the nuclei (see Method Details): nuclear sphericity decreased from 0.59 ± 0.01 in control plants (n = 20) to 0.53 ± 0.01 in treated plants (n = 20; p = 0.0006; Figure 1D) and, upon hyper-osmotic stress, nuclear volume reached 71% of its initial volume (n = 20; p = 0.0001; Figure 1F). As the trends in 2D and 3D are comparable, and because 3D measurements are more difficult to extract in our confocal microscopy setup, we mainly focused our analysis on 2D measurements in the following experiments. (C-F) Quantification of various nuclear parameters in 2D and 3D dimensions. Measurements were performed in the region delineated by the white frame in (A) and (B). In 2D, nuclear circularity (C) and nuclear area (E) were evaluated on control (n = 99) and treated (n = 98) plants. The p values after Student's t test are 3.23eÀ16 and 2.12eÀ11, indicating significant differences between the data; ***p < 0.001. In 3D, nuclear sphericity (D) and volume (F) were evaluated on control and treated plants (n = 20). The p values after Student's t test are 0.0006 and 0.00012, respectively, indicating significant differences between the data; ***p < 0.001. (G and H) Differential effects of osmotic stress on cell and nuclear volumes.

Cell volume (G) and nuclear/cell volume ratio (H) were also evaluated on the same samples used for 3D measurements. The p values after Student's t test are 0.193 and 0.0001, indicating non-significant differences in changes in cell volume between control and treated samples but a significant change in nuclear/cell volume (***p < 0.001) related to main change of nuclear volume in response to hyperosmotic stress. See also Figure S1.

Interestingly, under lower osmotic stress conditions, i.e., 0.15 M mannitol, no nuclear deformation could be detected in root meristems, indicating the presence of a threshold in the response (n control = 54; n treated = 68; p = 0.16 and 0.17 for nuclear circularity and area, respectively; Figures S1A-S1D). To confirm that the response is not mannitol specific, we also tested another osmolyte. A 0.15 M NaCl treatment, similar in osmolarity to 0.3 M mannitol, induced a decrease in nuclear circularity and area comparable to that observed with 0.3 M mannitol (circularity of 0.84 ± 0.01 and area of 32.0 ± 1.8 mm 2 after treatment; n control = 91; n treated = 51; p = 1.98eÀ8 and 0.0043, respectively; Figures S1E-S1H).

In order to see whether changes in nuclear geometry could reflect changes in cell shape [START_REF] Versaevel | Spatial coordination between cell and nuclear shape within micropatterned endothelial cells[END_REF], we analyzed cytoplasmic detachment from the cell wall in our root meristem under hyperosmotic stress (0.3 M mannitol). This effect was mild, and the overall cell shape was not modified (Figures S1I-S1K; see white arrows in Figures S1J andS1K). As the impact on the nucleus is in contrast severe, the nucleocytoplasmic volume ratio decreased significantly from 0.25 ± 0.01 to 0.19 ± 0.01 (n = 20; p = 0.0022), although the cell volume remained unchanged (p = 0.19; Figures 1G and1H). Altogether, this demonstrates that hyperosmotic shock in root meristems decreases nuclear circularity and area without significantly changing cell volume.

Nuclear Shape Defects in gip1gip2 Mimic Hyperosmotic Stress

The gip1gip2 knocked down mutant is impaired in the recruitment of microtubule nucleation complexes and centromeric chromatin architecture, leading to ploidy defects [START_REF] Janski | The GCP3-interacting proteins GIP1 and GIP2 are required for g-tubulin complex protein localization, spindle integrity, and chromosomal stability[END_REF][START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF] (Figure 2A). The mutant also exhibits severe developmental defects. Root growth is altered and is variable from mild to strong phenotype (Figure S2A). As previously shown, root meristem nuclei from gip1gip2 SUN1-GFP seedlings exhibit shape defects [START_REF] Batzenschlager | The GIP gamma-tubulin complex-associated proteins are involved in nuclear architecture in Arabidopsis thaliana[END_REF] (Figure 2B) that resemble that of wild-type (WT) nuclei under hyperosmotic stress (Figure 1B). To go beyond this qualitative comparison, we characterized the nuclear shape of the mutant. Nuclear circularity in gip1gip2 was equal to 0.78 ± 0.01 (n = 74; Figure 2D), which was significantly lower than the untreated WT (0.936 ± 0.001; n = 99; p = 2.19eÀ26; see Figure 1C). However, nuclear area was increased in gip1gip2 and reached 63.8 ± 3.5 mm 2 on average (n = 74; Figure 2E) to compare to 41.1 ± 0.8 mm 2 in untreated WT (n = 99; p = 9.79eÀ12; see Figure 1D). Increased average nuclear area may relate to increased ploidy levels in the mutant [START_REF] Janski | The GCP3-interacting proteins GIP1 and GIP2 are required for g-tubulin complex protein localization, spindle integrity, and chromosomal stability[END_REF][START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF]. In order to compare nuclear area between WT and mutant independently of ploidy, we analyzed 2C flow-sorted root nuclei. The 2C WT and 2C gip1gip2 nuclei exhibited an area of 31.1 ± 2.1 mm 2 and 21.4 ± 1.8 mm 2 , respectively. Thus, 2C gip1gip2 nuclei exhibit significantly smaller nuclei when compared with 2C WT nuclei (n 2C WT = 18 and n 2C gip1gip2 = 19; p = 0.0014; Figure S2F). This demonstrates that gip1gip2 has more compact nuclei than the WT nuclei. This confirms that gip1gip2 nuclei fully mimic WT nuclei under hyperosmotic stress, at least from a geometric standpoint.

Next, we investigated whether hyperosmotic stress could aggravate the gip1gip2 phenotype. To do so, we treated gip1-gip2 seedlings with 0.3 M mannitol, as shown above for the WT. In such conditions, no more deformation was observed in gip1gip2 nuclei (Figures 2B and2C): nuclear circularity (0.74 ± 0.02; n = 45) and nuclear area (62.8 ± 5.5 mm 2 ; n = 45) were not significantly different from the untreated gip1gip2 control (0.78 ± 0.01 and 63.8 ± 3.5 mm 2 , respectively; n = 74; p = 0.118 and 0.875, respectively; Figures 2D and2E). Note that we reached the same conclusions when analyzing gip1gip2 seedlings with milder phenotypes (Figures S2B-S2E). Altogether, these results suggest that gip1gip2 may constitutively activate a hyperosmotic-like response.

gip1gip2 Mutants Resist High Hyperosmotic Stress If the gip1gip2 mutant nuclei already exhibit a hyperosmotic-like response, this may also prime the plant to resist to hyperosmotic conditions. In order to test that hypothesis, we analyzed the mutant phenotype upon 0.4 M and 0.6 M mannitol treatment. In these severe hyperosmotic conditions, widespread cell death occurred in WT root meristems (Figures 3A and3B). In contrast, most of the gip1gip2 root tip cells from seedlings, exhibiting a mild phenotype, survived the treatment (Figures 3A and3B).

In the surviving WT cells, nuclei were strongly deformed upon treatment with 0.4 and 0.6 M mannitol, when compared with iso-osmotic control, showing nuclear circularity of 0.81 ± 0.01 and 0.84 ± 0.01, respectively, compared with 0.85 ± 0.01 in control, and nuclear area of 31.9 ± 1.4 and 28.6 ± 1.1 mm 2 , respectively, compared with 43.7 ± 1.7 in control (n control = 38; n 0.4 M = 39; n 0.6 M = 41; p values for control versus 0.4 M and control versus 0.6 M are 2.903eÀ9 and 1.51eÀ6 and 1.60eÀ10 and 3.58eÀ10 for nuclear circularity and area, respectively; Figures 3C and3D). Furthermore, when compared with 0.3 M mannitol (nuclear circularity = 0.85 ± 0.01 and nuclear area = 32.1 ± 1.0 mm 2 ) (Figures 1C and1E), nuclear circularity was even more reduced at 0.4 M mannitol (p = 0.038), and the nuclear area was lower at 0.6 M mannitol (p = 0.019). No significant differences were observed between 0.4 M and 0.6 M mannitol (p = 0.094 and 0.075, respectively, for nuclear circularity and area; Figures 3C and3D). This indicates a threshold in the response to hyperosmotic stress for the WT. In contrast, the gip1gip2 nuclear shapes remained unchanged in these harsher osmotic conditions (n control = 58; n 0.4 M = 22; n 0.6 M = 43; p values, control versus 0.4 M and control versus 0.6 M, are 0.33 and 0.61 and 0.99 and 0.53 for nuclear circularity and area, respectively; Figures 3E and3F). This suggests that a maximum of nuclei deformation exists in the WT and that gip1gip2 already reaches it in control conditions.

To test how the gip1gip2 mutant root grows in such harsh osmotic conditions, we analyzed the impact of such conditions on root length in the WT and mutant. Nine-day-old seedlings were grown in normal conditions and then transferred on 0.4 M and 0.6 M mannitol for 2 days. In the WT, final root length was decreased by a factor 5 after transfer to 0.4 M (n = 13; p = 3.8eÀ7) and by a factor 18 after transfer to 0.6 M mannitol (n = 12; p = 3.54eÀ5; Figure 3G). Although we also saw an impact on root length in gip1gip2, this was much milder: final gip1gip2 root length was decreased by a factor 2 after transfer to 0.4 M (n = 10; p = 0.0029) and by a factor 4.4 after transfer to 0.6 M mannitol (n = 13; p = 1.74eÀ6; Figures 3G andS3A). Note that the gip1gip2 mutant also seemed to resist to such harsh conditions even in the long term: after 15 days in harsh osmotic conditions, the gip1gip2 exhibited reduced leaf senescence when compared with the WT (n = 14; Figures 3H and3I).

Next, we measured root growth for 5 days in our standard hyperosmotic conditions (0.3 M mannitol) using WT as well as mild and severe gip1gip2 mutants. As expected, in these conditions, root growth was dramatically reduced in the WT (Figure 3J; n control = 6; n treated = 7; p < 0.01). In contrast, compared with the untreated control, root growth was only slightly affected in the mild gip1gip2 mutants (n control = 7; n treated = 6; 0.05 < p < 0.01; Figures 3I andS3B) and unchanged in the severe gip1gip2 mutants (n control = 6; n treated = 7; p > 0.05; Figures 3J andS3B).

