Firstly, we would like to emphasize that we appreciate the helpful comments provided by the reviewers and editor. We have extensively revised our manuscript to correct the points raised during review process. The followings are point by point responses to reviewers’ comments (original comments are colored in blue).

Reviewer 1:
Minor Concerns:
1) Controls are not really mentioned. Perhaps cells without beads or with beads that are not treated could be a control. 
We have now included the results using the uncoated beads to show Rhodamine Red-X is working as an adhesive material.

P. 3, Lines 119-122
“Note: Beads without Rhodamine Red-X treatment do not adhere to cell. Rhodamine Red-X serves as fluorescence marker as well as adhesive molecule. The electro static interaction between positively charged Rhodamine Red-X and negatively charged plasma membrane is a putative cause of adhesion.”

P. 8, Lines 321-323
“The bead without Rhodamine Red-X treatment did not adhere to the blastomeres, suggesting that the Rhodamine Red-X serves as a both fluorescence marker and adhesive molecule.”

2) Some things to consider in the list of reagents:
List all solutions with the final concentrations of each reagent. 
The capillaries are not listed (include the size). The worm strain used should be mentioned. 
We have added the final concentrations for each reagent (P. 5-7, Lines 218-285). Size of capillary was not specified in the product sheet. Thus, we only provided its capacity in the text (Page 4, line 140) and a material table (excel file). We have added worm strains used in a material table (excel file).

3) The authors could mention that this method could be used to look at differences in cell fate if cells are left to develop longer. 
According to the suggestion, we have included the following sentences in the Discussion.

P. 10, Line 409-417
[bookmark: _Hlk16088369]“In addition to cell division orientation, this method has a potential to be a platform to test the relationship between mechanical cues and cell fate. Previous studies reported that mechanical cue controls cell fate specification. Human mesenchymal stem cells differentiate into neuron, adipocyte, skeletal muscle cell, and osteoblast when cultured in substrate with different stiffness17. In response to substrate stiffness, the transcriptional regulators Yes-associated protein (YAP) and TAZ (transcriptional co-activator with PDZ-binding motif) will translocate to nucleus, to regulate cell fate specification18. The method presented in this paper should also be useful to test the role of mechanical cues on cell fate specification, by culturing cell long-term in contact with adhesive beads.”

Reviewer 2:
p3 lines 61-66. It is better to improve the clarify of the text, especially the identity of adhesive molecules and ligand molecules in this context. 
We have edited the text to clarify our description as follows (modified part was underlined).
P. 2, Line 60-67.
“The method presented in this paper uses carboxylate modified polystyrene beads that can covalently bind to any amine-reactive molecules including proteins as ligands. Particularly, we used an amine-reactive form of Rhodamine Red-X as a ligand to make beads both visually trackable and adhesive to the cell. The carboxyl groups of bead surface and primary amine groups of ligand molecule are coupled by water-soluble carbodiimide EDAC [1-ethyl-3-(dimethylaminopropyl) carbodiimide]8,9. Obtained adhesive beads allow for the effects of the mechanical cue on cellular dynamics10.”

The authors may want to add more background information of cell-cell communications via mechanical cues (i.e. physical constrain) and chemical cues (i.e. adhesion receptor-mediated intracellular signalling) to highlight potential application of this method. 
We have extensively added the discussion to consider different mechanical cues, chemical cues, and highlight the potential application of this method. Please see Discussion section.

p4 line 128- p5 line 171. Readers may want to check specification of a dissecting scope (lens, magnification, source of light, etc) to perform this blastomere isolation experiment. 
We have added the technical specification of the dissecting scope in the material list (excel).

Figure 1 needs to distinguish signals of mCherry::Histon and Rhodamine-X-labeled beads. However, mCherry::Histon signal is barely seen in these images. Readers may want to see quantitative comparison of these signals to understand how the optimal amount of Rhodamine-X (0.5 ug/mL) was defined. In addition, I do not understand why addition of beads treated with 5 ug/mL Rhodamine-X (after 3 rounds of wash) caused very high background signal even in the non-beads region. 

