
Supplementary Notes (A-D) 
 
A. Introduction to random matrix theory (RMT) 
  
RMT, initially proposed by Wigner for studying the spectrum of complex nuclei (10), is very powerful 
in identifying and modeling phase transitions associated with disorder and noise in statistical physics 
and materials science. It has been successfully applied to investigate a wide variety of complex 
systems such as large atoms (4, 9), metal insulator transitions in disorder systems (1, 6), quasiperiodic 
systems (11, 12), and chaotic systems (3, 5). One of the essential elements in the random matrix 
theory is that eigenvalue fluctuations of real random matrices follow two different universal laws 
depending on the correlation property of eigenvalues. Strong correlation of eigenvalues leads to 
eigenvalue fluctuations described by Gaussian orthogonal ensemble (GOE) statistics. On the other 
hand, eigenvalue fluctuations follow Poisson statistics if there is no correlation between eigenvalues. 
A typical example of the GOE level fluctuation is a random matrix with a random distribution of all 
matrix elements, where the non-zero off-diagonal elements represent mutual interactions of the 
diagonal elements that induce strong correlations of eigenvalues. In contrast, level fluctuation of a 
matrix with non-zero values only for its block-diagonal parts would follow Poisson statistics, because 
the absence of interaction between these block-diagonal parts results in zero or less pronounced 
correlations between engenvalues of the matrix. 

In general, the density of levels (or eigenvalues) of a matrix varies with its 
level , where N is the order of the matrix. In order to observe the universal level 
fluctuations of different matrices, RMT requires spectral unfolding to have constant density of levels. 
To fulfill this, one can replace levels   by 
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B. Summary of modules revealed in yeast cell cycling data 
 
The following is a brief description of the modules observed in Fig. 2. The yeast cell cycling dataset 
contains expression profiles for about 6,200 yeast genes in six cell cycle related experiments and a 
total of 77 time points. We only included genes for which at least 70 time points out of 77 were 
available, resulting in 5,293 genes for this study. 
 
Module 1: All of the 3 known proteins are annotated in protein fate, though the biological functions 
are different: APL3 in vesicle-mediated transport, ALG1 in N-linked glycosylation, and ADY3 in 
protein complex assembly.  
Module 2: There are four genes in this module. LEU9 and HOM2 are involved in amino acid 
biosynthesis. ATP1 is an ATP synthase. The processes of energy transport and amino acid metabolism 
are often seen to be coordinated (other examples are module 5 and 17). It is conceivable that amino 
acid metabolism requires many intermediates of the TCA cycle.  
Module 3: All five proteins participate in galactose metabolism. Notably, all five proteins can be 
regulated by the transcriptional regulator Gal4p (7). 
Module 4: There are 16 genes in this module. Seven have annotated functions in protein fate, 
specifically, in vesicle transport or glycosylation. Five could be annotated in cell fate, specifically, cell 
wall organization. These could be two closely related biological processes since many proteins in cell 
wall organization need to be glycosylated and transported. The five genes of cell wall organization 



