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Abstract

The temporal organisation of biological systems into phases and subphases is often crucial
to their functioning. Identifying this multiscale organisation can yield insight into the
underlying biological mechanisms at play. To date, however, this identification requires a
priori biological knowledge of the system under study. Here, we recover the temporal
organisation of the cell cycle of budding yeast into phases and subphases, in an automated
way. To do so, we model the cell cycle as a partially temporal network of protein-protein
interactions (PPls) by combining a traditional static PPl network with protein concentration
or RNA expression time series data. Then, we cluster the snapshots of this temporal
network to infer phases, which show good agreement with our biological knowledge of
the cell cycle. We systematically test the robustness of the approach and investigate the
effect of having only partial temporal information. Our results show for the first time that
a temporal network with only partial temporal information, i.e. for some of the PPlIs, is
sufficient to infer the temporal organization of a system. The generality of the method
makes it suitable for application to other, less well-known biological systems for which the

temporal organisation of processes plays an important role.
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Introduction

Many biological systems go through successive phases, or states, over multiple time and
space scales. These phases, and their order in time, are often crucial to the functioning of
these systems and even determine their fate. To understand or predict these phases would
yield crucial insight into the temporal organisation of such systems.

A particularly important example of such a process is the cell cycle, at the heart of all
biological development: the precise timing of molecular events is crucial for the proper
execution of cell division. Indeed, the cell typically progresses through 4 macroscopic
phases, before eventually dividing into two cells (Figure 1). Historically, these cell cycle
phases were first determined by A. Howard and S.P. Pelc at the cellular scale by analysing
the proliferation of bean root cells (Howard and Pelc 1953). The cycle starts with a first gap
phase (G1), in which the cell grows and needs to reach a certain size to enter the next
phase, where DNA is synthesised (S), followed by a second gap phase (G2), and finally
mitosis (M), in which the duplicated chromosome set is divided and equally distributed into
two daughter cells. These 4 phases can then be further divided into subphases, or
physiological processes. For example, mitosis is composed of prophase, metaphase,
anaphase, and telophase.

In the past 70 years, extensive cell cycle research identified the molecular events driving
the behaviour of the cell in each of these 4 phases, see reviews by (Nasmyth 1993, 1996;
Koch and Nasmyth 1994; Murray 2004; Vodermaier 2004). In particular, the
transcriptionally controlled cyclins and the cyclin-dependent kinases were found to

regulate a multitude of cell cycle events. A cellular destruction machinery was found to
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complement these proteins by degrading cell cycle regulators at specific times in the cell
cycle. A set of core cell cycle proteins thus regulate the cell cycle and its phases by
interacting with each other in a precisely timed manner. These interactions can be of
different types: stable and long-term, transient and leading, e.g., to protein
phosphorylation, de-phosphorylation, ubiquitination and/or degradation. They drive the
progression of the cell cycle. As so-called molecular checkpoints, some ensure that one
phase is complete before the cell enters the next phase. Not fulfilling a checkpoint can
stop the progression of the cell cycle and change the fate of the cell.

The complexity of these interactions between proteins is often encoded in a network
representation (Newman 2018). In such biological networks, nodes represent proteins and
edges represent protein-protein interactions (PPls) (Alon 2003; Pavlopoulos et al. 2011).
The cell cycle has for instance been represented as a network of protein-protein
interactions in the KEGG pathway resource (Kanehisa and Goto 2000). These network
representations are however static; they do not include any information about the time-
varying interactions between cell cycle regulators.

Nonetheless, over the past few years, temporal information about biological systems has
become more widely available in the form of time series recordings thanks to high-
throughput techniques such as RNA-sequencing and high-throughput proteomics. This has
opened the door to the investigation of the temporal dynamics of various systems. In
addition, mathematical models of specific biological systems have been proposed, based

on a priori knowledge. These models typically describe the dynamics of gene expression
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levels (Chen et al. 1998) or protein concentrations (Chen et al. 2004), either as continuously
evolving variables or using binary values (Traynard et al. 2016).

To incorporate such temporal information into the representation of protein-protein
interactions, a natural framework is that of temporal networks (Holme and Saramaki 2012;
Holme 2015). In a temporal network of PPls, nodes represent proteins, and interactions
between them are represented by time-varying edges. Temporal network theory has been
used successfully in areas ranging from social interactions (Miritello et al. 2011; Saramaki
and Moro 2015; Gelardi et al. 2020) to neuroscience (Pedreschi et al. 2020; Lopes et al.
2021). However, despite calls to use it more in biology (Przytycka et al. 2010), it is still
underused to study, e.g., PPl networks. Existing studies mostly integrate gene expression
data from microarray or RNA-sequencing to a static PPl network (Li et al. 2018) to identify
active subnetworks (Pierrelée et al. 2020) and functional modules (Komurov and White
2007; Chechik et al. 2008; Li et al. 2012; Ou-Yang et al. 2014).

Here, we go further and fully take advantage of the temporal network framework and
develop an automated pipeline to investigate the temporal organisation of the cell cycle
across a range of time scales, starting from time series data of protein-protein interactions.
To this end, we build a representation of the cell cycle as a temporal network of protein-
protein interactions by incorporating time series data, obtained from a mathematical
model of the cell cycle, into a static network of PPIs. We then build on a recent method
introduced in (Masuda and Holme 2019) to infer phases by clustering snapshots of the
temporal network. We finally validate these phases against ground truth biological

knowledge. Within this pipeline, we present in particular three main methodological


https://doi.org/10.1101/2021.03.26.437187
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437187; this version posted April 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

advances: (1) we analyse the phase inference results at multiple temporal scales,
uncovering several additional subphases in the cell cycle, (2) we analyse systematically the
robustness of the results with respect to changes in the clustering methods, and (3) we
investigate the effects of missing or partial temporal information on the detection of
phases, as a number of models or biological data sets contain only temporal information
on subsets of the proteins or genes of interest. Finally, we show that biological phases can
also be inferred by using gene expression time series instead of protein-protein interaction
data to build the temporal network. We make our code user-friendly and readily available

for others to use for other biological systems (https://gitlab.com/habermann_lab/phasik).
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Results

The Phasik workflow

The workflow of our analysis consists of two main steps: (i) building a temporal network
representation of the cell cycle, and (ii) inferring cell cycle phases from it. This workflow,
which we call Phasik, is illustrated in Figure 2.

