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Abstract

WormGUIDES is an open-source dynamic embryonic system designed to fa-
cilitate global understanding of cellular decisions in the developing nervous
system of the nematode C. elegans. WormGUIDES was designed to allow in-
vestigation and exploration of the observational results of the C. elegans life
cycle from laboratory experiments. In the process of a mechanistic C. elegans
model development, some functionalities of WormGUIDES needed to be en-
hanced to support model validation and verification. In this study, a new way
to visualize 3-dimentional vectors within WormGUIDES was investigated and
presented. Then, the practical values of this method were demonstrated by
visualizing two biologically significant directions (Z.e., division orientation and
cell polarity) of individual embryonic cells in C. elegans. Lastly, a mathematic
approach was designed to illustrate the differences between these two sets of
vectors and provide easy indications of the location of these individual cells
that have large data discrepancies within the C. elegans embryonic system.
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1. Introduction

In the past several years, a consortium of biologists, computer scientists, and
microscopists from the Memorial Sloan Kettering Cancer Center, Yale Univer-
sity, the University of Connecticut, and the National Institute of Health have
worked together to create a novel systems-level resource that will facilitate ex-

amination of cellular decisions in the developing nervous system of the nema-
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tode C. elegans. This resource, used for global understanding in dynamic em-
bryonic systems, is WormGUIDES [1]. WormGUIDES was solely a mobile app
until 2016, when a desktop version of WormGUIDES was released with detailed
information on cell shapes, note-taking, and sharing functionality, as well as sin-
gle-cell information summaries [2]. Along with current development of
agent-based embryogenesis modeling [3] [4], we would like to extend the
WormGUIDES functionality for model verification and validation. This process
is necessary in order to achieve an efficient way of comparing any 3D vectors
through visualization. In this paper, we first summarize the software architecture
of WormGUIDES, and then present a method to visualize the 3-dimentional
vectors with RGB values. Finally, we demonstrate the practical use of this me-
thod to visualize two sets of 3-dimentional vectors with significant biological
meanings: division orientation and cell polarity. The experiment can be ex-

tended to other vectors to facilitate further model calibration and verification.

2. Software Architecture of WormGUIDES
2.1. Computational Platform and Software Architecture

The source code for the desktop version of WormGUIDES is located on GitHub
for free download [5]. The computational platforms used in the study are a
MacBook Air and a workstation at MSKCC. The detailed WormGUIDES instal-
lation instructions are available online [6].

Currently, there are two important functions embedded within Worm-
GUIDES. One of these functions is designed to contain and display the C. ele-
gans lineage tree information from previous experiments [7] and after gene mu-
tation & manipulation [8]. The other important function is to allow access to
and visualize the connectome, the complete neural connectivity record which is
uniquely available for C. elegans [9].

Additionally, WormGUIDES contains several utilities to support user search
and query. The WormGUIDES interface is illustrated in Figure 1.

As shown in Figure 1, the WormGUIDES software is designed to provide in-
tuitive and elegant representations of C. elegans’s information. WormGUIDES’s
main interface contains many functions to improve the accessibility of underly-
ing data. Beginning with the first tab on the left side of WormGUIDES, Stories
are user created shareable annotations, meaning that they are text that offers
more specific insight into embryonic events. They appear on the active screen on
the right when selected by the user. Next to Stories, the Coloring and Display tab
can be used to find cells or multicellular structures, and defines many different
ways of selecting and coloring cells based on different attributes. Under the main
3D window a scroll bar allows the user to navigate any part of the embryo at any
point of its life from 20 mins after the first cell cleavage to ~379 mins later when
spontaneous muscle movements begin. Under the scroll bar, when a cell is
clicked on the active screen, the Information Box provides more detailed infor-
mation on the functionality of the cell and the cell’s descendants. Additionally, it

provides more information on the current active story.
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Figure 1. The main interface of WormGUIDES.

2.2. Data Visualization Procedure within WormGUIDES System

WormGUIDES provides the intuitive creation and sharing of interactive visua-
lizations. Users can create custom color schemes to highlight features of interest.
Multiple color layers can be combined to create an interactive 4D illustration of
key events or features. This view of the embryo can then be shared with others
encoded in a URL text string. This functionality can be used to visualize arbi-
trary single cell data superimposed on the model by computing a mapping from
data into RGB. A color space and outputting a URL which assigns each cell in

the embryo a unique data-driven color.