Altogether, we identify three nuclear responses to hyperosmotic stress in the WT: up to 0.15 M mannitol, nuclear shape is (C and D) Quantification of nuclear parameters, the circularity (C) and the area (D) of the nuclei, was evaluated in WT in both mannitol treatments compared with control (n control = 38, n 0.4 M = 39, and n 0.6 M = 41). Between control/0.4 M and control/0.6 M, p values (Student's t test) are 2.903eÀ9 and 1.515eÀ6 and 1.604eÀ10 and 3.581eÀ10, respectively, for each parameter, indicating a significant change between control and severe hyperosmotic conditions (***p < 0.001). No significant change (n.s.) was observed between nuclear parameters at 0.4 M and 0.6 M mannitol with p values of 0.094 and 0.075 for nuclear circularity area, respectively. (E and F) Quantification of nuclear circularity (E) and area (F) of the nuclei in mild gip1gip2 in both mannitol treatments compared with control (n control = 57; n 0.4 M = 22; n 0.6 M = 43). Using Student's t test, no significant changes (n.s.) were observed between control/0.4 M or control/0.6 M with p values of 0.329 and 0.614 and 0.989 and 0.534 for nuclear circularity and area, respectively, or between 0.4 M and 0.6 M conditions with p values of 0.195 and 0.617, respectively. (G-I) Mild gip1gip2 phenotype compared with WT using 9-day-old seedlings transferred for 2 days on 0.4 M and 0.6 M mannitol as well as on control media. (G) Main root growth was evaluated through the measurement of root length on growth control conditions (n WT = 12; n gip1gip2 = 10), 0.4 M mannitol (n WT = 13; n gip1gip2 = 10), and 0.6 M mannitol (n WT = 12; n gip1gip2 = 13). Using Mann Whitney test, different letters above the error bars indicate significant differences at p < 0.01. Three individual experiments were repeated. (H and I) Leaf senescence phenotype in WT and gip1gip2 seedlings maintained on 0.4 M (H) and 0.6 M mannitol (I) for 15 days. Representative images are presented; on each figure, the left panel presents magnification of WT and gip1gip2 leaf rosettes, respectively. Scale bars, 0.2 cm. (J-L) Mild (K) and strong (L) gip1gip2 phenotypes compared with WT (J) using 9 day-old seedlings transferred to 0.3 M mannitol for 5 days. Every day, main root length was measured on control media: WT (n = 6), mild gip1gip2 (n = 7), and strong gip1gip2 (n = 6) and on 0.3 M mannitol: WT (n = 7), mild gip1gip2 (n = 6), and strong gip1gip2 (n = 7). Using Mann Whitney test, differences between control and treated samples were evaluated for each time point, for WT (**p < 0.01), mild (*p > 0.05; **p < 0.01), and strong gip1gip2 phenotypes (p > 0.05, n.s.). See also Figure S3. stable; at 0.3 M mannitol, nuclei shrink and become more circumvoluted; and above 0.3 M mannitol, nuclei are even more deformed and cells die, consistent with growth defects under such harsh hyperosmotic conditions. Because the gip1gip2 mutant nuclei are already more compact than the WT, this may also prime the mutant to resist hyperosmotic stress.

Nuclear Deformation upon Hyperosmotic Stress or with Defective GIPs Correlates with Nuclear Stiffening

In theory, wavy nuclear envelope could result from cytoplasmic forces acting on a soft nucleus (in which case the cytoskeleton would shape the nucleus upon hyperosmotic stress) or from nuclear factors shaping and stiffening the nucleus (in which case, the nucleoskeleton and/or chromatin would shape the nucleus upon hyperosmotic stress). To discriminate between these two scenarios, we isolated nuclei from root meristems and checked their shape. Although extracted nuclei appeared smaller than nuclei in tissues, shape defects were still maintained in WT extracted nuclei upon mannitol treatment (n control WT = 33; n treated WT = 57; p = 2.7 eÀ9 and 0.0079 for nuclear circularity and area, respectively; Figures S4A, S4B, S4E, and S4F). No significant difference in area or circularity was observed in extracted gip1gip2 nuclei after mannitol treatment (n control gip1gip2 = 34; n treated gip1gip2 = 53; p = 0.94 and 0.083 for nuclear circularity and area, respectively; Figures S4C, S4D, S4G, and S4H). This suggests that the impact of hyperosmotic stress on nuclear shape mainly depends on the nucleus itself.

This prompted us to test the intrinsic physical properties of the nucleus. To do so, we measured the stiffness of isolated nuclei from untreated and treated WT root tips. First, we adapted a micro-rheometry approach, initially developed to measure whole-cell stiffness [START_REF] Desprat | Creep function of a single living cell[END_REF][START_REF] Durand-Smet | A comparative mechanical analysis of plant and animal cells reveals convergence across kingdoms[END_REF]: the nucleus is compressed between two microplates, one flexible and the other one more rigid; the stiffness of the sample is deduced from the deflection of the flexible microplate, the stiffness of which is calibrated (Figures 4A-4C; see Method Details). Root meristematic nuclei were isolated from 9-day-old untreated or treated seedlings using a fluorescence-activated cell sorting (FACS)-based protocol and they were then resuspended in Murashige and Skoog (MS) medium with or without mannitol (as in whole plant treatments; see Method Details). Note that nuclear envelope integrity was confirmed by the presence of SUN1-GFP and microtubules (Figures S4I and S4J). WT nuclei, that were resuspended in control medium, exhibited an elastic modulus of 0.39 ± 0.07 kPa (n = 17; Figure 4D; Video S1). In contrast, WT nuclei, that were resuspended in hyperosmotic conditions, were about 10 times stiffer (4.15 ± 1.78 kPa; n = 11; p = 0.0029; Figure 4D; Video S2). This shows that reduced nuclear circularity and area upon hyperosmotic stress correlates with increased nuclear stiffness. If true, this should apply to gip1gip2 nuclei too. Consistently, we found that gip1gip2 mutant nuclei were also stiffer than WT nuclei (2.88 ± 1.38 kPa; n = 17; p = 0.0001; Figure 4D) and with a stiffness value comparable to that of mannitol-treated WT nuclei (p = 0.643; Figure 4D). Therefore, it seems that not only gip1gip2 mutants mimic the effect of hyperosmotic stress observed on WT nuclear shape, but they also mimic its impact on nuclear stiffness.

To validate these results in planta, we used atomic force microscopy (AFM). A sharp tip is attached on a flexible cantilever, which stiffness is calibrated. The deformation of the cantilever as it contacts the sample is monitored via a laser beam reflecting from the top surface of the cantilever into a photodetector. This provides force-displacement curves from which the mechanical properties of the sample can be derived ( Figures 4E, S4L, andS4M). Nuclei from WT and gip1gip2 root meristems from 9-day-old seedlings were analyzed after in situ cell wall digestion and meristem squashing (Figures 4F and4H). The cantilever was applied on the nuclei in planta on poly-L-lysinecoated Petri dishes (Figures 4F and4H). After acquiring matrix forces curves (Figures 4G and4H, inset, and S4L and S4M), topography and rigidity maps were obtained using the Peak-Force QNM (quantitative nanomechanical mapping) mode (Fig- ures 4G and4I). Note that we found no significant difference in the elastic modulus of the WT nuclei by AFM, whether nuclei were isolated with FACS buffer or measured on squashed root tips (Figure S4K), thus validating our comparative approach. Although absolute values were higher than in micro-rheometry, our AFM measurements confirmed the trend: nuclei from untreated WT root tips exhibited an elastic modulus of 37.4 ± 3.6 kPa (n = 13), whereas gip1gip2 mutant nuclei were much stiffer, at 89.0 ± 8.3 kPa (Figure 4J; n = 14; p = 0.0018). Thus, gip1gip2 nuclei are significantly stiffer than those of the WT, whether nuclear stiffness is measured by micro-rheometry or AFM.

Altogether, we show that hyperosmotic stress leads to increased nuclear stiffness, which correlates with decreased nucleus size and area. This trend is mimicked in gip1gip2 mutants. Because nuclear shape and stiffness can affect gene expression, we next checked whether hyperosmotic stress and gip1-gip2 mutation also have consistent effects on the transcriptome.

Hyperosmotic Stress and gip1gip2 Mutation Induce Overlapping Transcriptional Stress Responses

First, we analyzed gene expression in gip1gip2 mutants using total RNA sequencing and qRT-PCR. We used gip1gip2 mutant populations from 9-day-old seedlings, with either mild or strong phenotypes (Figure S2A). Using a next-generation sequencing (NGS) approach (Illumina), we analyzed 125-bp reads. Principal-component analysis (PCA) revealed three different groups matching plant phenotypes (DESeq2 package). This approach generated a list of the shared most upregulated genes in mild and severe gip1gip2, when compared with WT (Figure S5A). A list of differentially expressed genes was then selected with Z score calculations using Benjamini-Hochberg corrections of 0.05 for false discovery rate (FDR). The gip1gip2 mutant displayed major deviations from the WT in stress response genes, as annotated through their Gene Ontology (Table S1). In particular, the gip1gip2 transcriptome shared 57% of the transcripts identified in the transcriptome of touched plants [START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF], with a statistical significance of the overlap (representation factor R = 7.8 with a probability p < 4.661eÀ231 using hypergeometric test; Figure 5A).

Conversely, a significant overlap with the transcriptome of gip1gip2 was obtained when considering WT seedlings treated with high concentration of mannitol (21.4% of overlapping transcripts) or high concentration of sodium chloride (28.6% of overlapping transcripts; Figures S5B andS5C; R = 3.9 and 2.9, respectively, and an exact hypergeometric probability p < 2.904eÀ118) [START_REF] Sewelam | A step towards understanding plant responses to multiple environmental stresses: a genome-wide study[END_REF].