We have replaced the figure so that the mCherry-histone signal is more visible. We have also added the line plots showing signal intensities of mCherry histone and Rhodamine Red-X coated beads as suggested. In the original figure, we have set the brightness of signal intensity similarly between different concentrations such that signal intensities look overly saturated in the field of view at the 0.5 µg/mL Rhodamine Red-X. Now we have reduced the brightness of the same image to better show the positions of bead and cell. 

Figure 3D-I can be reorganized to separate each step. Otherwise Figure 3D explains too much method sections in p5 lines 139-171. 
We have separated Figure 3 into two new figures Figure 3 and Figure 4 to better explain blastomere separation in a step-by-step fashion. 

White arrows in Figure 4B are confusing to see the division orientation, especially in the left embryo. The authors may want to show three-dimensional axes to highlight the division orientation relative to the contacts with beads. 
To avoid the confusion, we have made new figures Figure 6 and 7 to better explain how we measure the division axis and myosin flow.

Figures need to be labeled with scale bars (Figures 1, 3, 4). Figure 4B needs a description of the time-stamp (min:sec).
We have added scale bars and time stamps to all figures.

Reviewer 3:
1. In PROTOCOL, Step 1: It may be better if the authors could suggest how to prepare beads without adhesive function, as a negative control. 
We have now included the results using the uncoated beads to show Rhodamine Red-X is indeed working as an adhesive material.

P. 3, Lines 119-122
“Note: Beads without Rhodamine Red-X treatment do not adhere to cell. Rhodamine Red-X serves as fluorescence marker as well as adhesive molecule. The electro static interaction between positively charged Rhodamine Red-X and negatively charged plasma membrane is a putative cause of adhesion.”

P. 8, Lines 321-323
“The bead without Rhodamine Red-X treatment did not adhere to the blastomeres, suggesting that the Rhodamine Red-X serves as a both fluorescence marker and adhesive molecule.”

2. In PROTOCOL, Step 2: I would like to know why PTFE filter is needed, instead of using a commercially available aspirator tube.  
We have added the description to explain why we used the PTFE filter as follows.

P. 4, Lines 135-136
“Note: PTFE filter was used to prevent the inhalation of fumes of hypochlorite solution via mouth pipette.”

3. Line 173: This should be Step 4, instead of Step 3. (Similar with Line 195, which should be Step 5). 
Thank you for pointing this out. We have made corrections.

4. Line 189: I think attaching the bead to the blastomere at a precise position is a key of this entire protocol. However, the description seems too simple ("Control the position … by blowing …"). Can the authors provide more detail on this process (any tips)? Or is this process so easy? 

This is an easy procedure among the protocols. We have added additional tips as follows.

P. 7-8, Line 308-311
“4) Place the mouth pipette as close to the embryo as possible to minimize the strength used to blow into the pipette, but also not too close so that the embryo is sucked up as well (this is also true when attaching beads).”
 
5. Figure 3 B&C: I recommend the authors to add arrows or circles to clarify which is the embryos. 
We have added the arrows to the Figure 3B and 3C. 

6. Figure 3 E-I: The quality of the images is poor. Can the authors show more in-focus images? Unfortunately, this is the limitation of our dissecting microscope. C. elegans embryos are 50 µm and 30 µm in long and short axes, respectively, such that the visualization with a lower magnification optical system is technically difficult. We believe that showing actual images obtained with the dissecting scope are useful, albeit low resolution, for the readers to identify the condition of manipulated embryos during their experiments.
 
7. Figure 4 A: It was hard to understand the configuration of the sample. How about providing a cross-section schematic? 
We have replaced the old Figure 4A with new Figure 5 to explain the assembly of imaging chamber.

