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Supplementary Figures

In vivo 3D linear measurements

e sk ok ok ok ok k
] ]
*% ok ok oK
—
5= ¥% *
T P stage 24
44 ¥ B stage 28
E L]
E . . [ stage 29
= I
s
> 21
2
1+ s * [)

FNM width FNM height interocular width

Figure S1. 3D linear measurements from reconstructed OPT scans of chicken embryo heads.
Scans were imported into Amira software for visualization and measurements. Frontonasal
mass width was measured at the midpoint between the cranial and caudal edges of the nasal
slit. Frontonasal mass height was measured in the midline from a line connecting the top of the
nasal slits to the caudal tip of the frontonsal mass. Interocular width was measured through the
head between the two eyes. Significant decreases in absolute frontonasal mass width occurred
between all stages. No significant increase in frontonasal mass height was detected however
interocular with increased by approximately 38% when comparing stage 24 and 29. Thus the
overall head size increases while the midface narrows. The frontonasal mass width values
correspond very closely to the organ cultures started at stage 24 and grown for 48h (Fig. 3G).
Kev: FNM — frontonasal mass
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Geometric morphometrics analysis of the frontonasal mass
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Figure S2. 3D Geometric Morphometrics analysis of the frontonasal mass at 3 stages of
development. A) Placement of landmarks on a segmented face. By isolated the face from the
head we were able to capture the thickness of the frontonasal mass with landmarks 1,6,7 and 8.
B) The PC analysis revealed significant separation based on shape between stage 24 ,28 and 29
frontonasal mass. The low P value is due to the stage 29 shape being so different than the
younger stages. C) The majority of the variance (more than 80%) is captured in PC1 which
probably captures the extension of the cranial-caudal axis. D) The centroid sizes are similar at
stage 24 and 28 but significantly larger in stage 29 embryos. Landmarks are more spread out at
stage 29 which relates to increased growth. P value determined with Tukey’s post hoc test for
multiple comparisons.
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Figure S3. Immunostaining of the head of chicken embryos. Frontal sections cut through the
frontonasal mass and mandible. A) At stage 26, midway between stage 24 and 28, there is no
expression of COL2A1 (type II collagen) in the frontonasal mass or mandibular prominence
(inset). The inset has some folds in the tissue but there is no signal for COL2A1. The only
expression is seen in the notochord and surrounding mesenchyme. B) at stage 29 there is
expression detected in Meckel’s cartilage of the mandible, however there is no staining in the
frontonasal mass. The mandible is differentiating prior to the frontonasal mass.

Key: fnm — frontonasal mass, Inp — lateral nasal prominence, mc — Meckel’s cartilage, md —
mandibular prominence, n — notochord, sc — sclerotome. Scale bar = 500 microns.
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Angle of cell division in

stage 24 frontonasal mass Normal QQ plot
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Figure S4. Frequency of observations of the angle of cell division when cells are in telophase.
Cells were stained with pH3 antibody and angle of division was measured relative to the nasal
slit. Zero and 180 degrees are parallel to the nasal slit. A) The observations in the left and right
side are plotted separately. Generally there is no difference in the proportions of observations
seen in the R and L sides. The exceptions are at 120 and 140 degrees. B) The overall normality
of the data is not significantly different from predicted values.
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FNM narrowing
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Figure SS. Images of frontonasal mass cultures before and after 24h of growth. A-G’) The
left column shows 7 individual cultures at the start of the growth period. The right column are
the same cultures grown for 24h. H) Measurements of frontonasal mass width, midway through
the nasal slit. Cultures were 20% narrower than at time zero.
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Figure S6. Analysis of frontonasal
mass mesenchyme at the end of the
imaging period. Cultures were grown
in multi-well chamber slides on a layer
of Matrigel for 4.5h, the period used
for imaging. A) proliferation was
assessed by counting the percentage of
mitotic cells between the nasal slits.
There was no significant difference
between conditions. B) Cell density is
unchanged by ROCKi treatment. C)
Width of the frontonasal mass was
measured at the midpoint of the nasal
slits. There was a significant increase
in width in the ROCK treated cultures,
similar to the results in 4G where
cultures were measured after plating in
Matrigel (took several hours). **=p<
0.01, determined by T-tests.
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control ROCKi