Among the most upregulated touch response genes (76 genes), 60 were also upregulated in gip1gip2. To check whether this response is specific to GIP, we analyzed the expression of these genes in the transcriptomic data of another nuclear envelope mutant, cpr5. This nucleoporin mutant exhibits major defects in nuclear shape and plant development [START_REF] Gu | Nuclear pore permeabilization is a convergent signaling event in effectortriggered immunity[END_REF]. Yet, although 23.6% of the transcriptome of cpr5 overlapped with that of gip1gip2 (Figure S5D; R = 3.2 with p < 9.70eÀ57, using hypergeometric test), only 7 genes were found to overlap with the most upregulated touch response genes. This suggests that the GIP-dependent nuclear deformation and gene expression profile exhibit some degree of specificity, with a more prominent link to mechanical stress.

Elastic modulus (kPa) Elastic modulus (kPa)

Elastic modulus (KPa) Elastic modulus (KPa) Then, we focused our analysis on a subset of 18 touch response genes, based on their established induction in response to mechanical perturbations [START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF][START_REF] Ghosh | Exposure to sound vibrations lead to transcriptomic, proteomic and hormonal changes in Arabidopsis[END_REF], such as the TOUCH gene family (Figure S5E). First, we validated the expression of the selected 18 genes using qRT-PCR (Figure 5B). qRT-PCR was performed on 9-day-old gip1gip2 and WT seedlings using specific primers for the 18 selected genes (Table S2). As expected, we found significantly increased transcript levels in gip1gip2 for these 18 genes. The induction was also stronger in the severe gip1gip2 mutant than in the mild one (Figure S5E). More specifically, mechanosensitive genes, such as TCH2, TCH3, TCH4, WRKY33, WRKY40, CPK28, CPK32, calcium-binding EF-hand gene, AT1G76600, DREB26, NHL3, and HSPRO2, displayed 3-to 16-fold higher transcript levels in gip1gip2, when compared with WT (Figure 5B). The transcript levels of genes encoding the salt tolerance zinc fingers, the transcription factors WRKY18, WRKY40, Myb44, and SZF1, as well as the cytochrome CYP81D8 and the AAA-type ATPase family member were even more increased, from 20up to 120-fold in gip1gip2 compared to WT (Figure 5B). Interestingly, none of these 18 genes were found upregulated in cpr5 (Figure S5E, 18 genes with TAIR_ID database).
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To check whether similar transcript level changes were observed upon hyperosmotic stress, we performed similar analyses on the 0.3 M mannitol-treated seedlings compared with control plants. Under hyperosmotic stress, 9-day-old seedlings exhibited a response comparable to that of gip1gip2, albeit to a lower extent with mRNA levels changing from 2.4-to 53fold (Figure 6A). Note that similar results were also obtained when analyzing the mRNA levels in roots only, allowing us to formally correlate nuclear deformation and transcriptional response under hyperosmotic stress in root meristematic nuclei (Figure S6A).

As we observed that 0.15 M mannitol is not sufficient to induce a detectable change in nuclear shape, we also analyzed gene expression in these milder conditions. As expected, under such low stress conditions (0.15 M mannitol), no significant induction could be observed for the selected genes (i.e., below a 2-fold induction; Figure S6D). This further correlates changes in nuclear shape with gene expression, including the threshold in the cellular response to hyperosmotic stress.

Last, we found that most of the mechanosensitive genes were induced in the gip1gip2 mutant upon a 0.3 M mannitol treatment, albeit to a lesser extent when compared with WT, upto 4.3-fold change in mRNA level (Figure S6C), consistent with the observation that gip1gip2 already exhibits a close to maximal nuclear shape deformation before mannitol treatment.

Transcriptional Nuclear Responses to Hyperosmotic Stress Are Reversible

If the impact of hyperosmotic stress on transcriptome is associated with nuclear mechanics, it should be reversible. To test this hypothesis, we exposed 9-day-old seedlings to hyperosmotic stress for 16 h and then transferred them back to normal medium for 7 h. As a control, 9-day-old seedlings were exposed to normal medium for 16 h and then transferred to fresh normal medium for an additional 7 h. We then analyzed the expression of the 18 selected genes listed above using RNA extracted from whole seedlings. Upon recovery, none of genes exhibited a significant induction (i.e., below a 2-fold change induction), when compared with the untreated control (Figure 6B). Similar results were observed when using RNA extracted from roots (Figure S6B). The reversibility in expression is consistent with the idea that the induction of these genes relates to hyperosmotic stress. In order to correlate changes of gene expression upon recovery to changes in nuclear morphology, we also analyzed nuclear shape upon release of hyperosmotic stress. After a 0.3 M mannitol treatment, root meristematic nuclei exhibited a deformed shape as previously shown, when compared with non-treated plants (Figures 7A and7B). Although nuclear shape remained unchanged after the additional 7 h in the control medium (Figure 7C), the deformed nuclei observed in treated plants retrieved their original shape upon their transfer to control medium for 7 h (Figure 7D). No statistical differences in nuclear circularity and area could be detected between treated and (B) Relative transcript levels of 18 touch-induced genes (Figure S5E) in gip1gip2 compared with WT. qRT-PCR was performed on RNA isolated from 9-day-old seedlings using specific primers, with 3 technical replicates and 3 biological replicates. SDs are indicated. See also Figure S5 and Tables S1 andS2.

untreated plants upon recovery (n control = 70; n treated = 61; p = 0.74 and 0.56, respectively; Figures 7E and7F).

Nuclear Stiffening upon Hyperosmotic Stress Is Reversible

To link these changes to mechanical properties of the nucleus, we performed measurements of nuclear stiffness on WT nuclei after mannitol treatment and upon recovery. Using both microrheometry and AFM, we found that mannitol-treated nuclei indeed become softer when the osmolarity of the medium is decreased. In the end, mannitol-treated-then-rescued nuclei exhibited an apparent elastic modulus that was comparable to that of the untreated iso-osmotic control (in AFM, p values control versus recovery = 0.46; in micro-rheometry, p values control versus recovery = 0.778; Figures 7G and7H). Interestingly, DAPI staining of the nuclei under micro-rheometry measurements revealed changes in the organization of the bright DAPI-stained chromocenters associated with pericentromeric heterochromatin located at the nuclear periphery [START_REF] Fransz | Interphase chromosomes in Arabidopsis are organized as well defined chromocenters from which euchromatin loops emanate[END_REF].

Although in control and recovery nuclei (Figures S7A andS7D), the chromocenters were scattered as bright DAPI signals at the nuclear periphery, they appeared more clustered in the mannitol-treated nuclei (Figure S7C). Conversely, when we treated the seedlings with hypo-osmotic stress (16 h water incubation), the chromocenters were more diffuse in isolated nuclei while the size of the nuclei was increasing (n control = 45; n treated = 32; p = 9.06eÀ8; Figures S7B andS7H). Such nuclei seemed very soft and fragile. However, we could not quantitatively assess this trend: only very few nuclei could be handled for micro-rheometry measurements (n = 5), providing no statistically significant bias (p = 0.265; Figure 7H). We believe that we could only measure the stiffer nuclei, because the softer ones were probably, in essence, too weak mechanically to be micro-manipulated. Consistent with this hypothesis, the nuclei that we could mechanically test were indeed significantly smaller (mean area 27.6 ± 8 mm 2 ) than those that we could not handle (n = 8; mean area 63.4 ± 10 mm 2 , with a p value of 0.047). Analysis of the relative mRNA levels of selected touch-induced genes in 9-day-old seedlings in presence of 0.3 M mannitol during 16 h (A) and after 7 h of recovery (B) on normal growth medium compared with control (no treatment). qRT-PCR was performed using RNA extracted from 9-day-old seedlings and specific primers, with 3 technical replicates and 3 biological replicates. SDs are indicated. See also Figure S6 and Table S2.

Current Biology 30, 1-13, June 8, 2020 9 The discrepancy in DAPI staining was also observed at the tissue level when analyzing nuclei in the root tips of WT, mannitol, or water-treated seedlings (Figures S7E-S7G). However, we could not detect a significant increase of the nuclear area in root meristems of seedlings treated with water compared with control plants (n control = 164; n treated = 174; p = 0.4; Figure S7I). In addition, there was no clear changes in circularity (p = 0.12; Figure S7J), suggesting that the multicellular environment may prevent such hypo-osmotic environment to exist in vivo. Yet, except for HSPRO2, in such hypo-osmotic conditions, we could observe a strong decrease in the transcript level of touchinduced genes when compared with WT control, between 1.47-and 333-fold change (Figure S7M). However, the response was very limited in gip1gip2 with a fold change between 1.14 and 3.84 (Figure S7N), and no further nuclear deformation was observed as well (Figures S7K andS7L).

Altogether, the reversibility of the nucleus response to hyperosmotic stress further supports a scenario in which nuclear shape and stiffness homeostasis is under control, linked to transcriptional program, and for which the GIP proteins play a major, negative, regulatory role. Conversely, the nuclear response to hypo-osmotic stress leads to nuclear expansion on isolated nuclei and negative regulation of the touch gene expression in planta (Figure 7I).

DISCUSSION

We show that a reduction of both nuclear area (by 20%) and circularity (by 9%), an increase in nuclear stiffness (by a factor of 3 to 10), as well as a significant induction of touch response genes occur in a narrow window of hyperosmotic conditions (above 0.3 M and below 0.4 M mannitol). Importantly, these responses are reversible when returning to iso-osmotic conditions, suggesting a mechanical response of the nucleus. Mechanistically, this behavior may involve GIP/MZT1 proteins because gip1gip2 mimic all the observed responses in a constitutive way. Because the gip1gip2 nuclei are constitutively stiff, we propose that their increased resistance to hyperosmotic stress is in part provided by mechanical shielding through nuclear stiffening (Figure 7I).