Building a temporal network representation of the cell cycle

To build a temporal PPl network that represents the yeast cell cycle, we combined a static
PPl network built from KEGG pathway data ((Kanehisa and Goto 2000), shown in Figure
3a), with temporal interaction data based on the mathematical model of the cell cycle as
described by ((Chen et al. 2004), see Figure 3b). The static PPl network consists of 83
proteins (nodes) and 159 protein-protein interactions (edges). To obtain a temporal
network, we first acquired time series of protein concentrations by numerical integration
of the ODE model of (Chen et al. 2004), with a time step of 1 min over a full cycle of 101
min. For each edge A-B between proteins A and B in the static PPl network, we then
defined its weight wag(t) at time t as the product of the concentrations of the two proteins,
in order to quantify their co-presence at that time (Wallach et al. 2013). Such a time-varying
weight (see Figure 2a-b) could be defined only for the edges connecting two proteins
which are described by the ODE model. In addition, the ODE model contains a few special
variables representing the concentration of protein complexes: these quantities could also
be directly used as evolving edge weights for the edges between the proteins forming
these complexes (see Methods for details). Finally, we normalised each weight time series

by its maximum value over the cell cycle, so that all weights vary between 0 and 1.
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The ODE model provides overall temporal information only for a subset of nodes, and thus
the edges, in the static PPl network, so that the resulting representation is a partially
temporal network, containing both static edges for which no temporal information is
available, and edges whose weights evolve in time (temporal edges). The weights of the
static edges are set to a constant value of 1.

This procedure yielded time-varying weights for only 34 edges of the 159 edges (21%) of
the PPl network. Several examples of the time series of edge weights obtained from the
ODE model are shown in Fig. 3b (see Fig. S1 for all the time series), and the temporal
edges are highlighted with colours in Fig. 3a (the colour representing the phase during
which the weight is largest). Supplementary Movie S1 also shows an animation of the edge
activity of the temporal cell cycle network.

Overall, the PPl temporal network can be seen as a series of n network snapshots (Figure
2b), each corresponding to a timestep at which the edge weights are observed. The
minimal time between successive snapshots is equal to the temporal resolution used in the
ODE numerical integration.

Inferring phases from a temporal network

Since biological phases and processes are driven by specific protein-protein interactions,
it is expected that each phase could be related to a specific structure or “state” (Masuda
and Holme 2019; Pedreschi et al. 2020) of the temporal PPI network. In particular, a large
similarity between snapshots of the temporal network at different times could indicate that

the system is in the same phase at these times, and low similarity between successive times
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could indicate a change of phase (Masuda and Holme 2019; Gelardi et al. 2020; Pedreschi
et al. 2020).

This idea can be taken further and formalised to infer phases by performing a clustering of
the snapshots of the temporal PPl network. Such inference involves three steps (Masuda
and Holme 2019), illustrated in Figures 2b-e: given a temporal network (Figure 2b), (i) we
compute the distance between each pair of snapshots and build a distance matrix
encoding all these distances (Figure 2c), (ii) using this distance matrix, we apply a
(hierarchical) clustering algorithm on the snapshots (Figure 2d), and (iii) we extract the
clusters, after choosing the desired number of clusters. Each cluster of snapshots can then
be traced back to the set of timesteps corresponding to those snapshots and interpreted
as a phase of the cycle (Figure 2e); see Methods for full details. Finally, the inferred phases
can be compared to ground truth knowledge of the cell cycle and interpreted biologically.
In most clustering algorithms, the number of clusters is fixed a priori. However, many real
systems, including biological ones, exhibit dynamics on multiple timescales. Therefore, in
order to explore the potential hierarchy of phases and subphases of the cell cycle, and to
be able to infer phases across a range of timescales, we compute clusterings with varying
numbers of clusters (Figure 2e): increasing the number of clusters potentially allows us to
probe shorter timescales and identify subphases of the main cell cycle phases that are
discovered at a small number of clusters. For example, computing 2 clusters gives us a
more coarse-grained version of the temporal organisation than computing 5 clusters. For
each number of clusters, we compute a quality metric of the clustering (the silhouette, see

later) in order to investigate whether a preferred partition emerged from the analysis.
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The phases determined by the clustering algorithm, at fixed number of clusters, may be
affected by two main technical choices in the pipeline: (1) the distance measure used to
compute the distance matrix between snapshots and (2) the specific clustering algorithm
considered, together with its parameters (in particular, the way to measure a distance
between clusters: while default settings exist in most numerical implementations of these
algorithms, they can actually be changed and several choices are available). Unless stated
otherwise, we used (1) the Euclidean distance and (2) hierarchical clustering with the
“Ward"” method of computing the distance between clusters in our analysis. These settings
were chosen as reference because they provided the best clusters according to the
following criteria: biological interpretability, quality of clustering, and robustness of the
method.

We used the average silhouette score to assess the quality of each clustering (Rousseeuw
1987). This score is a number between -1 (the worst) and 1 (the best) that indicates how
well separated the clusters are: values near 1 indicate a very good separation (hence a
meaningful partition of the snapshots), while values near 0 indicate overlapping clusters.
Negative values indicate that one of the snapshots was not correctly assigned to a cluster.
In addition, we investigated quantitatively the robustness of the clusterings (at fixed
number of clusters) with respect to the parameter choices by computing similarity scores
between clusterings. To do this, we used the adjusted Rand index, which can take values
between -1 and +1. A value of 1 indicates that two clusterings are identical (up to

permutation of the labels) and a value of O indicates random cluster assignments. Negative
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values can occur when two clusterings are less similar than expected for random cluster

assignments. See Methods for more details.

Inferring the multiscale phases of the cell cycle

We inferred phases of the budding yeast cell cycle from the temporal cell cycle network,
illustrated in Figure 3 and animated in supplementary Movie S1, using the Phasik workflow
described above. First, we computed the distance matrix, as described above and shown
in Figure 4a for snapshots observed at a temporal resolution of 1 minute. A visual
inspection of this matrix revealed prominent dark blue diagonal blocks, corresponding to
highly similar successive snapshots of the temporal network and thus indicating a marked
temporal structure of the system. Second, we applied hierarchical clustering and
computed clusterings with the number of clusters ranging from 2 to 11. The resulting
partitions of the cell cycle timeline are shown in Figure 4b (Figure 4c displays the average
silhouette that measures the quality of each clustering, as a function of the number of
clusters). This quality score was around 0.5-0.6 in all cases, indicating that no partition
should be discarded from this criterion. In fact, the roughly constant value of the silhouette
rather indicates that many timescales are relevant in the system. The largest values of the
average silhouette were obtained for numbers of clusters ranging from 5 to 9.

To validate the results of the Phasik pipeline, we took advantage of the ground truth
coming from biological knowledge, and checked that the starting and ending times of
each cluster corresponded to the timings of known biological phases and events. We used

the timings of the primary cell cycle phases G1, S, G2, M determined, relative to the
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budding yeast cell modelled in (Chen et al. 2004). In addition, we used the timings of the
following checkpoints and physiological events as they were described in the same study:

n"

“bud” indicating bud emergence, “ori” the start of DNA synthesis, “spn” indicating
completion of chromosome attachment to the spindle and alignment of chromosomes on
the metaphase plate, and “mass” indicating the start/end of a cycle. Timings of the START
checkpoint and the “E3" event (short excitation period associated with the sharp decrease
in the SBF complex concentration) were determined by a stability analysis in (Lovrics et al.
2006).