pH3

Myosinli

TUNEL

Figure S7. Frontonasal mass histology at the end of the imaging period. A, B) Staining of
mitotic figures with pH3 was similar in control and treated cultures. A’B’) an example of a 100
micron? area used to count cell density (inside the white box in A, B). C,D) Cytoskeletal
staining with antibody to Myosinll non-muscle myosin. Cells are in contact with neighbouring
cells and the matrix. E,F) Minimal detection of apoptotic cells in the control and treated
cultures. Most of the signal is seen close the cut edges of the dissected frontonasl mass.

Scale bars = 100 microns for A,B,E,F. Bar in A’ =20 microns and applies to B’,C,D and insets
mE, F.
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Spatial and temporal changes in cell alignment Figure S8. Spatial and temporal
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Stage 24

- M =

K means clustering of vector%rby proximity (p) and direction (g)
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Figure S9. K-means clustering of vectors using Method 1 weighting on position and
vector. A-B’’) K-means clustering with relative weights position p=0, g=1) at the three time
points of high order, disorder and order. The black arrows are cell velocity vectors. The colour
wheel indicates the average direction of each cluster. When position is omitted and only vectors
are considered the clusters are not distinct in controls. The ROCKi treated cultures have even
less organization. C,D’”) Here weighting is entirely on position and not on vector. The clusters
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are in blocks because proximity is prioritized.
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K means clustering of vectors by proximity (p) and direction (g}
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Figure S10. K-means clustering of vectors by Method 1. As in Fig 5SA-B’’, but for all
specimens at 10X. K-means clustering with double the weighting for position compared to
vector, p=2, q=1) at the three time points of high order, disorder and order (as in Supplementary
Figure S5) The black arrows are cell velocity vectors. The colour wheel indicates the average
direction of each cluster. A-C’’) Clearer clusters are seen than if position was not considered.
D-F’’) Very few clear clusters can be seen in the ROCKi treated cultures.
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K means clustering by average direction within a radius of 50 microns
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Figure S11. K-means clustering of vectors by Method 2 (cells positioned within the same
circle of specific diameter). A-B’*) Multiple circles of 50 micron radius were place across the
frontonasal mass and clusters built on those regions. Clear clusters are seen in th first time point
(A) and last (A’’). No clear clusters are seen in the ROCKi treated cultures. C-C’”) with a larger
diameter circle clear clusters are seen in controls. D-D’”) The ROCKi treated cultures have a
patchwork of cells with the same angle that are positioned on opposite sides of the frontonasal
mass. For example see fuchsia cells on both right and left sides of the frontonasal mass in D
and D”’.
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K means clustering by average direction within a radius of 200 microns
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Figure S12. K-means clustering of vectors by Method 2. As in Fig 5C-D”’, but for all
specimens at 10X. K-means clustering by average direction (Method 2 with r =200 pum) at the
three time points of high order, disorder and order (as in Supplementary Figure S5) The black
arrows are cell velocity vectors. Note that the colour wheel indicates the average direction of
each cluster.
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Interpolation of the velocity vectors
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Figure S13. Interpolation or smoothing of data. Raw cell velocity vectors data (A,B,C,D in
black) were interpolated by locally averaging data vectors over 50 um radius neighborhoods.
(Interpolation shown in red in A’, B’, C’, D’). One control specimen (A-B’) and one ROCKi
treated specimen (C-D’) are shown here, for ordered (A,A’,C,C’) and disordered states
(B,B’,D,D’) Time-points in upper right corner, as in Fig 4H-I. The center of the frontonasal
mass in controls tends to have smaller cellular velocities (shorter arrows). The ROCKi appears
to have smaller velocities everywhere (slower cell motion).
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Convergence-divergence analysis over time
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Figure S15. Convergence-divergence analysis for all specimens