Nuclear shape and stiffness may easily be related: nucleoplasm crowding following hyperosmotic stress may reduce nucleus size and increase its internal density and thus its stiffness. Yet the observation that a similar phenotype exists in the gip1gip2 mutant suggests that this response is not only passive but actively regulated by nuclear envelope components, likely through the global spatial reorganization of chromatin. These data in a tissue context echo the role of nuclear mechanics in single cells in animals. Indeed, the structural elements of the nucleus are essential to drive nuclear shape and transcriptional gene regulation [START_REF] Isermann | Nuclear mechanics and mechanotransduction in health and disease[END_REF]. For instance, nucleus stiffness positively scales with matrix stiffness, and this response involves lamin A and is accompanied by transcriptional changes [START_REF] Swift | Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation[END_REF]. Although maintenance of nuclear shape depends in part on the nucleoskeleton and chromatin [START_REF] Alisafaei | Regulation of nuclear architecture, mechanics, and nucleocytoplasmic shuttling of epigenetic factors by cell geometric constraints[END_REF][START_REF] Stephens | Chromatin's physical properties shape the nucleus and its functions[END_REF], these components do not have overlapping roles: lamin A would provide a robust enough structure to resist large nuclear deformation, while chromatin would govern nuclear stiffness in smaller deformations [START_REF] Stephens | Chromatin and lamin A determine two different mechanical response regimes of the cell nucleus[END_REF]. Of note, in line with our results, nuclear deformations in response to hyperosmotic stress were also observed in isolated chondrocytes and were accompanied by chromatin condensation in specific regions within the nucleus [START_REF] Irianto | Osmotic challenge drives rapid and reversible chromatin condensation in chondrocytes[END_REF]. More recently, NaCl-induced hyperosmotic stress was shown to disrupt chromatin organization, with associated transcriptional changes as well [START_REF] Amat | Rapid reversible changes in compartments and local chromatin organization revealed by hyperosmotic shock[END_REF]. The exact relationship between hyperosmotic stress and gene expression remains to be fully characterized in plants. Our analysis introduces the contribution of nuclear shape, stiffness, and nuclear envelope factors in this network.

This work also raises new questions: how could the nuclear envelope control the nuclear response to osmotic conditions? As nuclear pores are too permissive to allow a pressure buildup inside the nucleus, this may likely involve chromatin itself. This proposition is consistent with the reported impaired centromeric chromatin organization in the gip1gip2 [START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF]. Thus, GIP would indirectly control the gel-like properties of chromatin in response to osmotic conditions. Chromatin remodeling can also make nuclei more compact in animal cells [START_REF] Heo | Biophysical regulation of chromatin architecture instills a mechanical memory in mesenchymal stem cells[END_REF], and chromatin can become more compact upon hyperosmotic treatment in plants [START_REF] Wang | Osmotic stress induces phosphorylation of histone H3 at threonine 3 in pericentromeric regions of Arabidopsis thaliana[END_REF]. Therefore, our proposition may also be applicable beyond the plant kingdom. As we also found that a mutant better resists hyperosmotic stress than the WT, our work not only integrates nuclear mechanics in the plant response to drought, it may also open the way for a better understanding of how plants cope with water stress.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: (G) Evaluation of elastic moduli using AFM on nuclei from squashed and lysed root meristem of seedlings treated with mannitol (n = 10) and upon recovery (n = 10) from a mannitol treatment compared with control (n = 7). Using Mann Whitney test, p values are 0.027 between control and mannitol (*), 0.0004 between mannitol and recovery (**), and 0.46 (n.s.) between control and recovery. (H) Evaluation of elastic moduli using micro-rheometry on isolated nuclei from seedlings treated with mannitol (n = 11) and upon recovery (n = 8) compared with control (n = 7) or seedlings treated with water (n = 5) is shown. Using Mann Whitney test, p values are 0.005 between control and mannitol (**), 0.0045 between mannitol and recovery (**), 0.778 (n.s.) between control and recovery, and 0.265 (n.s.) between control and water. (I) Graphical summary of the changes in nuclear shape and mechanics related to osmotic stress and touch gene expression. Implication of GIPs in plant growth sensitivity to hyperosmotic stress is also shown. See also Figure S7.

d KEY RESOURCES

LEAD CONTACT AND MATERIALS AVAILABILITY

All plant lines are available for sharing. Further information for resources and reagents should be forwarded and attended by the Lead Contact, Marie-Edith Chabout e (marie-edith.chaboute@ibmp-cnrs.unistra.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS Plants

Wild-type pSUN1::SUN1-GFP and gip1gip2 SUN1-GFP lines were described previously [START_REF] Batzenschlager | The GIP gamma-tubulin complex-associated proteins are involved in nuclear architecture in Arabidopsis thaliana[END_REF][START_REF] Graumann | Characterization of SUN-domain proteins at the higher plant nuclear envelope[END_REF]. The gip1gip2 mutant (Col-0 x Ws genetic background) [START_REF] Janski | The GCP3-interacting proteins GIP1 and GIP2 are required for g-tubulin complex protein localization, spindle integrity, and chromosomal stability[END_REF] was investigated for transcriptomic analyses, using 2 types of phenotypes i.e., T12 (mild phenotype) and T34 (strong phenotype), as described in Figure S2. WT, i.e., Col-0 x Ws, was used as a control. Seedlings were grown in vitro on 1/2 Murashige and Skoog (MS) medium (SERVA Electrophoresis) in presence of 1% sucrose and 1.2% agar at 20 C under long day conditions (16-h light 70 mmol/m2 per second of fluorescent lighting/8-h dark).

METHOD DETAILS

Osmotic stress conditions for nuclear property analyses For osmotic treatments, sterilized seeds were germinated on ½ MS medium and 9-day-old seedlings were transferred in ½ MS liquid medium containing 0.3 M mannitol for 16h (hyperosmotic stress) or water (hypoosmotic stress). As a control, seedlings were transferred to ½ MS liquid medium.

Plant growth analysis under hyperosmotic stress conditions

Seedlings were grown for 9 days on ½ MS medium and then transferred to medium containing 0.3 M, 0.4 M, or 0.6 M mannitol. Three independent experiments were performed. Pictures of plates were taken before and after treatment either every day after treatment (0.3 M mannitol) or after 2 days of treatment (0.4 and 0.6 M mannitol). Root growth was evaluated using the segmented line measure tool plugin in ImajeJ using a line traced between 2 points.

Propidium iodide and DAPI staining on whole mount roots Root meristem of 9-day-old seedlings were observed using confocal microscopy. Staining with 2mg/mL propidium iodide (Sigma Aldrich) reveals cell wall in viable cells and the nucleus in dead cells. Chromatin staining was performed on SUN1-GFP seedlings by incubating the roots in FACS buffer containing DAPI (2mg/mL) for 10 min and roots were observed immediately afterward.

Nuclei preparation for micro-rheometry analysis

Nuclei were prepared by chopping root tips from 9-day-old seedlings in a Petri dish with a razor blade in 400 ml of ice-cold commercial nuclei isolation buffer containing DAPI (Cystein UV precise P, Sysmex Partec, Germany) and samples were filtered through a 30 mm mesh filters to remove debris. Nuclei were then concentrated in a pellet after a 5 min centrifugation 3000 rpm at 4 C. Pellet was either resuspended in culture medium with or without mannitol and kept on ice before micro-rheometry measurements.

Micro-rheometry measurement of nuclear stiffness

The experimental chamber was filled with medium containing nuclei. One isolated nucleus was captured between two parallel microplates, one rigid, the other flexible with a calibrated stiffness k. The force applied on the nucleus upon compression was given by F = k d, were d is the flexible plate deflection. Measurements were carried out with flexible plates of spring constants 3.1 mN/m and 12.8 mN/m. The contact areas between the plates and the nucleus were estimated by assuming a circular contact. The apparent contact diameters D F and D R (respectively for the flexible and rigid plate) where then measured on bright field images. Then the stress s applied on the nucleus was defined as F/A, where A is the contact area, with A = pD 2 /4. However, since D F and D R had usually different values, leading to two different estimations of the stress value on the flexible and rigid plates, we retained their mean value

s = 8F/p [D F 2 +D R 2 
]. The uniaxial nucleus strain perpendicular to plates was defined as ε = (L-L 0 )/L 0 , where L 0 and L are respectively the nucleus length (distance between the parallel microplates) before and after compression. The nucleus was submitted to increasing compression steps, and the values of ε and s were reported for each step. Stress-strain data s(ε) were then fitted by a linear relationship the slope of which was retained as the value of the apparent elastic modulus of the nucleus, E = s/ε.

AFM -material and analyses

Roots from 9-day old seedlings were put on poly L-lysin plates and cell wall was digested in 100 ml of digestion mix (2.5% pectinase, 2.5% cellulase, 2.5 pectolyase in MTBS buffer as previously described [START_REF] Batzenschlager | Arabidopsis MZT1 homologs GIP1 and GIP2 are essential for centromere architecture[END_REF]. Then root tip was squashed and covered by MTBS buffer to isolate the nuclei (50 mM Pipes, 5 mM EGTA, and 5 mM MgSO4, pH 6.9 in presence of 0.1% Triton X-100). Atomic force microscopy was performed using Bioscope catalyst (Bruker) which was coupled with an optical epifluorescence macroscope (MacroFluo-Leica) equipped with a long distance Mitutoyo 10x air objective lens. The PeakForce Ò QNM (Quantitative Nanomechanical Mapping) mode was used for this study. The selected AFM cantilever had a theoretical spring constant of 0.4N/m and the pyramidal tip had a theoretical curvature radius < 40nm. Before each experiment, the defiection sensitivity of the cantilever was calibrated on Sapphire and its spring constant was also calibrated by thermal tuning. A matrix of force curves was acquired using the following parameters: Images: 100 mm 2 , 128px 2 , PeakForce setpoint = 1-5nN, Force curves: Ramp size = 2-5 mm, applied force = 8-10nN. The quantifications of the elastic modulus based on raw force curves were achieved with the processing software Nanoscope Analysis (Bruker). Briefly, the quantification of the apparent elastic modulus (Ea) was extracted via the application of a theoretical model (Sneddon) for an indentation I < 100 nm. The measured elastic modulus reflected the stiffness of the nucleus. Each curve was analyzed individually.

RNA extraction and sequencing

Total RNA was extracted from 9-day-old seedlings using the Nucleospin RNA Plant kit (Macherey-Nagel, Du ¨ren, Germany) according to manufacturer's instructions. For each preparation around 30 mg of frozen plant material were ground in extraction buffer in a Precelly 24 crusher (Bertin Technologie, Montigny-les-Bretonneux, France) for 2 3 30 s at 3600 rpm in presence of 0.75/1.0 mm glass beads. Purified RNAs were resuspended in 40 ml water. Quantity and quality of the extracted RNAs were determined using QuBit RNA HS assay kit (Thermo Fisher Scientific, Waltham, USA) and a Bioanalyser 2100 (Agilent Technologies, Santa Clara, USA), respectively. RNA Seq was done by Fasteris SA (Plan-les-Ouates, Switzerland) on samples of 2 mg of RNA in 20 ml. The sequencing was performed on Illumina in 125bp on single end mode.