Visual inspection of the distance matrix of the temporal cell cycle network, returned by
Phasik, indicated 4 major clusters roughly corresponding to the G1, S, G2, and M phases
of the cell cycle (see Figure 4a), as well as a small cluster at the very beginning of the cycle.
The application of the clustering algorithm allowed us to perform a more detailed and
precise analysis of the clusters, at each number of clusters (see Figure 4b) and to discuss
them in relation with the evolution of the edge weights shown in Supplementary Figure
S1:

- When using 2 clusters, the algorithm detected two phases: a phase corresponding to the
G1/S phases, and one including the G2 and M phases mitosis. The detected G1/S phase
starts at the START checkpoint, at which point the cell commits to entering the cell cycle.
It ends at the E3 excitation peak before entering the G2/M cluster, which persists then
until the START checkpoint. The main determinants for this clustering are the abrupt

increase (START) and decrease (E3) of the activity of edges SWI4-SWé and SWI6-MBP1.

These two edges correspond molecularly to the activity of the SBF and MBF complexes,
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respectively, which are known to initiate at the START checkpoint. They are known to be
activated by the CDC28-CLN3 complex early in the cycle and are required for the
activation of gene expression of cyclins CLN1 and CLN2. The fact that these are the two
first clusters to be detected highlights that our method is able to detect such abrupt
changes in edge weights.

- For 3 clusters, the separation between phases G1 and S was detected at the
physiological event of bud emergence (“bud”). Several molecular events can be linked to
this separation: the emergence of the CDC28-CLB6 and SWI6-CLB6 edge weights which
persist until the E3 event, as well as short peaks of the weights of CDC28-CDC6 and CDCé6-
CBL6. Moreover, the weight of CLB6-SIC1 decreases. Finally, the weights of CLN1-SIC1
and CDC28-SIC1 seem restricted to the G1 phase.

- At 4 clusters, the four phases G1, S, G2 and M were clearly detected, though the
transition of the G2/M phases was obtained at the “spn” checkpoint. This checkpoint
coincides with the abrupt change in edge weights for BUB2-TEM1, CDC15-TEM1, CDC20-
CLB5, CDC20-PDS1, as well as LTE-TEM1. Biologically, it represents the moment in
metaphase when all chromosomes should be properly attached in a bipolar fashion to the
mitotic spindle. Once the spindle checkpoint is passed, the cell progresses into anaphase.
Furthermore, the beginning of the G1 phase (before the START checkpoint) is clustered
with the G2 phase, indicating that they seem to be more similar to each other than to other
parts of the cell cycle. However, this split was not robustly found with other clustering

methods, as is discussed in more detail below.
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- At 5 clusters, the 4 phases G1, S, G2 and M were identified, with the G1 phase splitin a
pre- (purple in Figure 4b) and post-START (green) cluster. The cluster corresponding to
phase G2 again extends to metaphase and the “spn” checkpoint.

- At 6 clusters, a small (brown) cluster appeared at the transition between phases G1 and
S, immediately after the “bud” event, corresponding to a peak in CDC28-CDC6 and CLB6-
CDC6 edge activities. CLB6 is known to be required for the initiation of DNA synthesis by
activating CDC28, as well as the DNA-replication protein CDC6. Both interactions are thus
initiating the transition from phase G1 to S.

- At 7 clusters, a new cluster was detected in phase G1, right after the START checkpoint
(pink cluster). There are several changes in edge activities that can be linked to this new
cluster: CDC14-SIC1 and SIC1-SWI4 have sharp activity peaks at this cluster. Furthermore,
the edge activities of BUB2-TEM1, CDC14-CDH1, CDC14-SWI5, CDC15-TEM1, CDC20-
CDH1 and CLB1-SIC1 drop during this phase and CDC14-NET1 shows a subtle increase.
Finally, there is the transitions of MBP1-SWI6, SWI4-SWI6, CDC28-SIC1, CLN1-SWI4-
CLN1-SWI6, CLN1-SIC1 from low to high activity that could contribute to this new cluster.
- At 8 clusters, a new cluster was introduced at the end of phase M, which extends to the
beginning of the G1 phase (grey cluster). It can be linked to the late edge activities of
CHD1-CLB1 and CDH1-SIC1: this is well in agreement with the fact that the APC-CDH1
complex is known to degrade CLB1 to induce mitotic exit. We can furthermore observe a
drop in the edge activity of CLB1-SWI5 and CDC28-SWIS5.

- At 9 clusters, a new (light green) cluster was found towards the end of G1 right before

the “bud” event. The edge activity underlying this new cluster is the short and prominent
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peak in the edge activity of CLB6-SIC1 (Supplementary Figure S1). Biologically, at this
stage, CLB5/6 are already prominently expressed and have formed stable complexes with
CDC28. They are however, until the onset of phase S, inhibited by SIC1. Following the
destruction of SIC1, replication can be initiated.

- At 10 clusters, the G2 phase was detected (light blue cluster), starting from the E3
excitation point. More subtle edge activity changes most likely contribute to this new
cluster: the transition from high to low CDC28-CLN1, the subtle rise in CLB1-SIC1, the rise
in CLB1-SWI5, CDC28-SWI5 and CDC28-CBL1 and the subtle increase of CLB6-SIC1.
- Finally, at 11 clusters, mitosis was further refined, with the detection of a separate
anaphase (red cluster) and telophase (light grey cluster). This new split coincides with
change in the activity of edges CDC14-NET1, CDC14-SWI5, CDC20-CLB6, CDC20-PDS1,
CDC20-CLB1 and ESP1-PDS1.

Overall, the computed clusters corresponded thus to known biological processes across a
range of timescales, and these clusters were of a high quality according to their silhouette
scores. Note that, for high numbers of clusters, the clustering obtained presents much
more finely time-resolved pictures of the temporal organisation of the cell cycle than with
the major cell cycle phases, with subphases and biological processes happening over
shorter time scales. A more detailed view of the silhouette scores is shown in Figure S2 for
each case. For 6 or more clusters, negative silhouette values appeared for a few snapshots.
As the average silhouette score was highest at 5 clusters and as the 5 clusters case seems
to be the most biologically relevant for detecting the basic phases of the cell cycle, we use

this case further in the rest of this study.
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Testing the robustness of Phasik against method variations

At each step of Phasik, several parameters can be set and methodological choices can be
made. Each such choice can affect the resulting inference of cell cycle phases.

