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SUMMARY:
This process uses confocal microscopy in conjunction with a fluorescently labeled nucleus and chromatin marker line in Arabidopsis thaliana to simultaneously record nucleus and chromatin dynamics in Arabidopsis roots and investigate changes in these dynamics in response to developmental and environmental cues.

ABSTRACT: 
The nucleus is the characteristic organelle of eukaryotic organisms. Unlike the classic textbook view of static nuclei, nuclear shape is dynamic in live cells. Altered or deformed nuclear shape is a hallmark of cancer in animal cells and environmental stress in plants. Nuclear envelope proteins interact with chromatin to regulate gene expression. Unfortunately, little is known about the impact of abiotic stress on nuclear shape, movement, and chromatin dynamics. To confront this issue, we developed a pipeline using confocal microscopy and particle tracking software to quantify nuclear and chromatin dynamics in Arabidopsis roots under control and abiotic stress conditions. This confocal imaging method utilizes a dual fluorescently tagged marker line – nuclear envelope protein and chromatin – to perform live cell imaging of the root in the model plant Arabidopsis thaliana under control and salt-stressed conditions. These captured movies are analyzed to quantify nuclear and chromatin dynamics using open-source image processing software Fiji/ImageJ with the help of the TrackMate plugin. To validate this method, we imaged and quantified chromatin movement in control and salt-stressed roots, revealing a decrease in chromatin speed under salt-stressed conditions. This method allows for quantitative live cell imaging of root nuclear shape and chromatin dynamics during plant development and environmental stress, thus enabling analysis of changes in nuclear and chromatin dynamics caused by abiotic stressors. 

INTRODUCTION:
Nuclear shape is variable between different cell types and during development in Arabidopsis thaliana roots1,2. For instance, nuclear shape is spherical in the actively dividing meristematic regions. In contrast to the meristematic region, nuclei in the root transition and elongation zone are less spherical. Furthermore, nuclei in differentiated cells, such as root hairs, pass through the tight root hair base and are actively transformed into elongated nuclei3–5. The dynamic changes in nuclear shape and movement are crucial to the functioning of the cell6,7. Defects in nuclear shape lead to functional impairment such as reduced nuclear movement1,3. In mammalian cells, changes in cell and nucleus shape are directly correlated with changes in gene expression and protein synthesis8.  

During interphase, a cell's DNA is organized as chromatin. The DNA in chromatin is bundled around histones, which can tighten and loosen the DNA to alter expression. Similarly, chromatin positioning relative to the nuclear envelope and proximity to the nuclear periphery are also important for gene expression9. Environmental stress, such as osmotic stress, alters nuclear shape and consequently changes the expression of a set of touch-sensitive genes in A. thaliana roots10. In this context, studying the nuclear shape and chromatin dynamics through live cell timelapse imaging is important. One major aspect of nuclear dynamics is the speed at which nuclei move, as nuclear positioning within the cell drives gene expression, and nuclear repositioning requires nuclear movement11. The speed of chromatin movement within the nucleus is similarly important, as the positioning of genes within the nucleus is critical for determining gene expression12. 

Previously, nuclear shape and chromatin dynamics were imaged and quantified separately; as a result, the relationship between nuclear shape and chromatin dynamics remained unexplored. By imaging nuclei and chromatin simultaneously, their positions relative to each other can be observed, which may reveal movements such as nuclear rotation and intra-nuclear chromatin movement that are otherwise difficult or impossible to demonstrate. In this method, we present a live cell imaging technique to visualize and quantify the nuclear shape via fluorescently tagged outer nuclear envelope protein WPP domain-interacting protein 1 (WIP1)13 and chromatin via centromeric histone H3 (CENH3)14 dynamics simultaneously under control and salt stress conditions, with the goal of enabling the analysis of changes in nuclear and chromatin dynamics caused by abiotic stressors. To enable this method, we have generated a WIP1-GFP/CENH3-mRFP line of A. thaliana. Additionally, we studied the chromatin dynamics in a quantitative manner by using the TrackMate plugin of open-source ImageJ/Fiji software. We tested a dual fluorescent line and chromatin dynamics techniques presented here under salt stress conditions and discovered an alteration in centromeric foci morphology and dynamics due to stress conditions. This simple and reproducible method is ideal for high-throughput tracking of nuclear and chromatin dynamics in Arabidopsis roots under various abiotic stress conditions. 