Transcriptomic data analysis

Raw reads were quality checked with FastQC (v0.10.1) and cleaned with cutadapt (v1.8.1). Mapping was performed against the Arabidopsis thaliana reference genome (from Araport11) using Hisat2 (v2.1.0) and the read counting was done using FeatureCounts (v1.6.2). Differential expression analysis and corresponding graphs were done using the DESeq2 package (v1.22.2). Finally the GO analysis was done with the latest version of the DAVID online tool.

RNA extraction and Real-Time qRT-PCR

Either whole 9-day-old seedlings or root tips from 9-day-old seedlings were collected and snap-frozen in liquid nitrogen. For each experiment, 3 independent biological replicates were used. Total RNA was extracted following the kit 'NucleoSpinÒ RNA Plant, Macherey-Nagel' protocol (Macherey-Nagel, Du ¨ren, Germany). For qRT-PCR, 2.5 mg of RNA were used to synthesize cDNA using specific primers, random hexamer primers (IDT), and the protocol ''SuperScriptÒ IV (SSIV) First-strand and cDNA Synthesis Reaction'' (Invitrogen). qRT-PCR was performed on Light Cycler thermocycler 480 II (Roche) using specific primers and SYBR Green Master Mix (Bio-Rad), according to the manufacturer's instructions. All primers used are described in Table S2. The cDNA quantification was made with the DDCt method, which considers the amplification efficiency ([1+E]-DDCt) and was normalized to ACTIN2 [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-D D C(T)) method[END_REF].

Confocal Microscopy

Confocal images were recorded with a Zeiss LSM 700 microscope equipped with 20 3 /0.8 NA lens. The excitation and emission wavelengths for the fluorescent protein GFP are 488 nm and 510 nm, respectively. For propidium iodide observations, the excitation and emission wavelengths were 555 nm and 617 nm, respectively. Images were captured using Z stacks with 0.7 mm Z slice intervals. For DAPI observations, the excitation and emission wavelengths were 405 nm and 500 nm, respectively. Observations were performed in multi-tracking mode using 405-, 488-, or 555-nm laser excitation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Nuclear parameters measurements

The confocal images were analyzed using ImageJ. The nuclear circularity was measured using the NucSeg ImajeJ macro tool developed by J. Mutterer (IBMP). This tool gives a detailed analysis of several nucleus parameters including circularity (4p 3 area/ perimeter 2 ). A circularity of 1 corresponds to a perfect circle. Nuclear volume and sphericity were evaluated using 3D manager and segmentation editor in Fiji (ImageJ). The volume of the 3D object is evaluated in calibrated unit, i. e. the number of voxels multiplied by the calibrated volume of one voxel. Compactness (sphericity) is the normalized ratio between the surface and the volume, it should be close to value 1 for a perfect sphere. Measurements were performed in the epidermal and cortex layers of the root, i.e., the more external cellular layers directly exposed to mannitol.

Statistical tests

The distribution of the data was evaluated using Shapiro-Wilk test to determine if it follows a normal law. Accordingly, we used either two tailed Student-t test or Mann-Whitney test. The Student t test was performed to study the significance of the difference between two populations for nuclear circularity and area data. The variances of the population in all the sets of data were tested using F-test. For low data number, Mann-Whitney test was used. Sample size and statistical tests are indicated in the figure captions.

DATA AND CODE AVAILABILITY

This work does not involve the production of large datasets and uses published plugins or image analysis tools. L'état de précontrainte est partagé dans tous les règnes. Les plantes sont des organismes à parois, et ce qui peut être unique dans leur mécanique est la grande rigidité de leurs parois, qui leur permet également d'accumuler une pression de turgescence élevée, de l'ordre du MPa. Parce que toutes les cellules sont collées les unes aux autres, ce qui est vrai à l'échelle des cellules individuelles, peut être vrai aussi à l'échelle de l'organe, présentant une auto-similitude, au moins dans une certaine mesure. En dehors des contraintes internes, les plantes sont régulièrement soumises à des contraintes mécaniques externes notamment la gravité et le vent.

C'est peut-être l'un des avantages évolutifs des structures précontraintes : elles sont robustes aux fluctuations environnementales. L'unité de l'architecture végétale est la cellule végétale rigide enfermée dans une paroi cellulaire qui est comparable à la matrice extracellulaire dictant l'adhésion et l'interaction des cellules avec d'autres cellules ainsi qu'avec des facteurs biotiques/abiotiques. Cette mécanique cellulaire est la clé pour comprendre la modulation de la taille et de la forme des cellules, la production de la paroi cellulaire, l'interaction cellule-cellule pour fournir un support mécanique à une architecture stable et favoriser la croissance.

Ainsi, les acteurs clés de la mécanique chez les plantes sont la pression de turgescence et la paroi cellulaire rigide. Les plantes sont également capables de détecter les forces mécaniques. Par exemple, chez les plantes d'Arabidopsis, si elles sont touchées et brossées régulièrement (10 passages par jour), elles deviennent plus courtes, dans un processus appelé thigmomorphogenèse (Jensen et al., 2017). Fondamentalement, les cellules végétales traduisent une déformation élastique (par le toucher ou le vent) en une réponse plastique (parois plus rigides et croissance réduite ; (Braam, 2004) 
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 1 Figure 1. Nuclear Shape Is Altered in the Presence of Hyperosmotic Stress in WT Arabidopsis Root Tips (A and B) Confocal analysis of nuclear shape in root tips of 9-day-old seedlings expressing SUN1-GFP in absence (A) or presence (B) of a 16-h-long treatment with 0.3 M mannitol (Z max, optical sections of 0.7 mm). Representative images are presented. Scale bars, 5 mm.

Figure 2 .

 2 Figure 2. Nuclear Shape Defects Are Stable in the gip1gip2 Arabidopsis Root Tip upon Hyperosmotic Stress (A) Graphical representation (not to scale) of the localization of GIP protein in normal WT conditions and gip1gip2 knocked down phenotype at the sub-cellular level. (B and C) Confocal analysis of nuclear shape in root tips (Z max, optical sections of 0.7 mm) in 9-day-old gip1gip2 seedlings expressing SUN1-GFP in absence (B; n = 74) or presence (C; n = 45) of a 16-h-long treatment with 0.3 M mannitol. Scale bars, 5 mm. (D and E) Quantification of nuclear parameters, circularity (D) and nucleus area (E), was evaluated on control and treated plants. The p values after Student's t test are 0.11 and 0.87, respectively, indicating no significant differences between the data (n.s.). Measurements were performed in the region delineated by the white frame in (B) and (C). See also Figure S2.
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 3 Figure 3. Resistance of gip1gip2 Root Tip Cells to Severe Hyperosmotic Conditions (A and B) Confocal analysis of root meristems of 9day-old seedlings expressing SUN1-GFP in presence of 0.4 M (A) and 0.6 M (B) mannitol stress (16 h treatment) in WT (n = 8 and n = 5, respectively) and mild gip1gip2 (n = 10). Dead cells were revealed with propidium iodide staining (magenta). Scale bars, 5 mm. (C and D) Quantification of nuclear parameters, the circularity (C) and the area (D) of the nuclei, was evaluated in WT in both mannitol treatments compared with control (n control = 38, n 0.4 M = 39, and n 0.6 M = 41). Between control/0.4 M and control/0.6 M, p values (Student's t test) are 2.903eÀ9 and 1.515eÀ6 and 1.604eÀ10 and 3.581eÀ10, respectively, for each parameter, indicating a significant change between control and severe hyperosmotic conditions (***p < 0.001). No significant change (n.s.) was observed between nuclear parameters at 0.4 M and 0.6 M mannitol with p values of 0.094 and 0.075 for nuclear circularity area, respectively. (E and F) Quantification of nuclear circularity (E) and area (F) of the nuclei in mild gip1gip2 in both mannitol treatments compared with control (n control = 57; n 0.4 M = 22; n 0.6 M = 43). Using Student's t test, no significant changes (n.s.) were observed between control/0.4 M or control/0.6 M with p values of 0.329 and 0.614 and 0.989 and 0.534 for nuclear circularity and area, respectively, or between 0.4 M and 0.6 M conditions with p values of 0.195 and 0.617, respectively. (G-I) Mild gip1gip2 phenotype compared with WT using 9-day-old seedlings transferred for 2 days on 0.4 M and 0.6 M mannitol as well as on control media. (G) Main root growth was evaluated through the measurement of root length on growth control conditions (n WT = 12; n gip1gip2 = 10), 0.4 M mannitol (n WT = 13; n gip1gip2 = 10), and 0.6 M mannitol (n WT = 12; n gip1gip2 = 13). Using Mann Whitney test, different letters above the error bars indicate significant differences at p < 0.01. Three individual experiments were repeated. (H and I) Leaf senescence phenotype in WT and gip1gip2 seedlings maintained on 0.4 M (H) and 0.6 M mannitol (I) for 15 days. Representative images are presented; on each figure, the left panel presents magnification of WT and gip1gip2 leaf rosettes, respectively. Scale bars, 0.2 cm.(J-L) Mild (K) and strong (L) gip1gip2 phenotypes compared with WT (J) using 9 day-old seedlings transferred to 0.3 M mannitol for 5 days. Every day, main root length was measured on control media: WT (n = 6), mild gip1gip2 (n = 7), and strong gip1gip2 (n = 6) and on 0.3 M mannitol: WT (n = 7), mild gip1gip2 (n = 6), and strong gip1gip2 (n = 7). Using Mann Whitney test, differences between control and treated samples were evaluated for each time point, for WT (**p < 0.01), mild (*p > 0.05; **p < 0.01), and strong gip1gip2 phenotypes (p > 0.05, n.s.). See also FigureS3.

Figure 4 .