A-C’’) Control cultures have tendency for convergence towards the midline of the culture at
the first period of order, but this changes to divergence by the end of the culture period. D-F’”)
In ROCKI treated cultures there is no clear pattern of divergence and convergence at any of the
time points.
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Order-disorder for 30X data
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Figure S16. Order parameter over time at 30X. Time plots of the order parameter for the
30X data computed over various neighbourhoods (r = 100 - 500 um). In contrast to Fig S5, no
clear periodicity is seen in these graphs, demonstrating the fact that 10X data reveals trends
not seen at higher magnification.
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Cell speed 30X Mean Square Displacement Analysis Point of origin plot, control 30X
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Figure S17. Individual cell measurements in the frontonasal mass.

The lateral third of the frontonasal mass was imaged. A grid was placed over the region and
divided into 9 regions. Data from regions 4,5,6 is depicted and this data is representative of the
other regions. Region 4 is at the cranial edge of the frontonasal mass, Region 5 is in the centre
of the frontonasal mass, region 6 is close to the caudal edge. A) Instantaneous cell speed across
all timepoints. Speeds for each culture were averaged and were considered 1 replicate. ROCKi
treatment significantly decreased average cell speed. B) Displacement of cells in the controls
was greater than for the equivalent region of the frontonasal mass in ROCKi treated cultures. P
value is the result of ANOV A analysis comparing treated and control data. Regions are depicted
in panel D. D,E) All cell tracks from the three replicates placed on a single point of origin. Axes
are arbitrary. D) The tendency is for polarization of the cranial and caudal tracks (4,6) whether
the centre has tracks that go cranial and caudally. E) The ROCK treatment causes more
mediolateral spread. Also the tracks do not extend as far on the Y axis. Region 5 shows radial
tracks that are relatively short.

17

C
o
)

©

£
fe
qg
£

o)

|4

©
i)

C

(0]

£
Q

Q

Q

S
wn

L]
FE)

[

()

£

Q
o

(]

>

()
o



Development: doi:10.1242/dev.193755: Supplementary information

B supp-2.mpa
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Movie 1. Time-lapse of stage 25 frontonasal mass dissected and cultured in control media. Nuclei
were stained with Hoechst dye and imaged with confocal microscope, at 10X magnification (CI,
control organ culture). Individual nuclei were tracked with manual tracking software. Dot is the
end of the track and the tail is the trajectory of the movement. Cultures are oriented with the
cranial edge uppermost in the image. The nasal slit is on the lateral sides of the tissue. The center
of the frontonasal mass is relatively stationary in the center where cartilage will form at later stages.

Movie 2. Time-lapse of stage 25 frontonasal mass dissected and cultured in ROCKi treated media.
Nuclei were stained with Hoechst dye and imaged with confocal microscope, at 10X magnification
(R1, ROCK inhibitor treatment organ culture). Tracks appear more disorganized and tissue failed
to narrow in the mediolateral axis. The center of the frontonasal mass is relatively stationary in the
center where cartilage will form at later stages, similar to control tissues.
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Movie 3. Time-lapse of stage 25 frontonasal mass dissected and cultured in control media. Nuclei
were stained with Hoechst dye and imaged with confocal microscope, at 20X magnification with
1.5 optical zoom (C4, control organ culture).
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http://movie.biologists.com/video/10.1242/dev.193755/video-1
http://movie.biologists.com/video/10.1242/dev.193755/video-2
http://movie.biologists.com/video/10.1242/dev.193755/video-3

Development: doi:10.1242/dev.193755: Supplementary information

Movie 4. Time-lapse of stage 25 frontonasal mass dissected and cultured in ROCKi-treated media.
Nuclei were stained with Hoechst dye and imaged with confocal microscope, at 20X magnification
with 1.5 optical zoom (R4, organ culture).

