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Chapter 2 

Democratic or despotic? How phase 

generator networks shape the phases 

of development and adaptation 

One of systems biology’s many challenges is to discover design features of 

molecular networks, and elucidate how they fulfill biological functions. Here 

we propose that many living systems adapt and differentiate by engaging a 

program consisting of a sequence of network phases.  Each of these phases 

involves a functional network (FN), which executes a relevant global task, and 

a phase generator network (PGN), which ensures timely start and cessation of 

the FN activity. For a number of classical examples in cell biology, we 

deconvolute the regulatory networks into such a program.  We find that four 

types of program can be distinguished. In despotic programs the execution of 

each phased function is determined in a timer-like fashion by an autonomous 

PGN.  In a democratic program, the phased function is regulated by interplay 

between the activity of the FN and the adjacent PGNs. Dictatorial and 

bureaucratic programs fall in between these extremes. This new way of 

viewing development and adaptation allows designing perturbations that help 

decide the antagonism between predetermination and self-organization. 
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2.1 Introduction  

Living systems with their genome sizes exceeding 300 genes, appear 

excessively complex. One of the aims of systems biology is to identify generic 

and hopefully simplifying principles of the functional organization of networks 

(Alon, 2007) that still enable the functions of life to emerge in nonlinear 

interactions (Westerhoff and Palsson, 2004). Better understanding of the 

selective advantages, constraints and fragilities of this organization should 

facilitate medical and biotechnological applications and synthetic biology. 

Such studies have already led to a better understanding of common 

mechanisms for robustness and adaptation of molecular networks (Csete and 

Doyle, 2002; Kitano, 2004; Koefoed et al., 2002; Stelling et al., 2004). 

Systems biology relies to a great extent on the successful reverse engineering 

of network structures from experimental data. Large scale networks mediate 

major transitions of cell physiology, such as those involved in stress adaptation 

and differentiation. Generally, big segments within such networks mediate 

environmental sensing and crosstalk with transcription regulation. The 

regulated genes then fall into two classes; some have protein products active in 

sensing, signaling and regulation  (Meinhardt, 2008; Prigogin.I and Nicolis, 

1967; Turing, 1952) whereas others are involved in carrying out biochemical 

functions, so-called battery genes (Ben-Tabou de-Leon and Davidson, 2007). 

The former class of gene products may well be involved in the steering and 

monitoring of the progression over time of the physiological activities of the 

battery gene products.  

Global changes in cellular physiology and behavior, such as cell movement, 

division, matrix formation, or differentiation, emerge from the activities of an 

enormous number of gene products (Harley and Lucy, 2009; Lauffenburger 

and Horwitz, 1996; MacArthur et al., 2009). Accordingly, studies of such 

major phenomena are often undertaken in a genome-wide fashion and 

projected onto a single network scheme composed of many interacting 

molecules and spanning a wide range of molecular function categories (Center, 

2009; Galvao et al.; Xia et al., 2006). Such studies risk offering too static a 

view on the molecular networks involved. It is the network itself that adapts 

and self-organizes over time, transgressing from one group of states to the next 

and so on, thus executing the global cellular state transformation. Projecting 

dynamics and modular organization of such networks onto a single plane can 

lead to complication rather than simplification, generating huge molecular 
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interaction networks with hard-to-distinguish regulatory principles (Barabasi 

and Oltvai, 2004; Simonis et al., 2009).  

Various approaches exist towards the disentanglement of genome-wide 

regulatory networks into sets of network modules (Kahn and Westerhoff, 1991; 

Schuster et al., 2002; Yeger-Lotem et al., 2004). We have added the 

hierarchical perspective of distinguishing layers of mRNA level networks from 

protein level networks and metabolic networks (Haanstra et al., 2008; Kahn 

and Westerhoff, 1991; Westerhoff et al., 2009). Subdivision of protein or 

metabolic networks on the basis of spatial subcompartmentation has been 

achieved by others (Wilhelm et al., 2003). Here we shall extend some of this 

inspiration to include temporal modularization, in which distinct parts of the 

genome-wide network come to expression in subsequent time periods and 

fulfill a function in an overall physiological process. We will discuss a number 

of well-studied examples of cell physiological transitions and argue that they 

occur in stages. We will propose a novel way to look at such systems in terms 

of succession of two sets of interacting sequential modules. One of these is the 

set of functional networks responsible for the change in physiological state, or 

phase. The regulation of the onset and progression of each of the phases is 

governed by a corresponding phase generating network (PGN). In this concept, 

a PGN, which in itself has been triggered by a previous PGN, monitors the 

progression of its cognate phase and initiates the activity of the next PGN in 

time. We will present a number of biological examples to show that it is natural 

to study expression changes underlying physiological transitions networks in 

terms of functional and phase-generating networks.  

2.2 Results 

2.2.1 Phased functions in programs of global cellular dynamics 

Many global cellular transitions occur through several distinct phases. We refer 

to the combination of phases and their orchestration as a program of change. 