 4 Figure 4. Hyperosmotic Stress and gip1gip2 Mutations Stiffen the Nuclei (A-D) Micro-rheometry on isolated nuclei. (A) Left, fluorescence imaging of an isolated WT SUN1-GFP nucleus (green) stained with DAPI (blue). Middle and right, bright field imaging of an isolated nucleus (see dashed red circle) trapped between two microplates, one rigid (bottom) and the other flexible (top) with calibrated stiffness. The nucleus is compressed under an uniaxial fore. Imaging of the nucleus before (middle) and after (right) compression allows one to visualize nuclear deformation. Compared with that of a gip1gip2 nucleus (B), deformation is high, reflecting the low stiffness of the WT nuclei. (B) Fluorescence imaging of a gip1gip2 SUN1-GFP nucleus trapped (left) and compressed (right) in the micro-rheometer: almost no deformation occurred, reflecting its high stiffness. Scale bar, 5 mm. (C) Principle of the micro-rheometry to measure nuclear stiffness. The force applied to the nucleus is F = kd, where d is the deflection of the flexible microplate of spring constant k. The elastic modulus was obtained by dividing the force F by the apparent contact area and relative nuclear shortening between the plates, i.e., nuclear strain. (D) Comparison between the elastic moduli (kPa) of gip1gip2 (n = 17) and WT SUN1-GFP nuclei treated (n = 11) or not (n = 17) with 0.3 M mannitol is shown; p values from Mann-Whitney tests are WT/WT treated: 0.0029 (significant p < 0.01); WT/gip1gip2: 0.000107 (significant p < 0.001); and WT treated/gip1gip2: 0.643 (n.s.). (E-J) AFM analysis of nuclei from root meristems. (E) Principle of the AFM to measure nuclear stiffness. (F-H) The AFM tip was positioned on a nucleus (GFP signal) isolated from root squashing after cell wall digestion of WT (F) and gip1gip2 (H), and the acquisition of a matrix of force curves (100 curves) was acquired for WT (G) and gip1gip2 nuclei (H, right inset). (G-I) Topography was obtained in WT (G) and mutant (I) with the PeakForce QNM (quantitative nanomechanical mapping). Scale bars, 5 mm. (J) Comparison of the elastic moduli between WT (n = 14 nuclei in 3 independent roots) and gip1gip2 nuclei in control conditions (n = 13 nuclei in 3 independent roots); p values from Mann-Whitney test are 0.00288 (significant p < 0.01). See also Figure S4 and Videos S1 and S2.

Figure 5 .

 5 Figure 5. Transcriptomic Analysis of gip1gip2 Compared with WT(A) Venn diagram shows the overlap between upregulated genes in gip1gip2 and the touch response in WT[START_REF] Lee | Genome-wide identification of touch-and darkness-regulated Arabidopsis genes: a focus on calmodulin-like and XTH genes[END_REF]. R factor and p value are indicated using the hypergeometric test. (B) Relative transcript levels of 18 touch-induced genes (FigureS5E) in gip1gip2 compared with WT. qRT-PCR was performed on RNA isolated from 9-day-old seedlings using specific primers, with 3 technical replicates and 3 biological replicates. SDs are indicated. See also FigureS5and TablesS1 and S2.
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 6 Figure 6. Relative mRNA Level in Response to Hyperosmotic Stress

Figure 7 .

 7 Figure 7. Changes of Nuclear Shape and Elastic Modulus Are Reversible upon Hyperosmotic Stress(A-D) Representative images of nuclei in root meristems. Nine-day-old WT SUN1-GFP seedlings are presented: control (A) and treated seedlings with 0.3 M mannitol (B) for 16 h; control (C) and mannitol-treated seedlings (D) upon recovery on normal growth medium for 7 h. Scale bars, 5 mm. (legend continued on next page)
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  Current Biology 30, 1-13.e1-e3, June 8, 2020 La caractérisation biochimique et moléculaire des processus biologiques a été un axe majeur d'étude en biologie dans la seconde moitié du XXe siècle. Les scientifiques ont identifié et caractérisé d'innombrables acteurs moléculaires et des hypothèses fortes concernant les mécanismes associés ont été avancées. Pourtant, les organismes biologiques sont aussi des objets physiques. Ainsi, les voies identifiées doivent être intégrées dans un cadre plus physique aussi, et à toutes les échelles. En effet, les propriétés mécaniques du matériel vivant peuvent contribuer à un contrôle global de ces voies moléculaires et nous aider à comprendre comment ces voies se coordonnent pour générer des réponses physiologiques de la division cellulaire à la différenciation au cours du développement. Bien que l'explication physique des systèmes biologiques était déjà dynamique au 19ème siècle (voir par exemple Sachs, Hofmeister, D'Arcy Thompson), le domaine a pris de l'ampleur au cours des dernières décennies avec les améliorations technologiques de l'imagerie en direct, de la micromécanique et de la modélisation informatique permettant l'étude des propriétés physiques des systèmes biologiques. Lorsqu'une structure supporte une contrainte de traction préexistante avant qu'une charge externe ne soit appliquée, l'état initial de la structure est appelé « préconstraint ». Lors de l'étude des propriétés mécaniques de l'organisme, une présence de condition précontrainte est observée comme dans les artères (Fung & Liu, 1989), le cerveau humain (Budday et al., 2014), les vaisseaux sanguins (Fung, 1991), l'embryon en développement (Beloussov & Grabovsky, 2006). Cette mécanique « stressée » contribue à la forme et aux propriétés mécaniques de l'organisme. Ces organes sont formés par une organisation complexe des tissus. Les tissus ont une large gamme de propriétés élastiques avec le cerveau comme exemple de tissu mou avec un module de Young inférieur à 1 kPa (Georges et al., 2006) tandis que les os sont les plus rigides chez les vertébrés avec une rigidité de l'ordre du GPa (Keller et al., 2006) al., 1990). Notez que la rigidité mesurée du tissu n'est pas la somme des éléments individuels, mais qu'elle dépend plutôt de la structure et de la topologie du tissu. Dans tout tissu, l'unité fonctionnelle est la cellule. Cela implique une coordination locale et globale. En fin de compte, la mécanique des cellules devient une pièce importante du puzzle pour comprendre la mécanique derrière un organisme.