B supp-6.mp4

Movie 5. Time-lapse of K-means clustering by Method 1 (by cell position and direction, relative
weights p =2, g =1) for C1, control organ culture. Clusters are spatially diffuse.

Movie 6. As in Movie 5 but for the R1, ROCK inhibitor treatment organ culture. Clusters are even
more spatially diffuse than in the controls.
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http://movie.biologists.com/video/10.1242/dev.193755/video-4
http://movie.biologists.com/video/10.1242/dev.193755/video-5
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Movie 7. Time-lapse of K-means clustering by Method 2 (considering only mean cell directions
over a 200 um radius) for C1 control organ culture. The maximum number of clusters is 7. The
black arrows are the raw data for a given cell. Clusters of cells on the right and left sides and
cranial-caudal axes are moving in opposite directions (see colour wheel) during the ordered times.

Movie 8
Culture R1 (ROCKi) 10x
K-means clustering 200

mirran radiiic
- —® ) “« p »

00:00 |

Movie 8. As in Movie 7. But for R1, ROCK inhibitor treatment organ culture. The maximum
number of clusters is 7. The black arrows are the raw data for a given cell. In contrast to control
samples, the ROCKi clusters are heterogeneous, lack neighbour similarity and are not organized
into distinct regions. Clusters of cells with the same vector are not located in contiguous regions.

Movie 9
Culture C1 divergence-

convergence 10x

" ® %) «“ p »
0000 |

Movie 9. Time-lapse for divergence and convergence in the frontonasal mass for C1, control
organ culture. Raw vector data was interpolated (averaged over 20 pm radius neighborhood) to
facilitate the observation of complex patterns of divergence and convergence. We observed an
initial band of convergence with several prominent branches at the lateral edges of the frontonasal
mass followed by an overall direction change to divergence.
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Movie 10. As in Movie 9 but for R1, ROCK inhibitor treatment organ culture. ROCKi treatment
disrupted the patterns of convergence and divergence throughout the observations.
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Supplementary Materials and Methods

OVERVIEW OF CELL TRACKING DATA ANALYSIS

ELISABETH RENS

Department of Mathematics, University of British Columbia, Vancouver,
Canada

LEAH EDELSTEIN-KESHET

Department of Mathematics, University of British Columbia, Vancouver,
Canada

Calculating velocity. The tracking data provides us with an x and y co-
ordinate for each cell. Let i denote the cell number and x;(t) = (z;(t), yi(t))
its coordinates at time t. Then we approximate the velocity vector v;(t) =
(u;i(t),vi(t)) as follows:

l‘z(t) — IL'Z'(t — At)

(1) ui(t) = At
o uilt) =yt — At)
2) wiy = 2Ol

where At=10 minutes, the time between each image.

Right-left symmetry. Here we examine the left-right (reflective) symme-
try in the velocity field across the vertical midline of the samples (defined be-
low). To better quantify symmetry, we first interpolate the velocity vectors
to a fixed grid. This allows us to directly compare velocities at correspond-
ing gridpoints. We defined a fixed grid with spacing Az = Ay = 50pum. For
each grid point, we then calculate the average (v,) of the n velocity vectors
(vi) that are within a radius of 50pum.

These interpolated velocity vectors were then mirrored along the vertical
midline. We define the mirroring axis for each specimen as 2 = ZmaxtZmin
Here, Tmax = max z; (t) is the maximum coordinate of all cells over all time

points in that specimen and similarly for the minimum coordinate. The
mirrored velocities are defined as

Vit () = (—uilt), vi(t)
Now at each gridpoint, we calculate the difference in angle between v;(t)
and vi"'(t) as oy — ™"
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2 OVERVIEW OF CELL TRACKING DATA ANALYSIS

Divergence fields. To identify sources and sinks of movement, we calculate
the divergence field. The divergence is defined as

