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Abstract

A novel and rigorous Multi-perturbation Shap-
ley Value Analysis (MSA) method has been recently pre-
sented [12]. The method addresses the challenge of
defining and calculating the functional causal contri-
butions of elements of a biological system. This paper
presents the first study applying MSA to the analy-
sis of gene knockout data. The MSA identifies the im-
portance of genes in the Rad6 DNA repair pathway
of the yeast S. cerevisiae, quantifying their contri-
butions and characterizing their functional interac-
tions. Incorporating additional biological knowledge, a
new functional description of the Rad6 pathway is pro-
vided, predicting the existence of additional DNA poly-
merase and RFC-like complexes. The MSA is the first
method for rigorously analyzing multi-knockout experi-
ments, which are likely to soon become a standard and
necessary tool for analyzing complex biological sys-
tems.

1. Introduction

The success of genome sequencing projects has al-
lowed biologists to identify almost all genes responsi-
ble for producing the biological complexity of several
model organisms. The next important task is to quan-

tify their importance in various functions [5] and un-
derstand the interactions among the genes [1]. This pa-
per utilizes a novel conceptual and mathematical method
for causal system identification in biological systems,
based on the analysis of multiple knockout experiments.
Our study is based on the Multi-perturbation Shapley
value Analysis (MSA) method, recently developed and
applied to the analysis of artificial and biological neu-
ral systems [11, 12]. In this paper we apply the MSA
to the analysis of genetic knockout experiments of the
Rad6 DNA repair system in the yeast S. cerevisiae. The
MSA assigns Contribution Values (CVs) to the genes,
denoting their relative importance to the investigated
function. It further identifies the types of interactions
between these genes and the contribution of important
groups of genes. By incorporating additional, known bi-
ological data, the knockout experiments data can further
be utilized to obtain a functional inference description
of the Rad6 pathway.

Localization of function (system identification) in
genetic networks is conventionally addressed by high-
throughput expression profiling, mainly using DNA mi-
croarray techniques. These strategies have yielded large
amounts of useful information [17], however, such cor-
relation methods do not necessarily identify causality.
Previous studies have indeed shown that there may be,
at times, a weak correlation between the expression of
different genes and their role in various cellular func-
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tions [19, 7]. This may occur because, in general, the
causal identification of the elements that are responsible
for a given function actually requires perturbation stud-
ies [14]. Toward this end, gene knockout studies have
been traditionally employed, in which functional perfor-
mance is measured after deletion or mutations of dif-
ferent genes in the network [19]. However, in practice,
deleting a single gene in an organism often has little
phenotypic effect, due to the existence of gene dupli-
cates and alternative metabolic pathways [9]. That is, in
complex networks such as metabolic or gene transcrip-
tion networks, the contribution of an element depends
on the state of other elements. Single perturbation anal-
ysis is hence likely to be misleading, resulting in erro-
neous conclusions, and the need for multi-perturbation
studies has become clear [9].

Acknowledging that single perturbations are insuf-
ficient for faithful localization of function and system
identification, Keinan et al. [12] have recently devel-
oped the MSA, a systematic approach for the analysis
of multi-perturbation experiments in neural systems. In
the genetic network analysis setup on which we focus
in this paper, we apply the MSA method to analyze a
set of multiple gene knockout experiments. In each such
individual experiment, a few genes are knocked out to-
gether, and the resulting performance level of the inves-
tigated task is recorded. Given these data, the MSA out-
puts a set of CVs which denote the importance of each
gene, as well as a quantification of the interactions be-
tween the genes. We then describe the task studied in
a quantitative way leading to a functional inference de-
scription. The MSA is based on an axiomatic approach
borrowed from Game Theory, and yields a unique and
fair attribution of contributions among the investigated
elements.

The potential of the MSA and its extensions for the
analysis of genetic networks is demonstrated via the
multi-knockout investigation of the Rad6 DNA repair
system in the yeast Saccharomyces cerevisiae. To this
end, the remainder of this paper is organized as follows:
Section 2 provides a brief description of the multiple
perturbation analysis method and some of the different
algorithmic variants it encompasses. Section 3 presents
the Rad6 DNA repair system in the yeast, and section 4
describes the MSA study of this system. In section 5
we describe how additional biological data can be incor-
porated to yield a functional inference description. Our
conclusions and future applications are briefly discussed
in section 6.

2. Multi-perturbation Analysis

Given a system of a number of elements, we wish
to ascribe to each element its contribution (importance
in terms of causal responsibility) in carrying out a cer-
tain function. To achieve this goal, assume one can mea-
sure the system’s performance for this function (e.g.,
the ability to survive UV irradiation), and that one can
introduce multiple perturbations to the system before
measuring the performance. Accordingly, the data for a
multi-perturbation analysis is a series of such perturba-
tion experiments, which in theory can consist of �� ex-
periments for a system of � genes. In each such experi-
ment, a different subset of the system’s elements are per-
turbed concomitantly (denoting a perturbation configu-
ration) and the system’s performance function is mea-
sured. Given this data the Multi-perturbation Shapley
value Analysis (MSA) method assigns a contribution
value to each of the elements, and identifies the impor-
tant interactions between the system’s elements. We pro-
vide below a brief description of the MSA method. A
detailed and extensive description of the MSA can be
found in [12].

2.1. The Basic One-Dimensional MSA

The MSA is based on the observation that a set of
multi-perturbation experiments can be viewed as a coali-
tional game, borrowing the latter concept and analytical
approach from Game Theory [16]. A coalitional game
is defined by a pair ��� ��, where � � ��� � � � � �� is
the set of all players and ����, for every � � � , is a
real number associating a worth with the coalition �.
In the context of genetic multi-knockouts, N denotes
the set of all genes investigated, and for each � � � ,
���� denotes the performance function measured under
the multi-knockout experiment in which all genes in �
are intact and the rest are knocked-out. Let the marginal
contribution of gene � to a perturbation configuration �,
with � �� �, be

����� � ��� � ����� �����(1)

the contribution value of each gene � � � is then de-
fined as the Shapley value [16]:

����� �� �
�

��

�

���

������	��(2)

where � is the set of all �� orderings of � and ���	�
is the set of genes preceding � in the ordering 	. It
should be noted that the Shapley Value is a represen-
tative of a broader family of semi-values, differing in
the way experiments are weighted. The enumeration
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