2.3. The Visualization of 3D Vectors

In the agent-based modeling for C. elegans embryogenesis, several important bi-
ological concepts (such as the previously mentioned examples of division orien-
tation and cell polarity) are represented in the format of vectors. Therefore, a
good visualization of 3D vectors with RGB values is necessary. To convert the
vector directions into RGB values, we must first setup a defined range for each
vector to map onto the RGB value. Since the magnitude of the vector is not ne-
cessary to find the division orientation, we can normalize the XYZ components
of vectors. By normalizing the vectors, we set the max value for the XYZ vectors
at 1 and the min at —1, therefore allowing the RGB values, from 0 to 255, to be
easily mapped onto the vector values. We visualize these 3D vectors in Worm-

GUIDES using a simple algorithm. By associating the X, Y, and Z directions with
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R, G, and B values, respectively, we can create a colored system of cells in
WormGUIDES that defines in which direction the mother cell will split into its
daughters.

3. Practical Applications of Data Visualization

An important example of a vector to visualize is cell division orientation, defined
as the direction in which a parent cell splits into two daughter cells. Cell division
orientation is important for morphogenesis, cell fate, and tissue homeostasis. In
this section, we use our color schemes to visualize the division of orientation,
measured from tracked cell positions. In C. elegans embryogenesis, the division
orientation is closely related to another concept, cell polarity, which is defined as
“the asymmetric organization of several cellular components, including its plas-
ma membrane, cytoskeleton or organelles” [10]. Cell polarity causes asymmetric
organization within a cell, such as localization of molecules. Cell polarity im-
pacts the division orientation [11] since the mitotic spindle can be oriented
based on the asymmetric localization of regulators, such as PAR proteins, or the
Wnt signaling pathway. However, unlike division orientation, cell polarity
caused by many factors and cannot be easily modeled. As a result, we first make
several assumptions to derive a cell polarity from a division orientation. Then we
can visualize the cell polarity and quantify the differences between division

orientation and cell polarity to identify the sources of these differences.

3.1. Calculation and Visualization of Division Orientation from
Observation

A MatLab program is created to calculate the division orientations from obser-
vational datasets, derived directly from the microscopic images from Dr. Bao’s
lab. Each dataset contains the cell list at a specific timestamp during the observa-
tion. The interval of observation is around 60 seconds. The pseudo code of divi-
sion orientation calculation is illustrated in Figure 2. First, we load the tracked

1. Loads cell list files from disk, each cell list contains two parts: cell name and
daughters names (can be empty)
2. Create a new data list (to contains the division vectors);
3. foreach row (cell) in the cell list
if current mother cell has a successor { // compute division vector here
Jfor each row (cell) in the cell list {
if cell at that current timestep of the list equals the st daughter
cell of the mother { pos1 = vector of current cell called }
if cell at that timestep of the list equals the 2nd daughter cell of
the mother { pos2 =vector of current cell called)}
} // end of inner for loop
// Make sure the direction is aligned with A/V/L direction
if cell names end with an anterior, ventral, or left direction {
divvector = posl - pos2;
} else {
divvector = pos2 - posl; }
Save the cell name and division orientations (vectors) into an array
} // end of if statement
} // end of for loop
4. Normalize the division vectors
S. Save a cell name and normalized division vectors into file

Figure 2. Pseudo code for division orientation calculation.
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cell locations. Then, we align the XYZ axes with the individual body axis of cell
separately: X axis for the Anterior-posterior (AP) direction, the Y axis for the
Ventral-dorsal (DV) direction, and the Z axis for the Left-right (LR) direction.
The pseudo code of division orientation calculation is illustrated in Figure 2.
Following the procedure described in Section 2.4, the collection of visualiza-
tion results is shown in Figure 3. As illustrated, each dot represents one nuclei
in the embryo. The colors of the dots in the images above each represent the di-
vision orientation of one of the cells, which is derived from the observational
dataset. Each image is representative of a different point of time in the embryo’s
development. From these images, we observe that the division orientation of AB
related cells at each generation have similar colors, especially at the early devel-
opment phase (before the 220 minutes after the beginning of embryo growth).
This observation leads us to an assumption that the dominant driving force in
each generation of AB-related cell development may be the same. It can also be

used to estimate the cell polarity in the cell development.

3.2. Calculation and Visualization of Cell Polarity of Cells within
AB Sub-Lineage

In our study, we define cell polarity as the main factor for determining division
orientation. As we previously mentioned in Section 3, it is difficult to model the
cell polarity directly from observation. However, in Section 3.1 we observed that
the division orientation of AB related cells at each generation have similar direc-
tions at the early development phase. As a result, we may assume cell polarity for
each cell in the AB sub-lineage tree in a generation is the same. The cell polarity
of all the cells of same generation within AB sub-lineage tree is thereby calcu-
lated by averaging the division orientations for the generation of cells. Then,
adding the X, Y, and Z components of the vectors to get the main vector, norma-
lizing this main vector, and splitting it back into components should allow the
cell polarity to be easily mapped onto its respective RGB values.