Reviewer #4:
Manuscript Summary:
This article describes the methods for cell isolation and reconstitution of physical contacts using beads. While the Method builds on prior work in C. elegans for blastomere isolation, the use of small beads to mimic cell-cell contacts, and to thus distinguish physical from chemical cues, is novel. The detailed account of this protocol will be very useful to researchers studying a number of developmental processes. Overall, I think the protocol is clear and easy to follow and has enough detail, except for a few key areas outlined below under "major concerns". These parts of the manuscript should be clarified before publication. I also list some other typos/issues for clarity in the "minor" section.

Major Concerns:
1) Line 61-62, and corresponding parts of the protocol: It is not clear as written whether the beads are activated in a way that allows them to bind to "adhesive molecules and other proteins" on the cell vs one would (or could add) a specific adhesive molecule. Indeed, the end of the paragraph sounds like you are coating the bead with an adhesive molecule, but I do not see that in the protocol. In the original research article by the senior author, it is stated the beads are binding directly to the cells, so I assume the same is true here. In that case:
The wording needs to be clarified to be clear this treatment makes the beads able to attach to cells with no further treatment.
At the same time, it would also be of interest to know if one could also then incubate the beads with a recombinant protein to deliver additional cues. I know that Goldstein has used Wnt coated glass beads for examples, but very large beads were used in contrast to the current method that utilizes more relevant "cell size" bead. This is later mentioned in the Discussion section- but if the authors think/know their technique could be adapted in such way…it would be great if something could be added to the protocol. For ex is this particular treatment of beads compatible with incubating with recombinant protein? And regardless in the Discussion it would help to include a reference to this idea, rather than just stating the potential (e.g. referencing Goldstein's Wnt bead paper).

We have edited the text to clarify our description as follows (modified part was underlined).

P. 2, Line 60-67.
“The method presented in this paper uses carboxylate modified polystyrene beads that can covalently bind to any amine-reactive molecules including proteins as ligands. Particularly, we used an amine-reactive form of Rhodamine Red-X as a ligand to make beads both visually trackable and adhesive to the cell. The carboxyl groups of bead surface and primary amine groups of ligand molecule are coupled by water-soluble carbodiimide EDAC [1-ethyl-3-(dimethylaminopropyl) carbodiimide]8,9. Obtained adhesive beads allow for the effects of the mechanical cue on cellular dynamics10.”

In the Developmental Cell paper, we did not determine the mechanism by which the beads acquired the adhesive function. Here, we have used the chemically activated beads without Rhodamine Red-X and found that Rhodamine Red-X served as an adhesive molecule. This is probably due to the electro static interaction between positively charged Rhodamine and negatively charged plasma membrane. Thus, we have added following description in the result section.

P. 3, Lines 119-122
“Note: Beads without Rhodamine Red-X treatment do not adhere to cell. Rhodamine Red-X serves as fluorescence marker as well as adhesive molecule. The electro static interaction between positively charged Rhodamine Red-X and negatively charged plasma membrane is a putative cause of adhesion.”

P. 8, Lines 321-323
“The bead without Rhodamine Red-X treatment did not adhere to the blastomeres, suggesting that the Rhodamine Red-X serves as a both fluorescence marker and adhesive molecule.”

Lastly, we have added the discussion of potential chemical coupling of beads with protein with citing Bob Goldstein’s Wnt bead paper as described below. Indeed, the beads can be coupled with any proteins or amine-reactive molecules.

P.10, Line 437-445.
[bookmark: _Hlk16090473][bookmark: _Hlk15314944][bookmark: _Hlk16091849]“In this study, we showed the example of interaction between mechanical cue and cell division orientation, but cell-cell communication is also mediated by chemical cues such as Wnt22, Notch23, adhesion coupled receptors24 and so on. Importantly, the beads preparation method presented here can couple the beads with any proteins, thereby allowing the reconstitution of chemical cues. Previous studies have also used Sepharose bead25 and protein-A magnetic bead26 coated with Wnt protein to demonstrate Wnt-dependent developmental processes. However, these beads are not commercially available in various sizes compared to carboxylate modified polystyrene beads. Hence, future research can use the presented method as a platform to test the role of both chemical and physical cues in more tunable manners.”