PROTOCOL:
1. Growing of A. thaliana seedlings

1.1. Growth media preparation

1.1.1. Place 800 mL of pure water in a 1 L beaker on a stirring plate. Add a stir bar to the beaker.


1.1.2. Turn on the stir plate at 600 rpm.

1.1.3. Add 10 g of sucrose to the beaker.

1.1.4. Add 2.16 g of Murashige and Skoog (MS) growth medium to the beaker.

1.1.5. Add 5 mg of agar to each of two 1 L media bottles.

1.1.6. Label one bottle "1/2 MS" and label the other "100 mM NaCl".

1.1.7. Label both bottle lids with autoclave tape.

1.1.8. Add 5.84 g of NaCl to the bottle labeled "100 mM NaCl". 

1.1.9. Fill the beaker with 1 L of pure water.

1.1.10. Return the beaker to the stir plate and wait until the sucrose and MS have dissolved.

1.1.11. Pour the beaker contents into a 1 L graduated cylinder.

1.1.12. Pour 500 mL of the graduated cylinder contents into each bottle.

1.1.13. Autoclave growth media and 250 mL pure water with a 60 min liquid cycle at 121 °C.

NOTE: When autoclaving media and water, ensure the lids are loose to avoid potential explosions.

1.1.14. Re-screw growth media lids.

1.1.15. Invert growth media bottles 7 times to ensure agar is thoroughly distributed throughout.

1.1.16. Store growth media in a 4 °C fridge until needed, and microwave to liquify.

1.2. Setting growth plates and seeds

1.2.1. In a flow hood, use a pipette gun to pipette 50 mL of growth media into each of ten plates (Figure 1A).

1.2.2. While the media solidifies, clean WIP1-GFP x CENH3-mRFP seeds by flooding them in a microcentrifuge tube with 1 mL of 70% ethanol for 10 min (Figure 1B).

NOTE: When handling ethanol, ensure there are no open flames in the vicinity.

1.2.3. After 10 min, in the flow hood, remove the ethanol and rinse the seeds twice with 1 mL of autoclaved water (Figure 1C).

1.2.4. Once the media has set, use a 1000 μL pipette to place cleaned seeds onto growth plates in two rows of 14 seeds per plate (Figure 1D).

1.2.5. Label the plates with a permanent marker and seal them with micropore tape before leaving the flow hood (Figure 1E).

1.3. Germinating seedlings

1.3.1. Wrap growth plates in aluminum foil and cold stratify them in a 4 °C fridge for a minimum of 2 days (Figure 1F).

1.3.2. After cold stratification, remove plates from the fridge and leave them vertically under growth lights (~80 μmol/m2/s) for a minimum of 4 days (Figure 1G).

1.3.3. Transfer half of the plates to 100 mM NaCl growth media in the flow hood, then seal and label the plates (Figure 1H).

1.3.4. Grow plates under grow lights for 2 days before imaging (Figure 1I).

2. Live cell imaging of A. thaliana root nuclei and chromatin

2.1. Slide preparation

2.1.1. Pipette 60 μL of pure water onto a glass slide (Figure 2A).

2.1.2. Lay 3 6-day-old A. thaliana seedling roots into the water (Figure 2B).

2.1.3. Place a 22 mm  22 mm #1.5 slide cover over the roots without covering the leaves (Figure 2C).

2.2. Confocal microscope settings 

2.2.1. Set laser exposure time to 1000 ms (1 s).

2.2.2. In the laser combiner, set the 488 nm laser to 50% for green fluorescent protein (GFP) and the 561 nm to 50% for red fluorescent protein (RFP) (Figure 2D). Image with 20 objective lens without optical zoom. If recording for longer than 10 min, decrease the intensity to reduce photobleaching.

2.2.3. Set Z-slice step size to 0.3 µm.

2.2.4. Set the interval to 1 min and the total duration to 10 min.

2.3. Imaging

2.3.1. Locate roots and select up to 20 z-slices and capture 16-bit images. 

2.3.2. Start timelapse.

2.3.3. Save timelapse as a TIFF file using lossless compression.

2.3.4. Move data to a computer for analysis.

3. Tracking and analysis of data

NOTE: One will need the Fiji version of the open-source software ImageJ (v. 1.54 recommended), which comes with TrackMate preinstalled.

3.1. Initialization

3.1.1. Open ImageJ/Fiji.

3.1.2. Click and drag a .vsi file onto the main ImageJ/Fiji application window (Figure 3A).

3.1.3. A prompt titled Bio-Formats Import Options will appear; click Ok in the bottom right (Figure 3B).

3.1.4. A prompt titled Bio-Formats Series Options will appear. Ensure Series 1 is selected and click Ok in the bottom left (Figure 3C). 