First, the definition of the evolving edge weights from the ODE model might affect the
clustering results. To investigate this further, we built a temporal network with the same
method as above, but without normalising the weights by their maximum value. The
resulting distance matrix (see Supplementary Figure S3a) and clusterings (Supplementary
Figure S3b) differed from those obtained using normalised weights (shown in Figure 4).
Indeed, the G1/S phases were less well defined. The “bud” and “ori” events were not
detected. “START"” was only detected when using at least 8 clusters and the G1/S phase
boundary was shifted. The G2 and M phases were found up to 5 clusters, as with
normalised weights. A shorter G2 phase was detected already at 7 clusters and the period
between “E3" and “spn” was further split with higher cluster numbers. These differences
are likely due to the large differences in concentration values found in the ODE: they
indeed vary between 1 and 200 units. Protein interactions resulting from very low
concentrations therefore lead to small edge weights and their variations influence
clustering much less than larger weights, even if they might be biologically equally
important. It seems thus important to use a normalisation step when defining the edge
weights in the temporal network from which one aims to infer relevant phases.

In the second step of Phasik, a distance metric needs to be chosen to compute the

distances between snapshots (Masuda and Holme 2019). Moreover, a clustering algorithm
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needs to be selected (e.g. hierarchical or k-means), together with its associated parameters
(Figure 2d).

To test the robustness of the Phasik workflow against variations in the methods and
parameters chosen, we compared different clustering methods and different clustering
parameters to our base method (hierarchical clustering with Ward linkage). Specifically, we
used hierarchical clustering with the following 6 linkage methods: median, centroid,
weighted, average, complete, and single (see (Millner 2011) for details), as well as k-means
clustering, which is non-hierarchical. For each of these methods, we computed clusterings
and quantified how similar they were to those of our base method, using the adjusted
Rand index. We show the adjusted Rand index for all 7 methods and for each number of
clusters in Figure 4d. Actual clusters for each case are shown in Supplementary Figure S5,
together with average silhouettes. As shown in Figure 4d, the clustering was most robust
when using 2 clusters: most methods found identical clusters, except hierarchical clustering
with complete and single linkage (which were still very similar with an adjusted Rand index
close to 1). For 3 and 4 clusters, k-means yielded clusters almost identical to Ward, but the
other methods gave fairly different clusters, except for complete and weighted, which
showed slightly higher adjusted Rand indices. At 5 clusters, most methods yielded results
very similar to Ward, except for median and single with adjusted Rand indices close to 0.6.
For larger numbers of clusters (6 and more), the various methods still agreed fairly well
with Ward, especially k-means and, to a lesser extent, hierarchical clustering with average,
as well as complete linkage. The methods that performed most differently were median

and single, with adjusted Rand index values close to 0.4. Remarkably, “k-means”
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performed overall most similarly to the hierarchical clustering with “Ward”, even though it
is not hierarchical. This could indicate an inherent hierarchy in the temporal structure of
the system.

By definition, different clustering methods are expected to favour different shapes of
clusters, and hence yield different clusterings. Identifying similar clusterings with different
methods therefore is an indication that the underlying data contains strong phasic
information. In addition, we also investigated the robustness of the method against
changes in the distance metric used (see Supplementary Figures S5). We compared
Euclidean distance to 3 other distance metrics: cosine, Manhattan, and Chebyshev. All
distance metrics give nearly identical clusterings at each number of clusters. Only

Chebyshev at 2 clusters yields a Rand index smaller than 0.6.

How much temporal information is needed to infer meaningful phases?

The framework of temporal networks is usually considered when temporal information is
available for all pairs of nodes: the data is a set of temporally resolved interactions, and all
edges are then temporal. Here instead, the temporal information is available only for a
fraction (21%) of the edges (protein pairs), and we have for simplicity set a constant weight
to the other edges of the PPI. Such a situation of partial temporal information might in fact
happen in many systems, in particular in biological systems, where experimental
measurements of temporal information about all interactions are currently not feasible.
We thus investigated how the detection of meaningful phases through the Phasik workflow

depends on the amount of temporal information available. To this end, we artificially
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discarded the temporal information from selected edges, building in this way modified
temporal networks. We then computed clusters from these networks and compared them
to those obtained with the original temporal network constructed with all the available
temporal information.

First, we discarded temporal edge activity for each specific edge by setting its weight to a
constant value (e.g., 1) and computing the partition of the snapshots into 5 clusters using
Phasik. We repeated this procedure for all temporal edges. As shown in Supplementary
Figure S6, discarding the temporal information of one single edge resulted in nearly
identical clusters in most cases, indicating the robustness of the clustering against small
alterations in edge weights. Small differences occur only in a few cases: for instance,
removing the variation of the temporal edge weight representing the interaction between
CDC28 and CLN1 resulted in a slightly earlier onset of the S phase compared to the
original temporal cell cycle network (Supplementary Figure Sé c, d). Supplementary Figure
Sée also highlights (top of the plot) several other edges, where variations in the clustering
were observed when their weight variations were ignored.

Second, we focused on nodes rather than single edges, to investigate whether some nodes
are more central than others (i.e. more important for extracting meaningful phases). In
other words, we studied whether the temporal information of a specific node and its
interaction partners was more informative than for other nodes in terms of correctly
detecting sensible phases. This question is especially meaningful since edge weights were
defined based on time series related to nodes. We thus built temporal networks using

temporal information restricted to one specific node and its interaction partners, setting
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all the other edge weights to a constant value. We then computed the clusters from the
Phasik pipeline with 5 clusters and compared the result to the one of the whole temporal
network using the adjusted Rand index. We performed this procedure for each node
present in the ODE model, respectively. Figure 5a shows the adjusted Rand index obtained
in each case. In some cases (e.g. CLB6, CDC28 or CLN3), the similarity with the clustering
obtained with full temporal information remained quite large. For some other nodes
however, very different clusters were obtained (e.g. CHD1, CDC14, CDC5, see Figure 5a).
Figures 5b-e and S7 show more details of the distance matrices and clusters obtained in
various cases. When temporal information was restricted to the edges connected to
CDC28, the original 5 clusters were reproduced fairly well (Figure 5b,c). This is not
unexpected, as CDC28 has 8 temporal edges and plays a central role in regulating the cell
cycle. Notably, a protein like MBP1, which has only to 2 edges with temporal information,
also yielded clusters quite similar to the original ones (Figure 5d,e): when keeping only
temporal edge weights for MBP1, the clustering detected G1 more reliably than the other
phases, while the S phase was not properly clustered and split into three phases. This result
can be explained by the temporal profile of MBP1 and its partners (see Supplementary
Figure S1), with constant activity over G1 and S of MBP1-SWI6 and varying activity of CLB6-
MBP1.

