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ABSTRACT

Various algorithmic and statistical approaches have been proposed
to uncover functionally coherent network motifs consisting of sets
of genes that may occur as compensatory pathways (called Be-
tween Pathway Modules, or BPMs) in a high-throughput S. Cere-
visiae genetic interaction network. We extend our previous Local-
Cut/Genecentric method to also make use of a spectral clustering
of the physical interaction network, and uncover some interesting
new fault-tolerant modules.
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1 INTRODUCTION

It is estimated that only about 18% of individual yeast genes are
essential, meaning that a deletion mutant with that gene deleted or
suppressed is not viable [31]. For genes that are not essential, the S.
cerevisiae genetic interaction network comes from high-throughput
epistasis experiments, where edge weights represent the surprise in
growth rates from double deletion mutants, compared to their asso-
ciated single deletion mutants. In particular, a negative weight edge
indicates that there is a growth defect (or in worst case synthetic
lethality, meaning the double deletion mutant is not viable), and a
positive weight edge indicates that the double deletion mutant is
not sicker than the constituent single deletion mutants (or in best
case, synthetic rescue, where although single deletion mutants dis-
play reduced growth, the double deletion mutant behaves like wild
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type) [27]. The pattern and organization of this signed, weighted
genetic interaction network has been shown [12] to contain in-
teresting motifs that can indicate redundancy and the presence
of compensatory pathways. These alternative pathways can be
mechanisms of global resilience.

The LocalCut algorithm of [15] as implemented in the Gene-
centric [7] software package, searched for pairs of sets of genes,
or modules in the genetic interaction network, where there were
predominantly large negative edge weights on the inter-module
edges (as well as predominantly positive weights among the intra-
module edges). These pairs of sets of genes we will call gBPMs in
this paper, for generalized between pathway models (for the relation
between our gBPM definition and earlier BPM definitions, see the re-
lated work section below, Section 1.1). While LocalCut/Genecentric
produced more and higher quality (as measured by functional en-
richment) gBPMs than previous methods (see [7, 15]), it is still the
case that a very strong gBPM can obscure the presence of other
interesting gBPMs, since the algorithm favors the sets of genes with
most negative weight globally (much the same way it is hard to see
a dimmer spotlights in the presence of nearby bright spotlights). In
order to also uncover these obscured gBPMs, it would be necessary
to move away from the global partition at the heart of LocalCut,
and instead search for gBPMs in sub-portions of the network.

Our new method, GLASS (for Gencentric/LocalCut Across Spec-
tral Subclusters) for finding gBPMs does exactly this: the functional
coherence of the physical protein-protein interaction network is
leveraged to partition it into k clusters, and then LocalCut is inde-
pendently run on the clusters. By looking across a range of different
clustering scales (different k), we end up finding interesting BPMs
that LocalCut would miss. Here, we re-analyze the original EMAP
data of Collins et al. 3] that LocalCut was tested on, and find GLASS
uncovers some new and interesting putative compensary pathways,
including ones involving DNA damage repair, the mediator com-
plex, and Golgi to endosome transport (see Section 4).

1.1 Previous Work

The "Between Pathway Model" or BPM, was first defined in a mixed
physical and genetic interaction network, where both types of edges
were superimposed in the same graph, by Kelley and Ideker [12].
This version pre-dated the EMAP and SGA experiments, so the
genetic interaction edges were only of one type: they indicated
whether or not the double mutant was synthetic lethal. Kelley and
Ideker suggested searching for pairs of gene modules with many
synthetic lethal inter-module edges, and many physical interaction
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intra-module edges, which they termed a BPM. The same defini-
tion of BPM was used by Ulitsky and Shamir. Subsequent work of
Ma, Tarone and Li [16] and Brady et al. [1] then looked only at
the genetic interaction portion of the network, where their BPMs
matched the Kelley-Ideker pattern for the placement of the genetic
interaction edges. (Brady et al [1] was then able to use the location
of known physical interaction edges for validation of their BPMs.)
When EMAP [3] and SGA [4] technology arrived, a richer signed
genetic interaction became available, and an associated generalized
BPM motif could be defined, again, solely using the genetic interac-
tion network as in [1, 16]. This is the gBPM definition of Leiserson
et. al [15] and of Gallant et al [7], and matches the gBPM definition
now used in the paper. The goal of [7, 15] and our present work, is
to output collections of gBPMs that 1) contain between 3 and 25
genes per pathway 2) produce individual gBPMs that place edges
with large negative weights between the two pathways, and rarely
within each pathway and 3) have the collections be substantially
non-redundant (so there is a Jaccard threshold on how similar two
BPMs from the collection are allowed to be). However, the input
data to [7, 15] is simply the weighted genetic interaction network,
whereas GLASS, our present method also requires the physical
interaction network, same as for earlier BPM-finding methods.