NOTE: The file may take a minute to load, especially if it has many Z-layers or time points.

3.1.5. Once the image has opened (Figure 3D), split the signals by navigating on the main ImageJ window to Image > color > split channels (Figure 3E). This will create two separate windows, one for GFP-labeled nuclei and one for RFP-labeled chromatin (Figure 3F).

3.2. Preprocessing chromatin

3.2.1. Determine which of the two windows corresponds to chromatin. 

3.2.2. Click on the chromatin window (Figure 3F) and apply the Z-project operation by navigating on the main ImageJ window to image > stacks > Z project (Figure 4A). 

3.2.3. Change projection type to Max Intensity and make sure All Time Frames is active, then click Ok (Figure 4B).

3.2.4. Open the contrast menu by pressing Ctrl+Shift+C or navigating on the main ImageJ window to image > adjust > Brightness/Contrast (Figure 4C). 

3.2.5. Slide the second bar (labeled Maximum) to the left until the chromatin is easily visible (Figure 4D). 

3.3. Tracking chromatin

3.3.1. Navigate to plugins (Figure 5A). 

3.3.2. Click the down arrow in the plugins menu to scroll to the tracking option (Figure 5A).

3.3.3. Click tracking, then TrackMate.

3.3.4. The initial settings will appear. Confirm that the calibration settings are accurate, then click Next (Figure 5B).

3.3.5. Select Thresholding Detector and click Next (Figure 5C).

3.3.6. On the image window, move to the last frame of the timelapse (Figure 5D). 

3.3.7. Next to the intensity threshold, click Auto, then click Preview. 

3.3.8. Adjust the intensity threshold and click Preview. Repeatedly adjust and preview the threshold until the preview includes all chromatin and includes minimal noise, then click Next (Figure 5D).

3.3.9. Initial thresholding detection will occur; click Next (Figure 5E).

3.3.10. Manually threshold until only chromatin is visible, then click Next (Figure 5F).

3.3.11. This page allows filtering of spots. Ignore this and click Next (Figure 6A).

3.3.12. Select Simple LAP tracker and click Next (Figure 6B). The LAP tracker is applicable when tracked objects do not merge or split.

3.3.13. Set linking max distance to 5 microns, gap-closing max distance to 15 microns, and gap-closing max frame gap to 1. Click Next (Figure 6C).

3.3.14. Tracking will occur. Tracks will appear in the original image window. Click Next (Figure 6D).

3.3.15. This page allows track filtering. Press the green + button in the bottom left to create a filter, then choose the Number of spots in track mode and press Auto (Figure 6E). 

3.3.16. Ensure the mode is set to Above. This will eliminate spots that quickly appear and disappear.

3.3.17. Click Next (Figure 6E).

3.3.18. The display options page allows exporting data as a csv file. At the bottom of the page, click the Tracks button, then Export to CSV (Figure 7A).

3.3.19. This page allows built-in plotting; ignore it and click Next.

3.3.20. On the final page, save the video using Capture overlay and pressing execute. Click it, then navigate to file > save as > GIF (Figure 7B).

3.4. Basic speed analysis

3.4.1. Open the tracks CSV in a spreadsheet software.

3.4.2. Delete all columns except for TRACK_ID, POSITION_X, POSITION_Y, POSITION_T, FRAME, and RADIUS.

3.4.3. The spots in each track will be out of order. To order them, first freeze the top four rows and then create a new column titled TRACK_FRAME and copy and paste this formula into the column: =concatenate(A4, "_", if(E4>9, E4, concatenate("0", E4))).

3.4.4. Select the TRACK_FRAME column, right-click it, then click Sort sheet A–Z. The spots within each track should now be in order.

3.4.5. To confirm no spots are missing in the middle of any tracks, create a new column and use this formula: =if(E4>E3, E4-E3, "NA"). Ensure the first spot of each track returns "NA" and the rest 1.

3.4.6. Create a column for Speed (micron/frame) and paste the following formula into it: =if(H4="NA", "NA", sqrt((B4-B3)^2 + (C4-C3)^2)). This will use the Pythagorean theorem to calculate the distance between two points.

3.4.7. To translate this to Speed (micron/second), create a new column and paste the following formula into it: =IF(I5="NA", "NA", I5/(D5/E5)). This will find the seconds/frame and translate microns/frame accordingly.