Examples of nodes whose sole temporal information recovered the original 5 clusters less
well are shown in Supplementary Figure S7. Temporal edges of CLB1 detected the G2 and
M phases better, but were unable to detect the G1 and S phases (Supplementary Figure

S7a). This agrees with the activity profile of CLB1 edges: CLB1 has 4 temporal edges, but
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they are all active at the very beginning of the G1 phase only, as well as prominently in
phases G2 and M (Supplementary Figure S1). Temporal information on SIC1, on the other
hand, detected only one cluster over the S, G2, and M phases, whereas the G1 phase was
split into 3 distinct clusters. The edge weight timelines of SIC1 and its partners (6 active
edges) are largely restricted to the G1 phase, with only CLB1-SIC1 being active late in the
M phase as well (Supplementary Figure S1).

We finally investigated whether some features of the nodes could predict their importance
in this procedure, as determined by their possibility to recover clusters similar to the
original ones if only their activity timeline and the ones of their partners are known
(Supplementary Figure S7e). We found only very weak correlations between the adjusted
Rand indices of Figure 5 and the number of edges with temporal information with which a
node participates. Similarly, only very weak correlations were found with typical measures
of centrality for static networks such as degree or betweenness centrality, with several
nodes having low centrality but high adjusted Rand index. Only the eigenvector centrality

showed a slightly larger (but still weak) correlation with the adjusted Rand index.

Influence of sampling frequency of edge time series on clusterings

Another issue related to the amount of temporal information needed concerns the
temporal resolution of the evolving weights, corresponding to the inverse of the sampling
frequency. While we have used until now the finest possible resolution (i.e., the temporal
resolution with which the ODEs have been numerically integrated), concentration time

series might a priori be available only at coarser resolutions. We thus downsampled the

21


https://doi.org/10.1101/2021.03.26.437187
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437187; this version posted April 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

original time series for a range of temporal resolutions to determine the temporal
resolution needed to infer meaningful phases. The resulting distance matrices between
snapshots are shown in Figure 6 for snapshots observed every 5 or 15 minutes, together
with the 5 clusters obtained by the clustering algorithm. Despite the coarser resolution,
results showed good agreement between clusters and known phases (Figure 6). With a
temporal resolution of 5 minutes, all 5 clusters were robustly obtained (Figure 6 a,b). Even
with a temporal resolution of 15 minutes, the original clusters could reliably be obtained
(Figure 6 c,d). Clusters are shown for temporal resolutions ranging from 2 to 20 minutes in
Supplementary Figure S8. Note that average silhouette values became lower with coarser
temporal resolution. Furthermore, lower sampling frequencies yielded fewer timepoints
and, consequently, fewer clusters could be computed: a phase could be detected only if
it was represented by at least one timepoint. Combined, these effects imply a lower bound
on acceptable sampling frequencies that will depend on the timescales of interest in the

system considered.

Inferring cell cycle phases from gene expression data

The previous results were obtained using the protein time series obtained from the ODE
model by Chen et al. (Chen et al. 2004). These time series have the advantage of being
noise-free and having virtually infinite sampling frequency (as one can numerically integrate
the ODE with an arbitrary small timestep). However, such high-quality mathematical
models are so far only available for a few biological systems and are mostly restricted to

systems with sufficient biological knowledge. It is therefore important to investigate
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whether cell cycle phases could be inferred in a similar way from gene expression time
series data emanating from RNA-sequencing or microarray studies. Such data is indeed
much more easily available and provides temporal information for virtually all genes.
To test this, we used a time-series RNA-sequencing dataset described in (Kelliher, et al.,
2016): for this study, yeast cells had been first synchronised, then were released to undergo
three full cell cycles, with RNA samples taken from the culture every 5 minutes for RNA-
sequencing. In the published dataset, RNA-levels of all genes are available. One full cell
cycle was reported to last 75 minutes. For our study, we only used the first cell cycle, as
the time series deteriorate due to de-synchronisation of the cells. We downloaded
normalised read counts and then normalised each time series so that values were between
0 and 1. As previously, we used the same static PPl network from KEGG, now deriving
edge weights from gene expression data rather than protein concentrations of the nodes,
to build a temporal network. Then, we inferred phases, following the workflow described
above. The resulting temporal network contained 83 nodes and 159 edges, of which 158
contained temporal information over 16 timepoints.

Visual inspection of the distance matrix indicated a less clear temporal structure (Figure
7a) than that of the temporal network built from protein concentrations. This could be due
to a higher noise level in the data, as well as less clear transitions in gene expression from
one state to the next. We next inferred clusters using Phasik (Figure 7b). We identified 4
stable clusters that roughly correspond to the 4 cell cycle phases and that persist at higher
numbers of clusters. The average silhouette values were lower than the ones reported

when using the temporal PPl derived from the ODE model, indicating a worse separation
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of clusters. Values ranged from 0.25-0.3, with a maximum just above 0.3 at 5 clusters, and
values below 0.25 for 8 clusters or more (Figure 7c).

Interpreting the resulting cell cycle phases from the temporal RNA-seq expression data
was much more challenging than from those inferred from protein concentration data from
the Chen model. We mainly used evidence of temporal profiles of cell cycle genes known
to be temporally regulated in the cell cycle from to assign cell cycle phases (see reviews
from (Nasmyth 1993) and (Koch and Nasmyth 1994); with additional data from (Lord et al.
2000); and (Amoussouvi et al. 2018)) (Figure 7d). The phases we inferred from the clusters
fitted reasonably well to the G1, S, G2 and M phases, especially for 4 and 5 clusters. Edge
weights of the most active edges for 4 and 5 clusters are shown in Supplementary Table
S1. At higher numbers of clusters, we obtained new clusters that were similar to those
obtained from the temporal PPl network, namely: a split of the M phase cluster with the
pre-START G1 phase cluster; a separation of phase S in an early and a later phase; a
separation of the G1 phase in early and late, as well as the split of the M phase in two

separate subphases.
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Discussion

In this study, we inferred biological phases of the budding yeast cell cycle by representing
it as a temporal network of protein-protein interactions and applying a clustering algorithm
to the resulting series of snapshot networks. To build the temporal network, we started
from a static PPl network in which we assigned time-evolving weights to certain edges,
obtained by integrating time series of protein concentrations from an ODE model, as well
as from expression data from an RNA-seq study. We inferred biological phases from the
temporal PPl network for a range of potential timescales, by using the clustering algorithm
with various numbers of clusters. We tested our method extensively against variations in
algorithms and parameters chosen. We showed that our method is able to infer meaningful
biological phases, corresponding to the principal cell cycle phases G1, S, G2 and M, with
a finer resolution in subphases at higher numbers of clusters. The identification of these
cell cycle phases was possible with both protein concentration data and gene expression
data. We showed that our approach is robust against changes in distance metrics and
clustering methods and identified those that performed best for our system of interest. It
should be noted, however, that the clustering algorithms could perform differently for
other types of data. A careful evaluation of different methods would therefore be of
interest for other systems.