2 DATA

We consider the original S. cerevisiae EMAP dataset from the Collins
et al. paper [3] (downloaded from chrombio); consisting of 754 genes
and 373,000 edges. For our physical interaction network, we used
the S. cerevisiae pysical multi-validated interactions dataset from
the BioGRID database [18] version 4.4.207 (downloaded on 02-27-
2022); retaining only edges labeled as physical interactions (direct
interaction, physical association, or colocalization). We retained
only the 722 nodes that appear in both networks: for these nodes,
there are 13,956 physical interaction edges.

3 METHODS

GLASS uses Diffusion state distance, called DSD [2] on the un-
weighted physical interaction network, to compute pairwise dis-
tances between the nodes. Then, the spectral clustering algorithm
of [20] is called on the similarity measure which is the reciprocal
of these distances to partition the nodes into k spectral clusters,
for each k € {1, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50}. Spectral clusters of
size < 6 are discarded from each collection. Genecentric is then run
on the k spectral clusters with > 6 nodes, with parameters m = 500,
¢ = 0.85, and Jaccard = 0.66, where these are the recommended
defaults in [7], except for ¢, which is set slightly more permissively
to find more BPMs. For the union collection that GLASS produces
(see below), the same defaults are used except the Jaccard parameter
is set to 1 (so only 100% identical gBPMs are pruned).

We note that across all k values for the Spectral Clusters, GLASS
will produce a highly redundant set of gBPMs, since highly similar
gBPMs can occur at multiple values of k. In fact, Genecentric itself
at each fixed k, first returns a highly redundant set of gBPMs, and
then uses the Jaccard index to guide its pruning of the collection.
When we consider the union of all gBPMs across all different k, for
some applications it makes more sense to do this Jaccard pruning
once (across all the levels) then once for each level, and then across

all k. On the other hand, we can also use Genecentric as a black box
at each fixed k value (pruning level by level) and identify genes that
co-occur in multiple gBPMs across levels. These two collections are
formally defined as follows:

Definition 3.1. Consider the union collection of all GLASS gBPMs
constructed as follows: First consider all gBPMs returned by Local-
Cut for any k with Jaccard threshold set to 1 in the Genecentric
algorithm. Then have Genecentric prune this collection to retain
only modules whose Jaccard index exceeds .66.

Definition 3.2. GLASS also constructs consensus gBPMs as follows.
In this case, Genecentric with the parameters listed above (including
Jaccard=.66) produces a different set of gBPMs on the k spectral
clusters, for each k. Given a set S of 3 genes that appear together in
one module in one gBPM for some k, we consider all gBPMs across
all values of k that also contain those three genes. For each gene g
that appears in the same module as S in at least 3 of the gBPMs we
place g in the consensus gBPM module that contains S, and for each
gene h that appears in the opposite module to S in at least 3 of the
gBPMs, we place h in the consensus gBPM module opposite to S.

Functional Enrichment Analysis We used the GProfiler GOST
(Gene Ontology Statistics) python package version 1.0.0 [23] to
perform statistical enrichment analysis on the gBPMs generated
(using the SCS multiple testing correction with threshold a = 0.05).

4 RESULTS

Figure 1 graphs the number of gBPMs (on a full gBPM and on a
per-pathway basis) generated by GLASS at each fixed value of k.
As can be seen, the number of BPMs increased as k goes from 5 to
15, then decreases slightly as it goes to 25; before it peaks again
at k = 30. As k goes from 30 to 50, there is a significant drop in
the number of modules and BPMs produced. Figure 2 graphs the
percentage of enriched modules across different values of k.