  . Un large éventail d'activités cellulaires sont sensibles aux signaux mécaniques et influencent la morphologie et croissance cellulaire (polarité, division) et la différenciation cellulaires ou la décision du destin cellulaire. Lorsque ces signaux pénètrent dans la cellule, ils doivent atteindre le noyau pour produire les réponses.Or, au-delà de sa nature biochimique, le noyau est aussi un objet physique. Il existe de plus en plus de preuves que sa mécanique joue un rôle clé dans l'expression des gènes, l'organisation du cytosquelette, et plus généralement dans la biologie cellulaire et du développement. Le noyau a des caractéristiques mécaniques spécifiques. Lorsqu'il est sondé par la diffusion de nanoparticules internalisées, la structure nucléaire révèle des micro-domaines transitoires de 300 nm de faibles modules d'élasticité (~20 Pa) et viscosités (~50 Pa.s)(Tseng et al., 2004). Le noyau se déforme sous contrainte constante imposée (expérience de fluage), il présente un comportement en loi de faible puissance libre à l'échelle du temps, avec un module viscoélastique allant de 1 à 10 kPa, et un exposant a ~ 0,2-0,3 (Dahl et al., 2005). Ceci correspond à un comportement mécanique dominé par l'élasticité, avec, à une échelle de temps typique de la seconde, un module élastique apparent d'environ 5 kPa, et une viscosité apparente de ~300 Pa.s. Les propriétés mécaniques des principaux éléments mécaniquement pertinents du noyau (enveloppe nucléaire, lamines et chromatine) modulent la mécano-détection nucléaire, conduisant au concept de rhéostat nucléaire. L'hétérochromatine est enrichie à la périphérie nucléaire, qui est un environnement transcriptionnel plutôt silencieux(Fransz et al., 2002 ; Fransz & de Jong, 2011 ; Bi et al., 2017), tandis que l'euchromatine est organisée en domaines actifs topologiquement associés, qui définissent des unités régulatrices à l'intérieur des territoires chromosomiques. Alors que des domaines actifs sont trouvés dans le riz et le coton, des « régions de type frontière » ont été principalement trouvées chez Arabidopsis permettant la séparation des régions transcriptionnellement actives des régions inactives (Wang et al., 2015b; Liu et al., 2017; Szabo et al., 2019). La lamina est un maillage rigide du nucléosquelette comprenant les lamines A/C et B. Alors que les lamines A/C et B interagissent avec l'hétérochromatine à la périphérie nucléaire (Gruenbaum & Foisner, 2015), seule la lamine A/C interagit avec l'euchromatine via le polypeptide associé à la lamine. 2α permettant une régulation plus directe de l'expression des gènes (Gesson et al., 2016). Chez les plantes, alors que l'architecture de l'enveloppe nucléaire est principalement conservée (Fal et al., 2017), il n'existe pas de véritables lamines. Pourtant, des homologues fonctionnels spécifiques sont présents (Ciska & Moreno Diaz de la Espina, 2014). Cela inclut les protéines de domaine enroulé CRWN/NMPC trouvées initialement dans la carotte en tant que NMPC (Masuda et al., 1997) et identifiées en outre chez Arabidopsis en tant que CRWN1-4 (Dittmer et al., 2007; Wang et al., 2013). À l'aide d'expériences FRET, il a été démontré que CRWN1 interagit avec le domaine N-terminal du nucléoplasme de SUN1 (Graumann, 2014). Il a été démontré que d'autres protéines interagissent physiquement avec SUN1 en utilisant ue approche double hybride en levure, comme KAKU4 de type lamine spécifique à la plante (Goto et al., 2014) ou la protéine associée à l'hétérochromatine facultative PWO1 (Mikulski et al., 2019). Chez Arabidopsis, alors que CRWN1 et KAKU4 peuvent maintenir la morphologie nucléaire grâce à leur interaction avec le NE, ils peuvent déformer le NE indépendamment (Goto et al., 2014). Fait intéressant, les interactions génétiques entre les mutants simples et doubles révèlent que PWO1 et CRWN1 contrôlent la taille et la forme nucléaires dans la même voie génétique (Mikulski et al., 2019). Cependant, la relation de la déformation nucléaire en réponse au stress mécanique n'a pas encore été étudiée chez les plantes. L'envelope nucléaire a ses propres propriétés mécaniques, l'élasticité, la viscosité et la plasticité de la NE qui sont assurées et modulées par plusieurs protéines clés (2005). Elle se compose de deux membranes bicouches lipidiques, à savoir les membranes nucléaires externe (ONM) et interne (INM), qui sont séparées par un espace périnucléaire ∼35-50 nm. Ces membranes fusionnent sur les sites du complexe de pores nucléaires (NPC) donnant lieu à une topologie ultra-donut (Torbati et al., 2016). L'écart géométrique entre les membranes nucléaires est principalement maintenu via les protéines SUN1 et SUN2 (Crisp et al., 2006). Les protéines SUN1 et SUN2 sont situées au niveau de l'INM et interagissent, via leur domaine SUN C-terminal (domaine d'homologie Sad1/UNC-84), avec le domaine KASH (homologie Klarsicht/ANC-1/SYNE) des protéines de la famille KASH situées à l'ONM. Ces complexes SUN-KASH, également connus sous le nom de complexes LINC (LINker of Nucleoskeleton and Cytoskeleton) se retrouvent chez tous les eucaryotes (Crisp et al., 2006 ; Graumann et al., 2010; Murphy et al., 2010; Zhou et al., 2012, 2014). Dans le cas des vertébrés, SUN1 est également connecté aux lamines A/C (Haque et al., 2006). Des signaux mécaniques peuvent atteindre l'enveloppe nucléaire pour modifier l'architecture du génome et induire des gènes spécifiques. La taille, la forme et la mécanique du noyau peuvent varier en fonction de la forme et de la fonction de la cellule. Typiquement, le noyau est le plus gros organite (avec un diamètre de ∼5 à 20 µm) et aussi le plus rigide à l'intérieur d'une cellule (Dahl et al., 2008). Considérant un tel élément structurel à l'intérieur de la cellule, il n'est donc pas surprenant de trouver des relations entre les propriétés mécaniques du noyau et ses fonctions. Nous montrons l'importance de la mécanique nucléaire dans les racines exposées aux contraintes osmotiques. Les cellules végétales sont capables de réguler activement la pression osmotique en synthétisant des osmolytes ou cette pression osmotique est régulée par des changements de concentration de soluté extracellulaire. Ce changement de pression osmotique est observé en réponse au sel, à la sécheresse, au gel ou au stress thermique (Conde et al., 2011). Il crée une force sur la membrane est a donc une composante mécanique impliquant des éléments mécanosensibles. Ainsi nous avons pu mesurer la rigidité du noyau par microscopie à force atomique et micro-rhéométrie, dans des plantes contrôles et stressées par un stress osmotique (mannitol 0, 3M). Nous avons constaté qu'un stress hyperosmotique de mannitol 0,3 M sur les noyaux de la pointe des racines des plantes induisait une diminution du volume et de la sphéricité des noyaux mais une augmentation de la rigidité nucléaire. Le stress hypoosmotique induit par l'eau n'a pas entraîné de changement significatif dans la taille ou la morphologie du noyau dans le contexte du tissu méristématique de la racine, mais a eu un effet sur les noyaux isolés conduisant à une augmentation de la taille du noyau et à une réduction très probable de la rigidité du noyau. De telles réponses étaient transitoires et induites au-dessus d'un seuil de stress osmotique, suggérant que le noyau de la plante peut agir comme un rhéostat mécanique. L'hétérochromatine se condensait avec un stress hyper-osmotique et se décondensait avec une perte de chromocentres avec un stress hypo-osmotique, dans les cellules du méristème racinaire d'Arabidopsis. Ainsi, la chromatine agirait comme un gel dont la structure peut changer au sein du noyau. Les tissus végétaux sont généralement beaucoup plus rigides que ceux des animaux, car les cellules végétales sont fortement pressurisées avec une pression de turgescence de l'ordre du MPa et entourées d'une paroi cellulaire rigide. Pourtant, les cellules végétales subissent encore des conflits mécaniques contribuant à déterminer leur forme et la croissance des tissus. Les réseaux de microtubules corticaux jouent un rôle majeur dans l'orientation du complexe de cellulose synthase (CSC) pour réguler la paroi cellulaire et ses propriétés physiques. Les microtubules corticaux s'alignent avec la direction de la contrainte de traction maximale dans la paroi cellulaire, renforçant ainsi la paroi cellulaire pour résister à la contrainte de traction (Hamant et al., 2008). Les complexes de nucléation des MTs sont présents à l'enveloppe nuclaire, et les protéines GIP homologues de MZT1sont des régulateurs de ces complexes (Janski et al., 2012). Il est intéressant de noter que les γ tubulines, se trouvent dans différents complexes : les complexes de nucléation des MTs mais aussi en complexe avec les protéines SUN1 à l'INM. De manière intéressante les GIPs forment un complexe avec la chromatine centromérique via CENH3 en périphérie de l'INM (Batzenschlager et al., 2015 ; Chumová et al., 2019). L'enveloppe nucléaire est une barrière à l'interface nucléo-cytoplasmique d'une cellule eucaryote. Elle possède également ses propres propriétés mécaniques, notamment grâce à son nucléosquelette au niveau du cortex du noyau et grâce à la chromatine à l'intérieur du noyau. Par conséquent, le hub de γ tubuline/GIP pourrait avoir un rôle spécifique dans la mécano-transduction nucléaire chez les plantes. Fait intéressant, dans le méristème racinaire, les noyaux des mutants gip1gip2 ont un phénotype de déformation nucléaire proche de celui observé en réponse au stress hyperosmotique. Cela suggère en outre que non seulement les protéines de l'enveloppe nucléaire jouent un rôle important dans les signaux mécaniques dérivés de la croissance, mais qu'elles peuvent également être impliquées dans la réponse de la plante à son environnement mécanique. De manière intéressante, nous avons également constaté que les mutants gip1gip2 sont plus résistants aux conditions osmotiques extrêmes. Cela suggère que l'absence de GIP peut en fait sensibiliser la plante vers des conditions hyper-osmotiques. Sous le stress hyperosmotique, le noyau d'Arabidopsis se déforme et se rigidifie de manière transitoire. En présence de quantités réduites des protéines GIP, les noyaux sont déformés constitutivement et sont plus rigides. L'enveloppe nucléaire semble être importante pour réguler les réponses au stress, en particulier les nucléoporines et les protéines du nucléosquelette (Groves et al., 2018). Chez le riz (Oryza sativa), le gène codant pour la protéine de type lamine nucléaire OsNMCP1 est induit par la sécheresse par le biais d'un stress hyperosmotique et confère une résistance. OsNMCP1 module l'accessibilité de la chromatine en interagissant physiquement avec OsSWI3C qui est une protéine du complexe de remodelage de la chromatine (CRC) dépendant de l'ATP (SWITCH/SUCROSE NON FERMENTING). Il aide à éliminer l'effet négatif d'OsSWI3C sur l'expression des gènes et à garantir une gamme d'expression de gènes sensibles à la sécheresse, notamment OsNAC10, OsERF48, OsSGL, SNAC1 et OsbZIP23 (Yang et al., 2020). D'une certaine manière, cette régulation pourrait être différente pour les protéines CRWN homologues du NMCP chez Arabidopsis, car CRWN1 s'est avérée réguler négativement l'expression des gènes de stress, en maintenant l'état répressif en interagissant avec le facteur PWO1 associé au polycomb (Mikulski et al., 2019). Les GIP sont également des régulateurs négatifs des gènes sensibles au toucher dans la réponse au stress hyperosmotique. Les noyaux animaux possèdent une lamina filamenteuse attachée à l'enveloppe qui assure la stabilité mécanique et qui peut également constituer un hub de signalisation. Dans les plantes, les protéines NMCP/CRWN sont considérées comme des homologues fonctionnels des lamines et sont proposées pour fournir un support structurel aux noyaux. Les protéines CRWN1 et CRWN4 sont situées au niveau du cortex nucléaire et maintiennent l'intégrité nucléaire et l'architecture chromosomique dans les tissus différenciés. Le rôle de ces protéines dans le cycle cellulaire est inconnu, et si CRWN1 et CRWN4 présentent des fonctions différentes n'est pas documenté. Ici, nous montrons que la surface nucléaire est augmentée dans le mutant crwn1 alors qu'elle est légèrement diminuée dans crwn4 dans les cellules de la pointe racinaire. Nous montrons également que le stress osmotique peut induire