At each number of clusters, we matched the inferred phases to actual biological phases
and processes and found good agreement with published data on the cell cycle. This may
not be surprising as the mathematical model developed by Chen et al. is based on
extensive knowledge of key cell cycle events. It is remarkable, however, that we obtained
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these results even though our network is only partially temporal, with temporal information
missing for nearly 80% of edges. We stress here that no additional information about the
cell cycle phases was used to infer these phases through the clustering method: results
shown here are based only on the temporal network itself.

A peculiarity of the system we have considered is precisely that only partial temporal
information was available. Usual temporal networks study indeed consider all edges to
include temporal information (either discretised or with evolving weights). Here, we further
investigated this point and the specific role of the temporal information in the inference of
biologically meaningful phases. First, we showed that the inferred clusters remained almost
unchanged if we discarded the temporal information of any single edge. Second, we
showed that meaningful clusters could still be obtained even when temporal information
was included for the edges of some single nodes. Results depended on the node selected,
with some nodes carrying more important temporal information than others (i.e., being in
some sense “temporally central”). For example, MBP1 (participating in 2 edges with
temporal information) and CDC28 (participating in 8 such edges) yielded results
comparable to the ones obtained with the original network, but CDC14 (participating in 2
temporal edges) did not. Interestingly, we did not find any correlation between the number
of temporal edges of a node and its ability to recover the 5 cell cycle clusters. Furthermore,
no correlation with typical static centrality measures could be observed, including degree,
betweenness centrality, and only weak correlated was observed with eigenvector
centrality. Third, we showed that a minimum sampling frequency was dictated by the

timescales of the phases that should be detected, but that sampling frequency had minor
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effects on clusters at values above that threshold. Many open questions remain of interest
to both theoreticians and experimentalists concerning partial temporal networks. Indeed,
by understanding which interactions are most informative about the temporal structure of
a system, experimentalists could focus primarily on those. For instance, while it is well-
known in the cell cycle that CDC28 is a major driver of cell cycle events, major drivers might
be less well known in other biological systems. Yet, our method shows that obtaining even
partial temporal information on some components might be sufficient to gain insights into
the temporal structure of a biological process.

To test the Phasik workflow, we have used a well-defined time series of protein
concentrations obtained from an ODE model. This data has virtually infinite sampling
frequency and is free of noise. Moreover, such models typically contain just a handful of
proteins that were carefully selected to reproduce the dynamics of a specific biological
system. However, such complete and high-quality models are not available for many
biological systems, as they require a large body of experimental evidence and modelling
effort. More accessible temporal data can be obtained by high-throughput measurements
of RNA (RNA-sequencing, microarrays) or protein levels (quantitative proteomics) in time-
course experiments. Such studies have become standard and are technically easier.
However, high-throughput measurements come with downsides: 1) inherent high noise
levels; 2) coarse temporal resolution, typically in the range of hours rather than minutes; 3)
in the case of RNA-sequencing, transitions in RNA expression levels from one state to the
next are much less marked than for proteins. We used RNA-sequencing data from a yeast

cell cycle time series experiment to test whether we could infer biologically relevant phases
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with our method. Even though the data suffered from all the issues discussed above, we
succeeded in inferring the 4 relevant cell cycle phases. Thus, while ODE models have many
advantages over time series of expression data for the present application, the latter is a
more available option for biological systems in general and can be readily analysed using

the Phasik workflow.

Conclusions

In conclusion, we inferred phases and subphases of the cell cycle by modelling it as a
temporal network of protein-protein interactions, and clustering its snapshots.
Additionally, we systematically tested the robustness of the results. We showed that similar
results are obtained using protein concentration time series and gene expression data
from RNA-seq. Finally, we investigated the effect of having a partially temporal network.
While we focused on the cell cycle of budding yeast, many other biological systems share
its features of interest for the study: time-varying interactions, partial temporal information,
and a temporal structure that can be divided into phases. For this reason, this framework
is very general and could be applied to many other biological networks. The method could
also be used to predict phases in less known biological systems. We have made our code
available online for interested researchers to use on other biological systems of interest

(https://gitlab.com/habermann_lab/phasik).
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Methods

Building the temporal network: integrating temporal information to a static network
A temporal network is a network where the edges connecting the nodes can vary over
time. In a weighted network, this means that the edge weights are time-varying. We build
such a (weighted) temporal network by incorporating time series of edge weights, which
represent the activity of the corresponding interactions, into a static network. Note that
we only consider undirected interactions.

In the case of proteins, actual protein-protein interactions are difficult to measure over
time. Quantities relative to each protein are more accessible however, such as protein
concentrations or associated gene expression levels. We used these (node) time series to
generate corresponding edge time series. We multiplied the time series relative to protein
A by that of protein B to obtain a time series for the interaction A-B. We did so only if this
edge A-B exists in the static network. It is also possible that no edge time series for an
edge A-B in the static network exists: this can happen if there are no time series for proteins
A or B. In these cases, we set the weight to a constant value.

Our code to build temporal networks as described is available online
(https://gitlab.com/habermann_lab/phasik). Several utility functions are available to easily
integrate node or edge times series, e.g. RNA-seq data, to a static network. Details about

the actual data used is provided below.

Inferring biological phases from a temporal PPl network by clustering snapshots
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A temporal network can be seen as a list of snapshots, where each snapshot is the
adjacency matrix of the network at a given time. We expect two snapshots S and S’ at
times t and t’ to be similar if the system is in the same state or phase at those times. On
the contrary, if times t and t' correspond to different phases, we expect the snapshots at
those times to be very different. The underlying assumption is that the structure of the
network is linked to the state that the system is in.

This idea can be formalised by clustering the snapshots of a given temporal network
(Masuda and Holme 2019). Each snapshot is a data point and is assigned to a cluster. As
an output, we obtain clusters composed of snapshots: if snapshots S and S’ are in the same
cluster, it means that the system is in the same phase at times t and t'. We mainly used
hierarchical clustering and k-means clustering. These were implemented with functions
from Scipy (Virtanen et al. 2020) and Scikit-learn (Pedregosa et al. 2011), respectively. To
compute the distance between snapshots, we flattened each adjacency matrix and then
used Euclidean distance as a vector distance metric, unless stated otherwise. To compute
the distance between clusters in the hierarchical clustering, we used the Ward variance
minimisation method, unless stated otherwise. The desired number of clusters was set a

priori, both in the hierarchical clustering used and in k-means.