. 6uz(t) + 8vi(t)
- Oz y

Negative divergence indicate a sink and positive divergence indicates a source.
To approximate the spatial derivatives, we use a centered finite difference
approximation. For cells at the boundary of the tissue, we use a for-
ward /backward finite difference approximation. To be able to calculate the
spatial derivatives of the velocity vectors sufficiently accurate, we first inter-
polated the velocity vectors on a much finer grid with spacing Az = Ay =
20pum. At each gridpoint, we calculate the average velocity of the velocity
vectors within a radius of 50 p m of this gridpoint, again using equation ?7?.
We then calculated the divergence for this interpolated velocity field. Next,
we also calculated the divergence for the normalized interpolated velocities.
In the normalized case, all velocity vectors have length one, so that only the
direction of motion is taken into account in calculating the divergence. For
clarity, we show both the divergence of the interpolated velocity field and of
the normalized field (unit vectors in the directions of the velocities).

The divergence field of the normalized vectors shows clear bands of diver-
gence/convergence, that are usually more or less horizontal. We analyzed the
divergence over time, by quantifying the divergence in these bands. First, we
quantitatively identified the position of these bands as follows. We looked
for a band of width r=60um that had the most negative compared to posi-
tive divergence values, or the most positive compared to negative divergence
values. Let Ny(y) and N.(y) be defined as the number of grid points in the
band around y that are either negative (diverging) or positive (converging):

Ny(y) = #(x,y) : div(z,y —r <y <y+r) <0

Ne(y) = #(z,y) s div(z,y —r <y <y+r)>0
Now the center of the band is found as
Y — max 22X (Ne(), Na(y))
v min (Ne(y), Na(y))
We imposed that the band should have a sufficient number of data points.

This ensures that the band will not fall in the complete top or bottom of
the tissue where not many data points are present. Let N be defined as

div v;(t) =V - v;(t)

N = max #gridpoints(y)
y

the maximum number of data points existing in a row of the interpolated
grid. We imposed that the number of data points within the band should
be at least 0.7+ N - (2 +1). A visual check confirmed that this simple
algorithm identifies the location of the bands well. Next, we computed the
average divergence over all data points in the located band:

m=<div(m,Y—T§Y§Y+r) >,
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OVERVIEW OF CELL TRACKING DATA ANALYSIS 3

where <> denotes the average. We used this measure to evaluate divergence
over time.

Range of velocity alignment. We borrow the concept of an ‘order pa-
rameter’ from physics of liquid crystals [3], that has also been used in com-
putational biology to quantify the alignment of cell shapes [5, 6, 8]. Here,
we use this concept to quantify the extent of local alignment (of velocity
vectors). We calculate the average velocity vector v} (t) in a circular region
with radius r around each cell ¢ to obtain n}(¢) called the ‘local director’,
which describes a local average direction within a range r of the cell i. The
angle between this local director and cell ¢ is denoted o] (t). Now our 2D
order parameter is calculated as

S(r,t) = (cos(a;(t)))i

If all cells are moving in exactly the same direction, then S will be close to
1. If cells move in various random directions, S will be close to zero. For a
small r, S quantifies velocity alignment for cells close to each other, while for
very large r =~ 500um, S quantifies velocity alignment over the whole tissue.
This 2D order parameter used here is slightly adapted from its original form
(S(r) = (cos(2c}))i). In the alignment of molecules (physics) or cell shape
(biology), a factor 2 is used because the agents do not have a direction,
only an orientation (i.e. a direction of 0° is equivalent to 180°). Since we
are studying velocities, direction is relevant to us, so we omit the factor 2.
This can lead to negative values of S, because if a cell is moving in the
opposite direction to all neighbouring cells, its o] (¢) will be 180° and thus
cos(af (t)) = —1. Note that this order parameter, has been used to quantify
velocity correlations over space before in [9, 7, 2].