2) Line 102 - the dilution for the Rhodamine is confusing as written- e.g by " x 1000 dilutions" do you mean a 1000-fold dilution of the stock? 
We have collected x 1000 dilution to 1000-fold dilution.

Also, in the Reagents section the stock concentration was not specified - that should be added for clarity there instead of here. 
As suggested, we have added the concentration of stock solution and final concentration. 

Then in the protocol under #14, based on the Results…it would be clearer I believe to state here something like "The final concentration of Rhodamine used will depend on the strain being imaged. Start with a 1/1000 dilution in PBS, but adjust if needed (see Results).
Thanks for pointing this out. We have modified our text as follows.
[bookmark: _Hlk16163231]
Page 3, Lines 104-117.
“1.14 The final concentration of Rhodamine used will depend on the strain being imaged. Prepare 1 ml of 1-, 10-, 100-, and 1000-fold dilution series of Rhodamine Red-X from the 0.65 mM Rhodamine Red-X stock solution. 

1.15 Pipette 20 µL of beads into each serial dilution tube. 

1.16 Rotate and incubate the tube for 5 min.

1.17 Wash the beads twice with 1 ml of PBS by repeating steps 1.10, 1.11, and 1.12. 

[bookmark: _Hlk15314240]1.18 Add 1 ml of PBS into the tube and store it at 4°C for up to 6 weeks. Check the fluorescence intensity of the beads under a microscope used for live-imaging. The appropriate concentration of the Rhodamine Red-X succinimidyl ester is dependent on the imaging conditions (Figure 1).”

3) Protocol Section 2-
In comparison to the earlier Method cited (ref 6), there is no use of chitinase to remove the eggshell. So first, I wanted to double check that this is really the case. If so, I actually believe it is worth noting this somewhere. Perhaps even in the paragraph of lines 61-66 where the authors are stating what they are presenting with this new protocol. Those of us who have tried to remove the eggshell know how problematic chitinase can be, so I believe it is worth stressing if it is not really required for successful cell isolation!
Our protocol does not use chitinase at all. We have adapted this protocol from James Priess’s lab. We agree that this protocol is cost effective and we can get more consistent results. Thus, we have modified our text as follows to emphasize this point.

P. 6, Lines 229-232.
“Note: Although many published methods have used chitinase to digest chitinous eggshells, we have adopted a method using hypochlorite solution11. By avoiding the batch-to-batch variations of chitinase activities, we believe this method is more reproducible and cost-effective approach.”

4) Figure. 4: I did not understand the slide/chamber set up at all - this needs much more explanation. Since this is a key part of the protocol, should the details be added to section 3 of the Protocol?
We have replaced the old Figure 4A with a new Figure 5 to better explain the assembly of imaging chamber and we have added the suggested note as follows.

P. 5, Lines 192-200.
“4.1 To observe using an inverted microscope, prepare an imaging chamber as in Figure 5.

[bookmark: _Hlk15313739][bookmark: _Hlk16091369]4.1.1 Place a coverslip onto a coverslip holder (Fig. 5A). 

4.1.2 Tape the edges of the coverslip to stabilize it. The side with tape is the ‘back’ side (Fig. 5A, B).

4.1.3 Flip the coverslip holder over to the ‘front’ side and draw a circle on the coverslip with a hydrophobic pen (Fig. 5C). “


5) The notes on how long solutions keep are very helpful. I would like to see similar notes added for the activated beads part of the protocol (where it states to store them at 4°).

We have added the suggested note in the section 5 (P. 5, Line 220-287.
) and as follows.
P. 3, Line 114-117.
“1.18 Add 1 ml of PBS into the tube and store it at 4°C for up to 6 weeks. Check the fluorescence intensity of the beads under a microscope used for live-imaging. The appropriate concentration of the Rhodamine Red-X succinimidyl ester is dependent on the imaging conditions (Figure 1).”


Minor Concerns:
Line 74- Should MES be defined here? (I think first use of abbreviation)
We have added the definition.