une diminution de la taille et de la circularité nucléaire des noyaux chez les deux mutants, comme observé pour le WT rapporté dans nos données précédentes. Fait intéressant, la diminution relative de la taille des noyaux des plantes témoins par rapport aux plantes traitées est deux fois plus importante dans crwn1 que le WT. Cette découverte suggère un rôle principal de CRWN1 dans le maintien de la taille nucléaire dans les cellules cyclantes mais aussi comme un stabilisateur en réponse au stress hyperosmotique puisque son absence conduit à un noyau plus déformé. De par son association à la chromatine, on ne peut pas exclure un effet conjugué de la chromatine à la morphodynamique des noyaux (Goswami et al., 2020). Tout stress génère une signalisation conduisant à une expression génique particulière. La force peut modifier l'expression des gènes via la modulation de l'organisation des territoires chromosomiques (Tajik et al., 2016). Les changements dans les caractéristiques nucléaires affectent énormément l'expression des gènes de stress (Goswami et al., 2020). Le stress hyperosmotique induit divers gènes sensibles au stress (Seki et al., 2002 ; Sewelam et al., 2014 ; Jensen et al., 2017 ; Ghorbani et al., 2019). En cas de déshydratation induite par le stress hyperosmotique, des gènes mécaniquement importants sont régulés à la hausse (25 % de gènes induits par la déshydratation le sont aussi en réponse au toucher) dont ceux codant pour la 33 xyloglucane endotransglucosylase/hydrolase (XTH), 10 protéines de type calmoduline (CML) (Urano et al. , 2016). Un fort couplage entre le stress osmotique et mécanique est évident. Nous avons observé que 18 gènes sélectionnés parmi les gènes induits par le toucher et le son (Lee et al., 2004 ; Ghosh et al., 2016), sont régulés positivement par un stress hyperosmotique de 0,3M : c'est-à-dire TCH2, TCH3, TCH4, facteur de transcription de la famille WRKY (WRKY18) , WRKY33, WRKY40, doigt de zinc de tolérance au sel (SALT TOLERANCE), protéine kinase dépendante du calcium (CPK28), CPK32, protéine de la famille EF fixant le calcium (CA), famille des ATPases de type AAA (AAA), SZF1, fonction inconnue (A2), DREB26, Myb44, CYP81D8, NHL3, HSPRO2 (Goswami et al., 2020). Ces gènes sont induits en réponse au stress hyperosmotique (mannitol), et certains sont aussi associés à une signalisation ROS (gènes WRKY40, SALT TOLERANCE, TCH4, WRKY 33, CYP81D8, NHL3, CA, WRKY33, MYB44, TCH3, AAA-ATPase, SZF1). Tous les 18 gènes induits mécaniquement testés ont été régulés positivement dans le tissu racinaire en réponse au stress mannitol. Dans la partie aérienne, seul TCH2 n'est pas régulé positivement par le stress mannitol et treize gènes sont induits par le stress salin sauf WRKY18, CPK28, CPK32, HSPR0, TCH3). Bien que les acteurs moléculaires de l'expression spécifique de ces gènes ne soient pas clairement définis, il convient de mentionner que le stress hyperosmotique peut positivement plusieurs facteurs de transcription (TF), notamment AP2/ERF, MYB, bZIP, HSF, C2H2, WRKY (Ghorbani et al., 2019). Plus de 70% des 18 gènes testés (induits constitutivement dans gip1gip2 et en réponse au stress hyperosmotique, au toucher et à la réponse sonore dans une plante WT) ont un site de liaison MYB dans leur région promotrice. Bien que MYB soit impliqué dans d'autres stress abiotiques il pourrait conférer une spécificité dans la réponse au stress hyperosmotique via une copérativité avec d'autres facteurs comme le facteur DREB. Dans notre étude, nous avons observé que les transcriptomes induits dans gip1gip2 et en réponse au toucher chez le WT partagent 57% d'homologie. Tous les 18 gènes mentionnés précédemment induits en stress hyperosmotique le sont aussi de manière constitutive dans gip1gip2. La protéine de type lamine végétale OsNMCP1 dans le riz (Oryza sativa) régule l'expression d'un panel de gènes sensibles à la sécheresse, notamment OsNAC10, OsERF48, OsSGL, SNAC1 et OsbZIP23 en interagissant physiquement avec le régulateur négatif OsSWI3C (Yang et al., 2020). Chez Arabidopsis, l'homologue du NMCP CRWN1 régule négativement l'expression des gènes de stress (Mikulski et al., 2019). Neuf gènes parmi les 18 gènes mentionnés ci-dessus régulés à la hausse par le toucher, le son et le stress hyperosmotique sont communs aux transcriptomes induits dans gip1gip2 et crwn1, à savoir HSPRO2, NHL3, WRKY33, CPK28, TCH2, SZF1, AAA-type ATPase family (AAA), WRK18, WRK40. Ces gènes régulés à la hausse par des changements mécaniques sont également induits par d'autres stress abiotiques, bien que dans une moindre mesure, par rapport au stress hyperosmotique dans le tissu racinaire. Fait intéressant dans le tissu racinaire, la plupart de ces gènes ont également été régulés à la hausse dans le stress froid qui modifie les propriétés fluidiques de la membrane (Xiong et al., 2002), conduisant à une production plus élevée de ROS, à l'induction de la déshydratation (formation de glace extracellulaire due au niveau inférieur à zéro), au changement de structure secondaire de l'ADN (Pareek et al., 2017) etc. qui peuvent modifier la propriété mécanique des structures cellulaires et subcellulaires. La réponse transcriptionnelle au stress mécanique peut également être comparée à la réponse de blessure partageant un grand chevauchement dans les gènes induits à la fois par des stress abiotiques et biotiques et peut donc représenter la réponse initiale de stress général chez Arabidopsis. Il est intéressant de noter que de nombreux gènes liés au stress sont régulés par les marques répressives H3K27me3, pour lesquelles l'environnement de l'enveloppe nucléaire est essentiel pour maintenir un état transcriptionnel répressif (voir la revue Barneche & Baroux, 2017). Cela suggère que la dérépression des gènes chargés par H3K27me3 pourrait être liée à des changements dans l'organisation de la chromatine 3D comme récemment suggéré (Nützmann et al., 2020). Notre travail représente une première approche pour lier les propriétés de la paroi cellulaire à celles du noyau. En principe, le mutant eli1-1 offre un bon contexte génétique pour cette étude. Nous avons observé que la forme des noyaux changeait légèrement dans eli1-1 et nous avons également observé des noyaux plus rigides chez le mutant. Pourtant, nous devons prendre en compte le mécanisme de compensation existant dans eli1-1, impliquant une lignification en réponse à une carence en cellulose. Le dépôt de lignine est également connu pour être impliqué dans la réponse mécanique à l'infection pathogène et eli1-1 montre une régulation à la hausse des gènes liés à la défense (Caño-Delgado et al., 2003) qui pourrait être liée à des changements dans l'organisation de la chromatine. Cela pourrait également être corrélé à l'augmentation de la rigidité nucléaire et une augmentation de la paroi cellulaire observée dans le gip1gip2 qui présente une régulation positive constitutive des gènes de réponse au stress et notamment ceux liés à la réponse mécanique au toucher (Goswami et al., 2020). Bien que nos observations préliminaires suggèrent que le noyau eli1-1 est légèrement déformé (mais pas plus petit) par rapport au WT, la forme et la taille du noyau eli1-1 changent avec le stress hyperosmotique. Cela signifie qu'in vivo, la légère déformation nucléaire observée chez le mutant n'a pas atteint un seuil maximal et peut se déformer davantage en réponse au stress hyperosmotique. Ce n'est pas comparable à gip1gip2 qui a probablement déjà atteint une déformation nucléaire maximale et n'est plus déformable en réponse au stress hyperosmotique (Goswami et al., 2020). Cette étude nécessiterait une analyse plus approfondie des propriétés de la paroi cellulaire dans la racine. La paroi cellulaire est une structure complexe avec des microfibrilles de cellulose intégrées dans une matrice. La cellulose se dépose sur la paroi cellulaire par les protéines CESA, toute modification de ces protéines est souvent mortelle. Le mutant eli1-1 non létal avec un gène CESA3 muté important pour la synthèse de la cellulose dans la paroi cellulaire primaire montre une composition plus faible en cellulose mais plus élevée en lignine. Cet effet compensatoire pourrait être essentiel pour la survie de ces plantes. Alternativement, nous pourrions traiter l'échantillon avec de la cellulase, pour vérifier si des modifications à court terme peuvent conduire à des défauts de forme du noyau, et inversement, utiliser d'autres mutants de la paroi cellulaire, avec divers degrés de compensation pour mieux évaluer la corrélation entre la rigidité nucléaire et la paroi. Enfin, il pourrait être plus facile de faire ce travail dans le méristème apical de la pousse où il a été démontré que les mutants de la paroi présentent de forts défauts morphologiques, sans lignification, et où les propriétés de la paroi peuvent être sondées et la forme du noyau surveillée. En conclusion, j'ai observé des changements morphologiques et mécaniques du noyau végétal sous stress interne et externe en utilisant la pointe racinaire d'Arabidopsis comme système modèle et le stress hyperosmotique comme stress mécanique physiologique. J'ai étudié la corrélation des changements dans la forme et la mécanique de l'enveloppe nucléaire avec les changements dans la condensation de la chromatine et l'expression des gènes. Cette étude fournit les premières étapes pour aborder le rôle de la mécanique nucléaire et de la mécanotransduction dans les plantes. Nous proposons qu'une réponse mécanique nucléaire basée sur la chromatine de type gel existe en présence d'un stress hyperosmotique qui conduit à l'expression de gènes spécifiques et que les GIP agissent comme régulateur négatif. Notre modèle actuel suggère que le stress hyperosmotique entraîne un changement transitoire de la morphologie du noyau qui font écho aux changements des propriétés mécaniques du noyau. La condensation de l'hétérochromatine semble se produire avec un stress hyper-osmotique et une décondensation avec un stress hypo-osmotique, modulant ainsi l'expression de gènes de stress mécanosensibles. L'induction constitutive de ces gènes dans le mutant gi1gip2 pourrait être aussi corrélée à des défauts d'organisation de l'hétérochromatine centromérique (Batzenschlager et al. 2015), de même le mutant crwn1 montre des défauts d'organisation de l'hétérochromatine à la périphérie nucléaire (Hu et al., 2019). Des études supplémentaires sont nécessaires au niveau de la chromatine pour corréler les changements de forme du noyau et d'expression des gènes, y compris données Hi-C données et modifications épigénétiques, ainsi que la translocation nucléaire de facteurs de transcription spécifiques. Les prochains défis seront de comprendre la spécificité des voies moléculaires dans de tels changements globaux ou comment la mécanique de l'enveloppe nucléaire est intégrée dans le développement des plantes. Les interactions de signalisation mécanique entre la propriété de la paroi cellulaire, la détection de la paroi, le cytosquelette (principalement les microtubules) et le noyau restent largement inconnues chez les plantes. Par ailleurs, l'analyse des réponses multi-stress est également facilitée chez les plantes du fait de leur développement plastique et de leur nature sessile, ce qui permet d'envisager l'étude éco-devo de la mécanotransduction nucléaire chez les plantes. Nos résultats ouvrent clairement une nouvelle voie pour comprendre le rôle de la morphomécanique nucléaire en réponse aux stress environnementaux dans les plantes. Cela pourrait également aider à comprendre la sensibilité des plantes aux ravageurs en réponse à un stress mécanique pour augmenter l'immunité des plantes (Coutand, 2020). Au total, cela introduit la mécanotransduction nucléaire comme un nouveau domaine de recherche dans la communauté végétale, avec des implications allant bien au-delà d'une comparaison avec les noyaux animaux.
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	(E and F) Quantification of nuclear parameters, circularity (E) and nuclear area (F), upon recovery on control and treated plants. The p values after Student's t test
	are 0.73 and 0.56, respectively, indicating no significant changes between untreated and recovering samples (n.s.). Measurements were performed in the region
	delineated by the white frame in (C) and (D).
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