The eukaryotic cell cycle is partitioned into four sequential phases (G1, S, G2 

and M) associated with growth, DNA synthesis, further growth, and cell 

division (Csikasz-Nagy et al., 2009). We will refer to these work-floor level 

processes as ‘phased functions’ or ‘phases’ of the program. The prokaryotic 

cell cycle has a similar organization in phases (Collier et al., 2007). Phases 

with distinct global cellular functions occur during cell differentiation as well:  
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Figure 2.1: Illustration of phases in network dynamics. (A) Schematic 

representation of a dynamic network going through a sequence of three distinct 

phases. In each phase a different network segment is active, i.e. the network is rewired 

over time. Nodes and connectors denote proteins (or genes) and interactions, 

respectively. Arrows specify regulatory interactions (e.g. between a transcription 

factor and its target gene) and blunt nodes denote functional interactions (e.g. proteins 
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belonging to the same metabolic pathway). Phase-specific proteins are shown in 

green, yellow and red. Constitutively expressed proteins are depicted in light grey, 

constitutive – yet phase regulated – in dark grey. (B) Example of temporal profiles of 

phase-specific and house-keeping proteins. (C) Illustration of the concept of phase 

networks: each phase generator network (PGN) regulates the activity of a functional 

network (FN) dedicated to a certain task. The on/off switching of the FNs (downward 

arrows) produces functional phases in time. 

 

for instance, the function ‘DNA recombination’ during the maturation of B-

cells and the function ‘fusion’ in myocyte differentiation occur over a limited 

period of time (Griffin et al., 2004; Johnson and Calame, 2003). Sometimes 

these functions are mutually exclusive and their order may be crucial, such as 

with active gene transcription and DNA degradation in human erythrocyte 

differentiation and chromosome separation prior to cell division during mitosis. 

Similarly, global cellular phases can be identified in many examples of 

differentiation and stress response dynamics (see Table 2.1). 

We will consider a phase as a period during which a global cellular activity that 

brings about a significant cellular change, starts, progresses and stops. The 

classification of a change as global is meant to distinguish such a change 

involving an entire molecular network and a discernible cellular function, from 

a molecular change such as the dimerization and auto-phosphorylation of a 

signaling receptor upon growth factor binding. The execution and regulation of 

phase progression relies on the coordinated activity of many molecular 

processes forming a network.  

Most global cellular transitions are accompanied by changes in gene expression 

(Table 2.1). A phase then corresponds to a time period in which a part of the 

genome is expressed, followed by period where a different part of the genome 

is expressed. One example is the differentiation of cyanobacterial somatic cells 

into heterocysts. In response to nitrogen starvation, three phases (or ‘waves’) of 

gene expression occur, each linked to distinct physiological and morphological 

changes (Ehira et al., 2003). During the first three hours of starvation, genes 

involved in the general nitrogen stress response are upregulated. In the next 

five hours, genes necessary for heterocyst formation are expressed. Finally, a 

third group of genes, required for heterocyst function, is upregulated and 

remains active from eight hours on. The intra-erythrocytic developmental cycle 

of the human malaria agent plasmodium (Bozdech et al., 2003) presents 

another occurrence of phases. Upon invasion of an erythrocyte by a merazoite, 
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expression of the transcriptional and translational machinery, ribonucleotide 

synthesis and general catabolism are all amplified. This phase corresponds to 

the ring and early throphozoite stage during which the parasite matures and 

grows. Then, in the throphozoite and early–schizont stage, deoxyribonucleotide 

metabolism and DNA synthesis proteins are produced in preparation for  

replication and division into new merozoites. Finally, at the late schizont stage, 

genes that are necessary for the erythrocyte invasion, such as surface antigens 

and actin-myosin motility, are activated. Trypanosoma brucei undergoes a 

similar set of transitions during its biological cycle. During transition from its 

bloodstream to insect procyclic form, the surface proteins change from the 

ESGA group, associated with evading host immunity, to the EP group, which 

protects against digestion by insect gut enzymes. Expression of metabolic 

proteins changes accordingly; glucose transporters and glycosomal PGKC are 

downregulated while cytochrome subunits and cytosolic PGKB are upregulated 

(Haanstra et al., 2008; Kabani et al., 2009), reflecting the shift from highly 

specialized glycosome centered catabolism to the more diverse metabolism of 

the procyclic form.  

Thus, an overall differentiation or stress response often consists of a sequence 

of phases during each of which a set of distinct global cellular processes 

occurs. Fig. 2.1A and B illustrate this, also showing it occurs against a 

backdrop of genes that are expressed constantly at all time points, such as ones 

necessary for cell maintenance. In addition, (not shown) two subsequent phases 

could share genes that are not shared with a third phase. We make this explicit, 

because our approach intends to decompose the complex total gene expression 

into three parts corresponding to three phases on top of a background 

‘maintenance’ expression. The rationale behind this approach is that there are 

underlying separate phases in which the cell engages in distinct functions, such 

as DNA synthesis in S phase, further structural growth in G2 phase, and cell 

division in M phase. 