Measures of clustering quality
To check the quality of computed clusters, we used the silhouette score (Rousseeuw 1987),
which ranges from -1 to 1. For a given data point, the silhouette score is larger if it is close

to other data points in the same cluster (cohesion) but far from data points in other clusters
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(separation). The average silhouette score is obtained by averaging over all data points
and is a measure of how well separated the computed clusters are. Low scores indicate
clusters of bad quality. To compare clusterings, we used the adjusted Rand index which
ranges from O to 1. Its value is 1 when the two sets of clusters are identical, but close to 0

for random cluster assignments.

Building of static PPl network of the cell cycle from KEGG

We built a static PPl network of the budding yeast cycle from the manually curated
regulatory network downloaded from the KEGG database (Kanehisa and Goto 2000). We
built our PPl in two main steps: we first merged duplicate nodes and then converted nodes
and edges of multiple types to nodes of a single type connected by undirected edges of
a single type. The final PPl network, shown in Fig. 2(a), consists of 83 proteins (nodes) and
159 protein-protein interactions (edges). Note that both, protein expression, as well as
RNA-seq expression data can be mapped to this network. The nodes thus represent both,
proteins, as well as genes.

In the KEGG network, nodes can be of 5 types: gene, group, compound, map, and
ortholog. First, we discarded the 2 compound, 4 map, and 3 ortholog nodes which do not
represent genes or proteins, and kept only the 125 gene nodes (e.g. CDC28) and the 27
group nodes (e.g. [CDC28, CLN3], representing sets of gene nodes). We then merged
duplicate nodes and removed disconnected nodes. For group nodes, we distinguished
true groups from normal groups: true groups are node groups with components only

interacting among themselves except for one edge that connects them to external nodes.
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This distinction allowed us to treat true groups as one node (e.g. nodes [SMC1, SMC3,
MCD1, IRR1] in the PPl network were replaced by a new node, Cohesin). This resulted in
83 nodes in the static PPl network. Second, we converted the 88 KEGG relations to edges
in the PPl network. KEGG relations are of 3 types: gene-gene, gene-group, and group-
group. For gene-gene relations, we simply added an edge between the corresponding
nodes in the PPl network. For relations involving groups, we treated them as gene-gene
in case of true groups. In the case of normal groups, we added an edge between each
node of the group and the external node or nodes. Finally, we added edges between each
pair of nodes that are part of the same normal group, and removed self-edges in the PPI

network. This resulted in the 159 edges in the PPl network.

Times series data for edge activities
We used two different datasets and built two different temporal networks by integrating

them to the static PPl network presented above.

Protein concentrations

We used time series of protein concentrations obtained from the reference ODE model of
the budding yeast cell cycle (Chen et al. 2004). This mathematical model, based on and
validated by extensive experimental data, describes the evolution of the concentration of
a selected number of proteins over the entire cell cycle, based on knowledge about their
interactions. We obtained the time series of protein concentrations by simulating the ODE

model from the publicly available script of (Chen et al. 2004) with a time step of 1 min. The
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cell cycle in that study lasts 101 min, and hence there are 101 timepoints for one full cycle.
The model consists of 46 variables that can be divided into 3 types: proteins (e.g. CDC6),
protein complexes (e.g. the variable C2 represents the complex CLB1-SIC1), and 4 special
variables (MASS, BUD, ORI, SPN) that serve as indicators of specific events along the cycle.
Note that some proteins in the static PPl network are not represented in the ODE model,
and vice versa. In addition, similar cyclins are represented by a single variable in the model,
hence, we used CLN1, CLB1, CLB3, and CLBé6 to represent CLN1/2, CLB1/2, CLB3/4, and
CLB5/6, respectively.

For proteins A and B in the model, we defined the activity was(t) of their interaction at time
t as the product of their respective concentrations: was(t) = [A](t) x [B](t), if there is an edge
A-B in the static PPl network. Some edges in the PPl network are represented by a single
“protein complex” variable in the model: in those cases, we defined the activity of that
edge as the concentration of that single variable. We then normalised each of these times

series.

Gene expression from RNA-sequencing data

To create a temporal cell cycle network based on RNA-sequencing data, we used mRNA
counts of a gene expression time series, normalised to the library size, from (Kelliher et al.
2016). We only considered the 15 timepoints of the first full cell cycle, starting at minute

10 in the dataset.
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We defined the activity of a protein interaction A-B over time by the product of the
respective RNA counts of the corresponding genes, as above: was(t) = Na(t) x Ns(t). We

then normalised each of these times series.

Temporal networks of PPI

We built two (partially) temporal networks of protein interactions for one full cell cycle of
budding yeast: for both, we used the static PPl network described above, to which we
integrated the edge activities from (i) protein concentrations, and (ii) the gene expression
data from RNA-sequencing. Both contained 83 nodes and 159 edges, but a different
number of temporal edges. In both cases, we set the weight of the other edges that lack

temporal information to a constant value of 1.

Data availability

The static protein interaction data used to build the static PPl network comes from the
KEGG database, entry sce04111. The ODE model study of the cell cycle can be found in
(Chen et al. 2004), and the authors have made their simulation script freely available at

http://mpf.biol.vt.edu/research/budding yeast model/pp/getwinpp current model.php.

The RNA-sequencing gene expression data was published in (Kelliher et al. 2016) and is
available from GEO under accession number GSE80474. The code produced for this study
is available in the form of a python package (Phasik) and notebooks that use the package

at https://qitlab.com/habermann_lab/phasik.
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Figures and Figure legends
Figure 1

The 4 phases of the cell cycle with some important checkpoints and events
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Figure 1: The cell cycle consists of a succession of physiological processes, mediated by
protein-protein interactions leading to the division of the cell. The ordering of these
interactions is crucial, and is ensured by molecular checkpoints (yellow). The cycle is
divided into 4 main phases: Gap1-phase (G1), Synthesis-phase (S), Gap2-phase (G2), and

Mitosis (M).
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Figure 2: Multiscale phase inference with Phasik: schematic representation of the method.
(a) Edge time series are integrated to a static PPl network to build (b) a partially temporal
network, shown in snapshot representation. (c) Pairwise distances between snapshots are
used to (d) cluster snapshots hierarchically. (e) The clusters obtained: each row corresponds

to a fixed number of clusters. Each snapshot is shown as a dot whose colour represents
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the cluster it belongs to. Clusters can be interpreted as time intervals since there is a 1:1

correspondence between snapshots and timepoints. Each cluster can then be interpreted

according to the underlying biological processes.
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Figure 3

a Core cell cycle network with highlighted temporal links
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Figure 3: Partially temporal PPl network of the cell cycle. (a) Static representation of the
temporal network: the initial static network contained 83 nodes and 159 edges. The 125

edges with no temporal information are shown in grey. The 34 temporal edges are shown
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in a colour that represents the phase of their peak activity. Colours are used for

visualization only. (b) Edge times series: core cell cycle protein-protein interactions.
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Figure 4: Cell cycle phases inferred for a range of timescales from the temporal PPI