Enrichment with restricted statistical domain

Figure 1: The number of gBPMs generated by GLASS at each
fixed value of k. First bar: total number of modules; marked
with percentage functionally enriched; second bar, number
of gBPMs marked with percentage functionally enriched.

We note that the GLASS union collection contains 209 BPMs
(pruned at Jaccard index .66) which is nearly 4 times the number of
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Figure 2: A map of the total number of gBPMs that have
enriched modules across different values of k

gBPMs than was found by Genecentric/Local Cut alone (63). We
next highlight some of the gBPMs produced by GLASS.

4.1 The zeta DNA polymerase complex

GLASS uncovers gBPMs that include a module containing the zeta
DNA polymerase complex (REV3, REV7, REV1) [17] which appear
together at all levels of the spectral clustering. When this complex
appears, it is consistently opposite the RAD52 epistasis group which
includes genes RAD50, RAD51, RAD52, RAD54, RAD55, RADS57,
and XRS2 [26] (see Table 1 for the consensus gBPM).

It is well known that the DNA polymerase complex and the
RADS52 epistasis group are involved in two different pathways re-
sponsible for DNA damage repair; REV3 and REV7 are primarily
considered to be in the Translesion DNA Synthesis (TLS) pathway
[10, 13, 14, 21] while RAD52 epistasis group genes are involved in
the Homologous Recombination (HR) repair pathway [8, 11, 26].
RAD52 is involved in multiple pathways for repair of double strand
breaks in DNA [19]. It is known that the rate of errors for repairing
DNA damage breaks depends on whether the RAD52 or REV3 path-
way is active: the error-free RAD52 pathway and error-prone REV3
pathway for rescuing replication fork arrest determine spontaneous
mutagenesis, recombination, and genome instability [6] and in the
absence of RAD52, REV3-dependent base-substitutions increase,
while in the absence of REV3, RAD52-dependent recombination
events increase. The rad52 rev3 double mutant had an enhanced
chromosome loss mutator phenotype[6].

While it was known that the two modules of this gBPM were
involved in alternative DNA damage repair, the gBPM implies one
of these pathways will be essential perhaps even for normal DNA
replication, perhaps during G2 phase, where [30] report that S.
cerevisiae Rev1 is subject to pronounced cell cycle control and lev-
els of Rev1 protein are approximately 50-fold higher in G2 and
throughout mitosis than during G1 and much of S phase.

We note that some version of this gBPM appears at every value
of k including k = 1, so this is an example gBPM that Local-
Cut/Genecentric would have already discovered some version of.

| BUB2 | ELG1 | POL32 | REV1 | REV3 | REVY

POL31 | -0.373 0.002 -15.148 | -0.435 | -0.945 | -0.831
RADS5 | -1.383 | 0.623 -2.768 | -1.338 | -1.257 | -1.908
RAD50 | -1.613 | -6.606 -9.335 | -0.721 | -0.077 | -0.067
RADS51 | -3.025 | -8.491 -8.861 | -9.516 | -5.105 | -6.205
RAD52 | -5.766 | -8.166 | -11.824 | -6.620 | 0.000 | -3.898
RAD54 | -1.801 | -5.577 | -10.501 | -7.136 | 0.000 | -3.733
RADS55 | -1.238 | -7.525 | -11.557 | -5.960 | -8.885 | -6.555
RAD57 | -1.769 | -5.934 | -7.056 | -6.662 | -8.475 | -4.826
UBC13 | -0.022 | -0.691 -9.048 | -1.558 | 0.000 | -3.830
XRS2 | -3.804 | -10.070 | -4.576 | -0.560 | 0.656 | 0.314
Table 1: The Emap genetic interaction scores between both
modules of the RAD-REV consensus gBPM. Large negative
scores indicate a synthetically lethal epistasis relationship.