REPRESENTATIVE RESULTS: 
Live cell imaging of nuclear envelope and chromatin dynamics 
We generated a dual fluorescent marker line, which includes outer nuclear envelope protein WIP1-GFP and centromeric chromatin CENH3-mRFP (Figure 8). 4-day-old seedlings were transferred to the control plate or 100 mM NaCl-containing plates for 2 days. After 2 days of incubation, there is a clear root growth inhibition observed for salt treatment, as previously reported15. Both control and salt-treated roots were used to perform live cell imaging and capture time-lapse movies for 5–10 min with a minute of interval between acquisitions (Supplementary Video 1 and Supplementary Video 2). In contrast to control, salt-treated root cells appear stressed, and centromeric foci appear larger than in control conditions (Figure 8). These observations clearly indicate the effect of salt stress on the root at the cellular level.  

Quantification of chromatin dynamics from the live cell movies  
Acquired movies were processed with ImageJ/Fiji. The first and most important step is the segmentation of chromatin, which is performed via a simple intensity thresholding (Supplementary Video 3, Supplementary Video 4, Supplementary Video 5, and Supplementary Video 6). Manual intensity thresholding is sufficient to reliably eliminate most noise while including all chromatin. Any remaining noise was consistently removed by automatically filtering out tracks with a few spots. The segmented chromatin dots were analyzed using the TrackMate plugin, and the displacement between each time point or interval was measured. This displacement (microns) data was considered over time (seconds) to quantify the speed (microns/second) for both control and salt-treated conditions. Interestingly, chromatin speed was significantly (P < 0.001) higher in control (0.0198 micron/s, n = 38) than in salt-treated (0.0075 micron/s, n = 281) conditions (Figure 9). This result provides new insights about chromatin dynamics in A. thaliana roots and will be useful to test during other biotic and abiotic stress conditions. This result demonstrates the efficiency and reliability of our confocal-to-tracking pipeline in capturing nuclear and chromatin dynamics while eliminating uncertainty regarding the movement of nuclei relative to chromatin. This tracking methodology is particularly straightforward and minimizes manual segmentation, allowing simple and scalable tracking suitable for long-term live imaging requiring high data throughput.

FIGURE AND TABLE LEGENDS: 
Figure 1: Growth of A. thaliana seedlings. (A) Preparation of growth plates. (B- C) Sterilization and rinsing of seeds. (D) Plating of seeds. (E) Sealing and labeling of plates. (F) Cold stratification of plates. (G) Growth of seedlings. (H) Transfer of seedlings to NaCl stress plates. (I)Continued growth of seedlings.

Figure 2: Preparation of seedlings for imaging. (A) Slide preparation. (B) Transfer of seedlings. (C) Covering of the slide. (D) Imaging of roots.

Figure 3: Loading data and splitting channels. (A–C) Loading of data. (D) Example of an opened image window. (E–F) Splitting of channels.

Figure 4: Z-projection and brightness editing. (A,B) Z-projection. (C–E) Brightness editing.

Figure 5: Trackmate thresholding. (A–F) Steps involved in thresholding of chromatin.

Figure 6: Trackmate tracking. (A–D) Tracking of chromatin. (E) Filtering of tracks.

Figure 7: Downloading tracking data. (A,B) Steps involved in downloading tracking data. 

Figure 8: Visualization of nuclear envelope and chromatin. The nuclear envelope and chromatin were visualized using WIP1-GFP and CENH3-mRFP, respectively, in control and salt-treated A. thaliana roots. Nuclei in salt-treated roots are visibly smaller and rounder than in control roots. Salt-treated roots also display bloated root hairs. Scale bar = 100 µm. 

Figure 9: Quantification of chromatin speed. The segmented chromatin speed was measured based on the displacement (microns) between two time points over time (seconds). The chromatin speed (micron/second) is plotted for control and salt-treated roots. Instant chromatin speed was significantly higher in control (0.0198 micron/s, n = 38) than in salt-treated (0.0075 micron/s, n = 281) roots. Student's t-test was performed, where asterisks represent the statistical significance between the means for each treatment. ***P < 0.001. 

Supplementary Video 1: Time-lapse movie of WIP1-GFP and CENH3-mRFP in the control condition. 

Supplementary Video 2: Time-lapse movie of WIP1-GFP and CENH3-mRFP in the salt stress condition.

Supplementary Video 3: Segmented chromatin from the time-lapse movie of WIP1-GFP and CENH3-mRFP in the control condition.