Line 243 - Should BME be defined?
We have added the definition.

Line 251 - Does the FBS need to be heat killed?
This protocol does not require the heating of FBS. We have added the following description in the text.

P. 7, Line 286.
“FBS does not need to be heat killed.”

Figure 3: Add a scale bar for reference please.
We have added scale bars to all figures.

Discussion:
First sentence should be geared towards potential use, not "us", so for example reword as below (also suggestions for second sentence).
Reconstitution of spatial cell contact patterns will let researchers test the roles of specific cell contact patterns in morphogenesis. We have used this technique of isolated bead-blastomere association to show that cell division axis is controlled by physical contact (ref).
We have modified our text as follows.

Page 10, Lines 402-407.
“Reconstitution of simplified cell contact patterns will let researchers to test the roles of specific cell contact patterns in different aspects of morphogenesis. We have used this technique to show that cell division axis is controlled by the physical contact with adhesive beads10. As division axis specification is crucial for multicellular development by contributing to morphogenesis14, stem cell division15,16, and tissue homeostasis15,16, this method should be able to illuminate a new mechanism of animal tissue formation.”
There are several instances of misplaced plurals, or "the" that the copy editors should double check.
Thank you for pointing this out. We have corrected our revised manuscript.

Reviewer #5: 
Manuscript Summary:
Physical and chemical cues play essential functions for various biological processes such as polarity establishment and maintenance, spindle orientation, cell fate decision, and morphogenesis. However, how these intricate processes are spatiotemporally regulated by the physical influence of cell to cell interaction or by physicochemical modulation is still poorly understood. Recently, Sugioka and Bowerman developed an excellent system to study mitotic spindle orientation using carboxylate modified polystyrene bead. In this method paper entitled 'in vitro reconstitution of spatial cell contact patterns with isolated C. elegans embryo blastomeres and adhesive polystyrene beads' Sugioka and colleagues are neatly explaining the method to study the link between contact-dependent physical cues and division axes using early C. elegans blastomeres.

The manuscript by Hsu et al., is interesting, and the authors have well explained the method starting from the preparation of adhesive polystyrene bead to reconstituting the physical contact patterns between embryos and the bead. I believe this method will be beneficial for the investigators working in several different areas and utilising worm embryos as a model system.

Major Concerns:
No major concerns

Minor Concerns:
I have no major concerns. However, I have only one minor suggestion to the reviewers.
In line 44-45, I would like the reviewers to elaborate the part where they discuss various physical and chemical cues specify 'cellular behaviours of individual cells'. I believe expending this section by giving examples, including references, will help the readers to understand the context better. Also, in the discussion section, the authors can further mention the application of their methods in embryogenesis beyond division axis specification.

Thank you for the suggestions. We have added more descriptions in discussion to elaborate the multicellular cues and future potential of this protocol. 

Reviewer #6: 
Hsu et al., described a method for in vitro reconstitution of spatial cell contact patterns with isolated Caenorhabditis elegans embryo blastomeres and adhesive polystyrene beads. Successful implementation of the method is very important for definitive investigation of how extracellular clues affect cellular functions, including cell division axis, asynchrony in division and cell fate specification in vitro, which is difficult to measure in vivo.

My major comments are listed below.
1. Biologically relevant cell contact may function transiently and reversibly, i.e., the contact duration and contact area may have specific meanings in vivo. Given that the polystyrene beads can covalently bind to adhesive molecules and other proteins, this will limit the capability of controlling the contact duration and area. The author should elaborate the limitation with their system.
2. A relevant question is that the isolated blastomeres lose their original shape imposed by egg shell and neighboring cells. A deformed cell shape may also affect contact duration and area.
3. This method can only be applicable to early embryonic blastomeres for which one can recognize the cell identity. After a few round of cell divisions, loss of track on the cell identity will significantly compromise the value of the system.

We agree that these are all very important points that we have overlooked during the preparation of this manuscript. We have elaborated the limitation of our protocol regarding each point as described below.