4.2 The Ric1-Rgp1 guanyl-nucleotide exchange
factor complex

Another consensus gBPM GLASS finds that LocalCut/Genecentric
does not includes the RIC1-RGP1 complex. We observed that multi-
ple genes in the module containing that complex are involved in
Golgi to endosome tranport. [22, 25]. Much less seems known about
the genes in the opposite module, except for the gene MON2/YSL2
which is known to be involved in Golgi to endosome transport as a
regulator of Endosome-To-Golgi Trafficking[5] and also identified
as a gene whose deletion is synthetically lethal with loss of the
Rab6 homologue Ypt6 or its Guanine nucleotide exchange factor
(GEF), Ric1l [9]. Based on this consensus gBPM, we hypothesize
an undiscovered role in Golgi endisome transport for some of the
other genes in this module.

4.3 The Core Mediator complex

The core mediator complex, that functions as a bridge between
DNA-binding transcription factors and the RNA polymerase II ma-
chinery [29], is involved in a gBPM that is not retrieved by Local-
Cut/Genecentric, but is uncovered by GLASS, appearing repeatedly
across all the spectral cluster levels from 5 to 50. The gBPM segre-
gates genes involved in different portions of the mediator complex.
The consensus gBPM found by GLASS contains genes MED11, SRB2
(also called MED20), and MED8 which are often regarded as the
head module of the mediator complex [24, 28, 29], and MED4 a
member of the middle mediator complex in one of the modules.
On the other module, it has genes CSE2 (alias MED 9), and MED1
belonging to the core mediator complex’s middle module and SIN4
(alias MED 16) belonging to the tail modules of the mediator com-
plex [29]. Thus this gBPM witnesses that only part of the mediator
complex might be essential for viability.

5 DISCUSSION

We introduced GLASS that was able to find additional structure in
combined yeast genetic interaction and physical interaction net-
works compared to the previous LocalCut/Genecentric method.
In a re-analysis of a yeast epistasis network, we find that GLASS



| OAF1 | RGP1 | RIC1 | RIM21 | SLM3 | VPS21 | YPL113C [ YPT6 [ YRMI |
CAF40 | 1245 [ -10.383 | -6.310 | 0.000 [ 0.163 | -6.513 | -0.031 | -4.415 [ 1.035
ESC8 | 0.000 | -8.190 | -1.123 | 0.000 | 0.043 | 0.000 | 0.000 | -4700 | 0.000
GCR2 | 0.000 | -8.187 | -2.780 | 0.000 | 0.274 | 0.000 | 0.000 | -4.486 | 0.000
HUL4 | -0.044 | 0.000 | -0.147 | 0.602 | 0.487 | 0286 | -0.674 | -0.373 | 0.412
ISW1 | 0510 | -2.920 | -3.246 | -0.954 | -2.726 | 0.000 | 0428 | -2.385 | -1.021
MCK1 | -0.043 | -7.384 | -11.401 | 0.000 | -2.135 | -1.538 | 0.085 | -7.080 | 1.468
MON2 | -0.183 | -14.879 | -7.186 | 0.000 | 1.899 | 1.681 | -0.490 | -12.410 | 0.537
RAD28 | 0502 | 0.000 | 0.174 | 0297 | -2.849 | 0618 | -0.483 | 0397 | 0.889
STB5 | -1.486 | 0.000 | -0.294 | 0.469 |-0.937 | 0328 | -0.803 | -3.228 | -0.080
VPS8 | -0.991 | -8.457 | -6.510 | -2.322 | 2.779 | 0.000 | 0774 | -6.467 | 0.534

Table 2: The Emap genetic interaction scores between both modules of a novel gBPM uncovered by GLASS related to Golgi to
endosome transport. Large negative scores indicate a synthetically lethal epistasis relationship

| CSE2 [ MED1 | SIN4 |
MEDI1 | 0.000 | -6.330 | -3.231
MED4 | 0.000 | -4.293 | 0.076
MED8 | 0.000 | -4.525 | 0.462
SRB2 | -6.845 | -9.440 | -8.590

Table 3: The Emap genetic interaction scores between both
modules of the head and middle/tail mediator complex con-
sensus gBPM. Large negative scores indicate a synthetically
lethal epistasis relationship.

uncovers both many of the original compensatory sets of genes
and pathways, but also highlights some new compensatory sets of
genes and pathways. In the future, we will be applying GLASS to
more modern epistasis datasets.
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