network shown in Figure 3a. (a) Distance matrix, using Euclidean distance. (b) Clusters
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in (b), quantified by their average silhouette. Values close to 1 indicate well separated
clusters. Similar values of about 0.6 indicate that no number of clusters can be readily
discarded. (d) Most clustering methods resulted in similar clusters to the “Ward” method

used in (b-c), as shown by the adjusted Rand indices.
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Figure 5
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Figure 5: Only a few selected temporal edges were sufficient to recover the original 5
clusters of Figure 4. Here, we kept only the temporal information of edges from a given
node, and set all other edge weights to a constant value. (a) Similarity of the newly
computed 5 clusters to the original 5 clusters, for each temporal node (with its number of

temporal edges in parentheses). Values closer to 1 indicate clusters close to the original
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ones. Examples of (b),(c) CDC28 and (d),(e) MBP1, which have 8 and 2 temporal edges,

respectively. (b) and (d) show distance matrices and (c) and (e) show the 5 computed

clusters (bottom coloured lines).
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Figure 6
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Figure 6: Biological phases inferred with
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timepoints every 5 min, (b) and (d) every 15 min. The original timestep was 1 min. The

clusters, shown as lines of coloured dots, still detected the main biological phases. These

results show that 15 min is the minimum timestep needed to detect shorter phases.
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Figure 7

a Distance matrix of cell cycle RNA-seq temporal network
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Figure 7: Phase inference from a temporal network constructed using gene expression
data from RNA-sequencing. (a) The distance matrix reflects the general coarser resolution
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of the data. (b) inferred phases were similar to the ones inferred from protein concentration
data obtained by the ODE model and could identify the 4 phases of the cell cycle robustly.
(c) Average silhouette values were low, indicating lower quality of the clustering. (d)

Dynamics of RNA expression of key cell cycle genes.
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Description of Supplementary Data

Supplementary Figures S1 — S8 contain data supporting main Figures 1 - 7.

Supplementary Movie S1: animation of temporal edge activity in the cell cycle
network based on the data from Chen et al., (Chen et al., 2014).

Supplementary Table S1: all active edges (weight > 0.7) for the temporal cell cycle
network for 4 identified phases based on time series RNA-sequencing data (Kelliher,
et al., 2016).
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Supplementary Figure S1: Time series of the weight of all 34 temporal edges in the
temporal PPl network (see Figure 2), over one cell cycle. Phases are indicated on top
and highlighted with a colour code in each plot.


https://doi.org/10.1101/2021.03.26.437187
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.26.437187; this version posted April 1, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-ND 4.0 International license.

Supplementary Figure S2

Sample silhouette (ward clustering, standardized Chen model data)
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Supplementary Figure S2: Sample silhouettes, i.e. silhouette score of each snapshot,
for the clusters shown in Figure 4 b.
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Supplementary Figure S3

a Distance matrix of cell cycle temporal network
non-normalized data
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Supplementary Figure S3: (a) Distance matrix (b) and inferred clusters with (c) their
average silhouette score from the cell cycle temporal network using non-normalized
edge activities. See also main Figure 4 in the main manuscript.
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Supplementary Figure S4
a k-means b hierarchical, average linkage
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Supplementary Figure S4: Comparison of our base clustering method, hierarchical
clustering with Ward linkage, to 7 other methods: (a) k-means, as well as (b-g) 6
hierarchical clustering methods. (b) Average linkage, (c) centroid linkage and (e)
weighted linkage hierarchical clustering produce similar clusters up to 7 clusters and
start to deviate slightly at higher numbers of clusters. (@) K-means clustering
determines more and earlier deviation at the “bud” and "ori” checkpoints. (d)
Complete linkage hierarchical clustering tends to cluster a prolonged S phase, with
deviation in higher cluster numbers at the “bud” and “ori” checkpoints. (f) Single
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linkage hierarchical clustering fails to find meaningful clusters at higher cluster
numbers. It only detects a cluster corresponding to the G1/S phases followed by two
clusters corresponding to the two phases G2 and M. Finally, (g) median linkage
performs similarly to complete linkage at lower numbers of clusters, but then
introduces additional clusters towards the end of the S phase at the E3 excitation
point.
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Supplementary Figure S5
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Supplementary Figure S5: Clustering methods are robust against changes in distance
metrics. Comparison of clustering methods obtained with 4 distance metrics: (a)
Euclidean, (b) Cosine, () Manhattan, and (d) Chebyshev. Clustering method:
hierarchical with average linkage. Note: Ward linkage requires the Euclidean distance
metric to be used. (e) Similarity of the 5 clusters obtained by methods in (b-d) to those
from the Euclidean distance in (a).
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Supplementary Figure S6
Temporal edge information removed for CDC28-CLB6 Temporal edge information removed for CDC28-CLN1
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Supplementary Figure Sé: Discarding the temporal information of a random temporal
edge does not affect the clustering of the temporal networks into 5 clusters: adjusted

Temporal edge set to constant weight

Rand Index indicates similarity to the original 5 clusters. Values of 1 indicate identical
clusters. The inferred clusters are robust against a randomly chosen edge weight set
to a constant value. (a,b) Temporal edge information was removed only for CDC28-
CLBé6 or (c,d) CDC28-CLN1. (e) Similarity of clustering for single edges set to constant
weight.
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Supplementary Figure S7
a Temporal edge information restricted to CLB1 C Temporal edge information restricted to SIC1
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Supplementary Figure S7: Temporal edge information for some nodes only is not
sufficient to infer the original clusters. (a) Distance matrix and (b) inferred clusters from
a temporal network in which temporal information is only kept for the edges of CLB1.
One large cluster spanning phases G1 and S was obtained, and the G2/M cluster was
detected. (c) Distance matrix and (d) inferred clusters when temporal information is
only kept for the edges of SIC1. The situation was reversed, with a large cluster
corresponding to phases S, G2 and M, and smaller clusters corresponding to phase
G1. (e) We could not find a clear correlation between the # of temporal edges, or
typical static network centrality measures (Degree centrality, Betweenness centrality)
and only weak correlation between Eigenvector centrality and the adjusted Rand

index that indicates good recovery of initial clusters.
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Supplementary Figure S8
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Supplementary Figure S8: Testing the robustness of the multiscale phase inference
using Phasik, with respect to sampling frequency changes. Different sampling
frequencies (or equivalently its inverse, the time resolution) of the ODE model
provided by Chen were used to build the temporal cell cycle model. (a) 2 minutes, (b)
5 minutes, (c) 10 minutes, (d) 15 minutes, () 18 minutes and (f) 20 minutes. The initial
5 phases were well retrieved down to very low sampling frequencies, at which only
the maximum obtainable number of clusters was lower.
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