My specific comments are listed below.
1. PRESSURE. In vivo, cells are under great pressure from their neighbors as well as from the eggshell. Removal of eggshell will change the shape of blastomere and probably result in cellular dysfunction or even death.

2. DEFORMATION. The cells are polyhedral in real embryo due to external forces, and have reproducibly specific shape among individuals (at least at the 4-cell stage). However, the isolated ones are round because of elimination of mechanical cues (cell-cell and cell-eggshell force) (Figure 3/4). Whether and to what extent this will affect cellular function needs to be discussed.

We have added the following discussion for the points 1 and 2.

P. 10, Line 419-425.
“This method has limitations in recapitulating certain mechanical cues observed in vivo. In C. elegans, chitinous eggshell and permeability barrier serve as a physical constrain. Although the removal of eggshell does not affect normal development, removal of both eggshell and permeability barrier results in abnormal pattern formation19. In the absence of eggshell and permeability barrier, cell shape becomes more spherical, suggesting that the pressure between cells and cell-eggshell plays a critical role in cell deformation and patterning. Indeed, cell-cell squeezing forces has been proposed to regulate cell division orientation20.”

3. AREA. Contact area may be an important regulatory factor for physical and chemical cues. However, it seem it could not be controlled in this method. As shown in Figure 4B, the cell-bead contact area is pretty small.
We have added the following discussion of limitation of our protocol.

P. 10, Line 425-429.
“Without having physical constrain and putative pressure among tissues, we expect that this method also cannot recapitulate in vivo cell contact area. As cell contact area is known to affect Notch signaling20, this limitation needs to be further considered when certain mechanical or chemical cue does not work using this in vitro method.”
4. DURATION. How far can this method be applied? This paper mentions ABa and ABp cells (4-Cell Stage). As cells in other lineages (e.g. E,MS,C,P3,D,P4) may have different responsive or regulatory behaviors, can they also be isolated and identified?
We have added the following discussion of limitation of our protocol.

[bookmark: _GoBack]P. 10, Line 431-435.
[bookmark: _Hlk16092629]“We have so far tested the cell division orientation of isolated AB, P1, EMS, P2, ABa, ABp cells (cells up to 6 cell stages) in our hands10, but the method can be applied to later development as far as individual cell can be isolated. Recent single cell sequencing study has used pronase digestion of worm body to isolate larval cell21. Therefore, potentially one can use pronase treatment to isolate later stage embryonic cells and larval cells. ”

5. VISUALIZATION. The velocity vector field of Myosin Flow (Figure 4B), which was well quantified and visualized in Kenji's previous paper, which should be discussed here as well, in particular the algorithm and program for visualization. (Journal of Visualized Experiments)
We have added the method to quantify the myosin flow velocities from time lapse movies in Figure 7 and in the text as follows.

P. 8, Line 332-341.
“In our previous study, we have identified an anisotropic cell surface myosin flow during the bead-induced AB cell division orientation10. However, it is difficult to measure the intracellular myosin flow as cell moves during oriented division. To perform this, first we have selected the samples with spindle aligned to the imaging plane (xy plane) (Fig. 7). Second, Z-stacks were projected using maximum projection method (Fig. 7). Third, cell movements were corrected using the subpixel registration alogrithm “Stack reg” plug-in13 of Image J with “rigid body” option (Fig. 7B). By the registration of images, the position of cell was stabled (Fig. 7B). Finally, by using “Manual tracking” plug-in of Image J, myosin foci were tracked (Fig. 7C). According to the coordinate information, velocities of myosin along division axis, and axis perpendicular to it were calculated within 50 s after the cytokinesis onset.”

6. ORIENTATION. "As reported before, the contact with the adhesive beads orient cell division in parallel to the plane of the contact". In Figure 4B, for the cell on the right, its division axis is not parallel to the contact plane; the intersection angle is about 30°.
We now replaced the figure to the 3D reconstructed images so that the relationship between the cell division angle and cell-cell contact plane are more accurately visualized (Figure 6).