associate with each other intimately. Indeed, they segregate from others at a cutoff of 0.82 to form an 
independent module. 
Module 5: Out of the 6 known proteins in module 5, four are predicted to be involved in amino acid 
or lipid transport and two in the TCA cycle. 
Module 6: It has five proteins. Except one unknown gene, they have different functions, but all are 
involved in mating. SST2 is involved in signal transduction, KAR4 is a transcriptional factor, and 
FUS1 and AGA1 are required for conjugation with cellular fusion. 
Module 7: All five known genes have annotated functions in gluconeogenesis.  
Module 8: All three genes in this module are of unknown function Thus, no analysis was made. 
Module 9: Module 9 is a big module comprised of 187 genes. It can be visually divided into three 
sub-modules: Y’-cluster, cell cycle regulator and histones. Y’-cluster is separated from cell cycle 
regulators at the cutoff 0.81. Y’-cluster is composed of many unknown genes and some genes 
involved in telomerase-independent telomere maintenance. All genes in Y’-cluster are located near the 
end of chromosomes. It is unclear if all or just a few genes in Y’-cluster are co-regulated, because 
their sequence similarity is high. Although the functional linkage of Y’-cluster genes and cell cycle is 
not clearly established, there is a recent paper (8) reporting that defective telomeres have aberrant 
chromosome separation and segregation during mitosis, likely due to a checkpoint response.  
 For the 96 known genes in the cell cycle regulator sub-module, 63 are cell cycling regulators 
of mitosis (M), M  G1 and G1 phases. For example, MCM3, CDC47 and CDC46 are part of the pre-
replicative complex, an assembly of proteins formed between late mitosis and the G1/S phase. Also, 
additional 14 genes have annotated functions in cell fate determination, primarily budding or mating, 
which is consistent with knowledge that budding or mating is determined during G1 phase.  
 The third sub-module consists of 10 proteins including all 8 histone proteins and HHO1, a 
regulator of transcription and linker to other histones.  
 Module 9 disintegrated into two modules at a cutoff of 0.79. One is comprised of the Y’-
cluster genes and cell cycle regulators, whereas the other one is comprised of histone proteins. 
Furthermore, module 11 disintegrated into another two modules at 0.81, which are exactly module of 
Y’-cluster genes and module of cell cycle regulators. 
Module 10: There are only three genes in module 12. Two are members of the seripauperin 
protein/gene family and have been annotated in cell defense. One is unknown. 
Module 11: Module 13 has four proteins. One is unknown and three are annotated in fungal cell 
differentiation.  
Module 12: All four proteins in this module are clearly involved in protein synthesis. Specifically, 
three are ribosome proteins and one is translation elongation factor. 
Module 13: It has 18 proteins, in with 9 are annotated in cell wall organization and cytoskeleton. Five 
are annotated in cell cycle and are involved in exit from mitosis and cell division, thus they are closely 
related to cell wall organization as required for cell division. For example, ASH1 shows strong 
association with PIR1, EGT2 and NIS1, consistent with the observation that it is distributed to the bud 
tip at the anaphase in a cytoskeleton-dependent manner (2).  
Module 14: Seven out of the 9 genes in this module participate in energy metabolism including TCA 
cycle, while one gene is annotated in amino acid metabolism.  
Module 15: This module, which is the largest, contains 525 genes. Like module 9, it can be divided 
into several large functional sub-modules: ribosomal biogenesis, ribosomal proteins, mitochondrion 
and protein degradation. Their functional linkages are quite obvious because defective ribosomal 
biogenesis often leads to rapid depletion of ribosomal proteins. It is linked to mitochondria also, 
possibly due to the fact that there is an independent set of ribosomal proteins in mitochondria. Lastly, 
there is evidence demonstrating that cells repress ribosomal biosynthesis and activate protein 
degradation upon stress conditions (ref).  
 The ribosomal biogenesis sub-module has more than 200 proteins, most of which have been 
demonstrated experimentally in ribosomal biogenesis. Since ribosomal biogenesis is a very essential 
and complicated biological process, it is not unexpected to identify many other genes in such closely 
related processes as pre-mRNA splicing, Pol III transcription and translational initiation. Indeed, it has 
been well established that rRNA modification is carried out by snoRNAs, which is produced by either 



pre-mRNA splicing or Pol III transcription. In addition, 5S rRNA is also synthesized by Pol III 
transcription.  
 In the sub-module of genes encoding ribosome proteins, 85% genes encode ribosomal 
proteins, in addition to several ribosome-associated proteins which are involved in translation.  
 The sub-module of mitochondria also contains 14 genes annotated in protein degradation. 
They might form another distinct functional sub-module. 
 At a cutoff of 0.79, module 15 disintegrates into two large modules and many smaller 
modules. These two large modules correspond to the sub-modules of ribosomal proteins and 
ribosomal biogenesis.  
 Notably, module 15 contains many unknown genes that are linked to the genes involved in 
ribosomal biogenesis via multiple links, thus their function can be predicted with high confidence (see 
Table S1 for details).  
 
C. Summary of modules from Shewanella oneidensis heat/cold shock data  
 
The RMT method was applied to Shewanella oneidensis whole-genome microarray dataset of 15 
temperature stress response conditions: cells were shifted from 300C to 420C for 5, 15 and 25 minutes 
or to 80C for 5, 10, 20, 40, 80 and 160 minutes, or to 150C for 5, 10, 20, 40, 80 and 160 minutes. 
Threshold was determined to be 0.95.  
 