As illustrated in Figure 4, the cell polarity within AB lineage changes from
generation to generation. The color of cell polarity in the first image is light
green, which means the direction more aligns with Z axis, while the color of cell
polarity in the second image is orange, which means the direction more aligns
with X-Y plane. It is a very rapid change. From the third image, the colors of cell
polarity vary within the range of orange and pink/red, which shows the direction
is still aligned with the X-Y plane. The comparison between Figure 3 and Figure
4 shows differences of these two sets of vectors, so that we may need to reeva-
luate of our methods and assumptions of cell polarity calculations. In the next
section, we would like to quantify these differences to identify the sources for the

major data discrepancy.

3.3. Quantification of Differences between Observed Division
Orientation and Calculated Cell Polarity

To find the differences between the observed division orientation and calculated
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Figure 3. The division orientations of the cells at different times of the embryo’s development. The red and orange color majority
reveals that the majority of the cell divisions are in the Anterior/Posterior direction and less so in the other Right/Left (Yellow) and
Ventral/Dorsal (Blue) directions. The first image, top left, is at 20 mins after embryo development, followed by increments of 40
mins, up to 300 mins on the bottom right image. The gray cells represent fully mature cells that do not further divide.
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Figure 4. The visualization of cell polarities of cells within the AB sub-lineage. The rest cells are not relevant and are colored in gray.
The first image, top left, is at 20 minutes after embryo development, followed by increments of 40 minutes (left and then down) up
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Cell Polarity, a DotProduct function was developed in MatLab to quantify the
discrepancy of these two set of vectors. Each vector is associated with individual
cell that can be used to link the vectors between these two datasets. Since only
the direction, not the quantity, of the vector is of interest, all the vectors are
normalized first before the dot production operation. The results are easy to un-
derstand: the closer the value of dot product is to 1, the closer the two individual
vectors match. For the demonstration purpose, the top 10 cells with the large
differences between these two vectors are listed in Table 1. The complete com-
parison results are available in Dropbox [12].

As shown in Table 1, the two vectors associated with cell AB alpppaap have
the biggest errors, the negative value (close to —1) meaning that these two vec-
tors have almost completely opposite directions. It is also noticeable the large
differences occurred at a later stage of development. The result also reiterates
that at the early development phase the division orientations of AB related cells

have similar division orientation.

4. Conclusions and Discussions

WormGUIDES is an open-source dynamic embryonic system developed by col-
laborations between Memorial Sloan Kettering Cancer Center, Yale, University
of Connecticut Medical Center and the National Institute of Health. Worm-
GUIDES can support the examination of cellular divisions in the developing
nervous system of the nematode C. elegans. To facilitate mechanistic embryonic
system model development, we need a visualization tool to identify the locations
& ranges of 3D vector data and the discrepancy between 3D vectors datasets. In
this paper, we have presented a new way to visualize 3D vectors within Worm-
GUIDES. We have laid out the implementation details and demonstrated the
functionality by visualizing both the division orientation and the calculated cell
polarity of individual embryonic cells in AB sub-lineage of C. elegans. Different

Table 1. The differences (Dot Product) between the Division Orientation and Cell Polarity
of Cells within the AB Sub-lineage.

Cell Name Division Orientation Cell Polarity Dot Product
“ABalpppaap” [-0.724, 0.634, 0.272] [0.945, -0.281, —0.168] -0.91
“ABalaaappr” [-0.862, —0.503, —0.072] [0.945, -0.281, —-0.168] —-0.66
“ABalpppapa” [-0.212, 0.954, 0.212] [0.945, -0.281, —0.168] -0.50
“ABalppppaa” [-0.456, —0.836, —0.304] [0.945, -0.281, —0.168] -0.14
“ABalaapppa” [-0.323, -0.889, 0.323] [0.945, —0.281, —0.168] —-0.11
“ABalaaaarr” [-0.351, -0.935, —0.058] [0.945, -0.281, —0.168] -0.06

“ABalaaapa” [ 0.316, 0.949, 0.000] [0.928, —0.370, —0.032] -0.06

“ABalpaaa” [-0.580, -0.811, 0.077] [0.833, —0.551, 0.050] -0.03
“ABarapaapa” [-0.236, —0.943, 0.236] [0.945, -0.281, —0.168] 0.00

“ABprppp” [-0.508, —0.860, —0.039] [0.847, —0.498, —0.187] 0.01
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hypotheses will be proposed in the C. elegan’s embryogenesis model develop-
ment, especially for the cells that divide in the directory of D/V or LR, instead of
AP. Therefore, this visualization and discrepancy quantification will provide in-
formation to facilitate the identification of major factors for regulating cell divi-
sion orientation. In addition, this tool can be used to provide intuitive access to
information on the location properties of these individual cells with large data

discrepancies.
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