Clustering. We use a weighted k-means clustering algorithm [1] to find
regions of the tissue in which cells move similarly. The k-means clustering
algorithm clusters objects based on the similarity between the variables of
the objects, while selecting an optimal number of clusters. The algorithm
clusters the objects by minimizing the ‘distances’ from objects to the ‘cen-
troid’ of the clusters. The distance between an object and the centroid is
defined as the sum over the Euclidean distance between their variables. In
a weighted k-means clustering, the centroid of a cluster is weighted, i.e. the
centroids of the cluster ¢ are given by

g Cij = 21V
>k Wk

where k runs over all objects in the cluster, Vjk is the jth variable of the
kth object and wy the weight of object k. So, objects with higher weights
are given more importance to the identity of the cluster.

In our case, the objects are cells and we want to cluster the cells based
on similarity in velocity and position. We experimented with the following
choices for variables and weights: 1) variables: direction of velocity and
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4 OVERVIEW OF CELL TRACKING DATA ANALYSIS

positions of cells, weight: velocity of cells, and 2) variable: the ‘local director’
as described above with weight given by the local order. The details of the
two different methods are described below. To avoid effects of noise and
small artifacts, we restruct the number of clusters to no 9 or fewer. The
algorithm usually gave an optimal number of clusters between 6 and 9.

Clustering angles and positions. To cluster cells based on their direc-
tions and positions, we define the following four variables Vi, Vs, V3, Vy:

1
(4) i = q- %s(a) (normalized velocity in x)
1+ s
(5) Vo = ¢q- ++n(a) (normalized velocity in y)
— mMm.:r- t
(6) Vs = p- 2 — minz;(t) (normalized x coordinate)

max;x;(t) — min;z;(t)

— min;y, (¢ : .
(7) V., = p- y mlnzy'( ) (normalized y coordinate)
max;y;(t) — min;y; (t)

describing the position and directions of cells. The normalization ensures
equal weighting of all variables (0 < C1,02,C3,C4 < 1) if p = 1 and
q =1. We set ¢ = 1. By varying p, we can assign more or less weight
to the positions in comparison to the directions of the cells. For small p,
the clustering will be mainly done on the angles, so that cells far apart can
be clustered together. For larger p, cells are less likely to become clustered
together if they are spatially far apart. Finally, the weights are given by
w; = |v;(t)]. This ensures that cells with higher velocities are assigned more
confidence (data of cells with low velocities is more prone to errors).

We experimented with a variety of clustering options, by (1) varying p, (2)
clustering only V; and V5 (equivalent to p = 0), (3) clustering only V3 and Vj
(¢=0,p=1). We compared our clusters of large p (p = 2,p = 5) to case (3),
to ensure that Vi, Vs are at least given some weight and the clustering in not
too biased towards positions. We found that p = 2 gives the best results.
Directions are well clustered and, at the same time, position is taken into
account, so that the clusters are connected in space.

Clustering the local director. Instead of clustering the direction and
positions, here we cluster the local average orientation of cells given by the
local director nf(t) as described before. Let’s call this local orientation ~.
Now we cluster two variables Vi and V5 given by

1+ cos(y)

®) W = — (normalized velocity in x of local director)
1+ s
9) W = —i—+n(’y) (normalized velocity in y of local director)
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OVERVIEW OF CELL TRACKING DATA ANALYSIS 5

Here the weights are given by
T
w; — 1+ cos(af (1))
2
where 0 < w; <1 and o] (t) is the angle between the local director and cell
i. If w; is large, this means that the direction of the cell is similar to the
average orientation and thus will be given a higher confidence.

By varying r in this clustering method, we basically smooth the velocity
vector field over a range r. In contrast to the first method, this cluster-
ing method does not take the positions of cells into account explicitely.
However, this ‘smoothing’ ensures that two cells far apart, but moving in
a similar direction, will not be clustered together, because the average di-
rection within these two different regions are different. We performed this
clustering method for r = 0, 50, 100, 200, 300, 400pum. If r = 0, then the local
director is the same as the direction of the cell and w =1 for all cells. This
means we are clustering the original directions of the cell, and this case is
equivalent to our first clustering method with p = 0. We found that r = 200
gives good results, as it is a biologically relevant [4, 10] and the clusters are
connected in space.
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