Module 1: This module of six genes is dedicated to energy transport and TCA cycle. 
Module 2: All 4 genes are involved in energy metabolism. 
Module 3: Two out of four proteins are transport proteins, while the other two apparently participate 
in energy production and might thus facilitate the transport.  
Module 4: Most of the genes in this compact module are involved in the ulfite transport and 
metabolism. 
Module 5: It is the largest module of 401 genes with apparently diverse functional categories. The 
major functional categories in the module are genes involved in energy transport and amino acid 
transport/biosynthesis. Two other major functional categories are heat shock response and chemotaxis, 
as represented in yellow and tan, respectively. Most genes in the chemotaxis category are flagellar 
components. 
Module 6: Out of six known genes, four are involved in biosynthesis of small molecules. 
Module 7: All of the 3 known genes are involved in sulfur metabolism.   
 
D. Summary of modules from E.coli datasets 
 
A total of 99 experimental datasets were downloaded from the University of Oklahoma E. coli gene 
expression database. RMT-based method determines a threshold of 0.855 for modular analysis. 
 
Module 1: There are 3 known genes and 1 unknown gene in this module. fdnG and agaB are involved 
in carbohydrate metabolism, whereas htgA is a putative regulator of sigma 32 heat shock-regulated 
promoters.  
Module 2: All 6 genes are components of a putative transport system.  
Module 3: Most genes in this 12-gene module are unknown. 
Module 4: All three genes are putative regulators.  
Module 5: All 9 genes encode IS5 transposases.  
Module 6: Six out of 9 genes are unknown. Two known genes (dsdC and tdcR) are regulators for the 
degradation of amino acids, whereas the other known gene (fimE, #377) is a regulator involved in 
phase variation.  
Module 7: All 3 genes in Module 9 are putative transposases. 
Module 8: All 10 genes are involved in two closely related processes, energy transport and amino acid 
transport/biosynthesis. 



Module 9: Three of 4 genes are involved in energy transport; the last one is an outer membrane 
protein induced by carbon starvation.  
Module 10: Out of a total of 6 genes, 4 genes are annotated in diversified processes: one in DNA 
repair, one in surface structure, one in aerobic respiration sensor and the fourth in transport. 
Module 11 and 12: Almost all the genes clustering in these modules are of unknown function; thus, 
further analysis was not conducted. 
Module 13: All genes are unknown. 
Module 14: It is a big module of 345 genes. It is mainly composed of ribosome genes and ribosome-
associated proteins including many aminoacyl tRNA synthases, as presented in red. Its related 
processes include genes involved in amino acid synthesis and mRNA synthesis. Besides these two 
categories, there are many genes involved in metabolism, including genes in nucleotide metabolism 
and energy transport. This close association of protein synthesis and metabolism is also seen in the 
yeast cell cycle dataset.  
Module 15: Almost all genes are unknown, and no further anlysis was done. 
Module 16: All 19 genes are components of flagellar assembly. 
Module 17: All 3 genes are involved in phospholipid metabolism.  
Module 18: This is mainly composed of putative regulatory genes. Thirty out of 42 known genes are 
putative regulatory genes. It is notable that 28 of them form a compact cluster. 
Module 19: The function of these 3 genes is diverse. One is unknown, one in anaerobic energy 
metabolism, and the other one in heat shock response. 
Module 20: Two out of 3 genes are responsible for cell surface structure. 
Module 21 and 22: Almost all genes are unknown; thus, it was not further analyzed. 
Module 23: In this 4-gene module, three are involved in sensing environmental changes and regulate 
DNA replication and repairing.  
Module 24: All genes are unknown. 
Module 25: This module contains 285 genes. The largest functional category is transport of small 
molecules and energy metabolism. There are a lot of genes involved in transporting sugar to the cell 
surface. Meanwhile, there are some genes responsive to stress condition (presented in yellow), A 
likely explanation is that transporting sugar to the cell surface could help to resist external stress.  
Module 26: All of 3 genes are unknown. 
Module 27: All 5 genes seem to be involved in the transport of maltose and galactose. Indeed, all 
genes, except mglB, are clustered in one operon, thus coexpression is observed. 
Module 28: All 6 genes are putative transport genes.  
Module 29: Almost all known genes except one (surE) are annotated in either energy metabolism or 
transport of nucleotide. 
Module 30: All 3 genes are involved in transport of dipeptides and organized in the same operon. 
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