Supplementary Video 4: Highlighted path of segmented chromatin from the time-lapse movie of WIP1-GFP and CENH3-mRFP in the control condition.

Supplementary Video 5: Segmented chromatin from the time-lapse movie of WIP1-GFP and CENH3-mRFP in the salt stress condition.

Supplementary Video 6: Highlighted path of segmented chromatin from the time-lapse movie of WIP1-GFP and CENH3-mRFP in the salt stress condition. 

DISCUSSION: 
The method presented here is ideal for tracking chromatin dynamics. Compared to past live cell imaging methods with separate imaging, the simultaneous imaging of nuclei and chromatin allows for the exploration of the relationship between nuclear and chromatin dynamics. This may reveal movements such as nuclear rotation and intra-nuclear chromatin movement that are otherwise difficult to demonstrate.

As a live cell imaging method, it is most important to have a fluorescent line with consistent signals during the entire process. If photobleaching disrupts signals over the course of a time-lapse, laser power and exposure time should be decreased. This is especially important if the method is modified to increase time-lapse duration. For image acquisition, spinning disk confocal microscopy's high frame rate and reduced photobleaching make it ideal for live cell imaging in contrast to laser scanning confocal microscopy. During the image processing, the segmentation of chromatin is another critical step16. Accordingly, users must ensure that segmented chromatin dots are segmented throughout all the time points. Adding a Gaussian filtering step before entering TrackMate helps to improve the segmentation. If not, chromatin should be re-segmented so that all chromatin is included in the segmentation, even if noise also becomes segmented, as noise can be filtered out during tracking. If a track fails to continue past a certain time frame, it may be due to an unsegmented chromatin dot in that time frame. If a track jumps from one dot to another, this may indicate that the default max linking distance of 5 may be too high for a dataset and should be reduced. This method can also easily be modified for 3D tracking by skipping the Z-projection step. When modifying the method in this way, extra care must be taken to ensure that chromatin is not excluded during thresholding, as its intensity will be lower than in a Z-projected image. If performing speed analysis on 3D tracking data, Z-axis data must also be accounted for during calculations. Although it would prevent image stacks from being taken within a minute, this method may be modified to image more than 20 slices at once. When performing long-term imaging where frequent time intervals are not desired, a larger slice of Z can be used. 

We have demonstrated the capability of using a double fluorescent marker line, live time-lapse imaging, and quantification using TrackMate for the A. thaliana root system. The tracking data generated by this protocol can also be used to calculate mean-squared displacement (MSD), a useful statistic similar to centromeric speed that can also indicate if centromeric motion is purely diffusive or anomalously diffusive17. This method will be applicable across different plant tissues and cell types, including model and crop plants18,19. Although generating the fluorescent marker lines in crop plants takes a longer time and is not readily available like A. thalian, a series of fluorescent marker lines is available for maize20, rice21, barley22, and Medicago23 currently. Additionally, the imaging was performed in transparent root tissue for this protocol. When using a similar marker line within a leaf tissue, one will need to consider the autofluorescence issue and consider the negative control without the marker line. 

The recent advancement of single-cell sequencing data will enhance the selection of chromatin variants based on their cell-type-specific expression24,25, which will enable the design of cell-type-specific fluorescent markers for studying chromatin dynamics. Furthermore, this method will be very useful to investigate chromatin dynamics during different environmental stress and stress recovery. The current method relied on live cell movies captured for 10 min in a horizontal confocal stage. It is challenging to keep the plants healthy and alive for a long time. Furthermore, plant roots grow vertically. Here, roots were grown vertically but imaged horizontally. Using a confocal microscope with the vertical stage26–28 will solve this problem, and it will be an ideal future endeavor to improve this method. As the root keeps growing, it is difficult to keep the root within a perfect focus during the imaging over a certain period. An automated tracking software to keep the nucleus and chromatin in focus during the entire imaging will ensure better output movies. We have also observed that after salt stress, the root cell morphology is altered, and consequently, the capturing of time-lapse movies becomes harder. This challenge can be circumvented by screening during earlier stress time frames to perform imaging when stress affects chromatin dynamics but does not alter the overall cellular morphology. Currently, we cannot categorize the chromatin dynamics in a cell-type-specific manner. In the near future, developing cell-type-specific double fluorescent marker lines will help to solve this problem and ensure better time-lapse movies.   
  
Overall, the method described here has the potential to be expanded and useful to chromatin dynamics from plant and non-plant organisms across cell types, developmental stages, stress conditions, and in diseased states. 
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