2.2.2 Phase generator networks  

Do additional, dedicated networks orchestrate the sequential initiation, 

progression and cessation of phases? Do such networks have a certain standard 

design? In Fig. 2.1A, each phase exhibits some peripheral gene expression 

directed by a more central, overlying gene expression. Indeed (Daran-Lapujade 

et al., 2007; Rossell et al., 2006; ter Kuile and Westerhoff, 2001), we can 
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distinguish between functional, work-floor processes (at the periphery of 

Fig. 2.1A) and regulatory processes (at the center of Fig. 2.1A). The work-floor 

processes are often metabolic or structural in nature; examples include the 

synthesis of complementary DNA strands, and production of sufficient 

glycogen storage. These processes are regulated at the ‘work floor’ itself, as 

well as through overarching networks that involve signal transduction or gene 

expression. Hierarchical regulation analyses have been extended to the time-

dependence of cellular adaptation to starvation (Bevilacqua et al., 2008; 

Bruggeman et al., 2006; van Eunen et al., 2010). Here we shall extend them to 

the multi-phase processes mentioned above. The paradigm we propose is 

illustrated in Fig. 2.1C. Processes in the overlying set of regulatory networks, 

time the phases in the functional networks. For each phase in the functional 

networks (FNs), a corresponding controller in the regulatory networks 

determines the beginning and the end. The total set of such regulatory 

subnetworks (to which we will refer as phase-generating networks or PGNs) 

generates the phase dynamics of the system. In the simplest case such a timer 

acts as a clock, set in motion when the clock of the previous PGN strikes 12, 

starting up the corresponding functional phase at 6 o’clock, terminating that 

function at 8 pm, and then activating the next PGN, at midnight. 

2.2.3 Progress variables and progress parameters for communication  

Molecular networks across within species, often contain network segments that 

have similar design and functional role, such as kinase and phosphatase 

couples in signal transduction, allosteric feedback regulation in metabolism, 

feedforward motifs in gene networks, and integral feedback in stress response 

systems (El-Samad et al., 2005; Muzzey et al., 2009). Concepts from metabolic 

control analysis, control theory, engineering, and physics, have helped to 

understand this (Kahn and Westerhoff, 1991; Rossell et al., 2006; Yi et al., 

2000).  

Dynamic networks contain both dynamic (‘dependent’) variables that change 

in time until they become stable at a steady state, as well as parameters 

(‘independent variables’) whose values are fixed or set by the environment 

external to the network. Only a subset of these variables and parameters are 

involved in the orchestration of the program of change: as shown in Fig. 2.2A, 

functional networks (‘FNs’) contain special parameters that make their internal 

networks start and stop when activated or inhibited by the phase generator  
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Figure 2.2: Concept of phase-generating networks and functional networks (A) 

The canonical structure of a phase network, consisting of a phase generator network 

(PGN) and a functional network (FN). Regular variables of the FN are induced by its 

control parameter 1 (equal to a control variable 1 in PGN). Regular variable activity in 

the FN leads to the production of progress variables (progress parameters in PGN) 

that, in turn, affect control variables 2 in the PGN that switch off the FN by inhibiting 

regular variable of FN or control variable 1 of PGN. Control variables of the PGN 

may interact with control and regular variables of other PGNs. (B) DNA replication 

regulation during Caulobacter cell cycle as an example of a phase network. Regular 

variables are proteins involved in DNA replication; the progress variable is newly 

synthesized DNA; control variable 1 is GcrA; control variable 2 is CtrA; DnaA is the 

control variable of the preceding PGN. (C-F) Four interaction structures between 

PGNs and FNs corresponding to four program types: despotic (C), dictatorial (D), 

bureaucratic (E) and democratic (F). Interactions are activating (arrows), repressing 

(stop connectors), or can be either activating or repressing (dotted connector). 
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network. These are the ‘control parameters’ of the FNs. FNs also contain 

special ‘variables’ through which the corresponding PGN can monitor how the 

FN progresses with its functional task.  These are the ‘progress variables’ in the 

FNs. Any progress parameter in an FN corresponds to a progress variable in 

the PGN that delineates that FN. Likewise, any progress variable of the FN 

corresponds to a ‘progress parameter’ of the PGN that can activate or inactivate 

the latter. In the following sections we will often simplify the diagram and 

represent the FN and the PGN as black boxes with only two types of 

interactions between them, i.e. through control parameters setting beginning 

and end of the function and, in some cases progress variables enabling the PGN 

to monitor progress in the FN. 

We take the prokaryotic cell cycle as an example (Collier et al., 2007; 

Holtzendorff et al., 2004). DNA replication (functional level phase) in 

Caulobacter requires joint activity of about fifty gene products, including DNA 

helicase, primase, and polymerase III. Representing regular variables, these 

genes are under the control of control parameters, i.e. transcription factors 

(TFs), which themselves reside at the level of a PGN, in this case GcrA. The 

latter is activated by another TF from preceding PGN. DnaA. While replication 

progresses, DNA becomes hemi-methylated at specific sites. The methylation 

state of the DNA corresponds to a progress variable that causes the activation 

of the CtrA promoter in the PGN. The transcription factor encoded by CtrA is 

responsible for initiation of further cell cycle progression and binds to the 

promoter of GcrA to inhibit expression (Fig. 2.2B). In this way CtrA is a 

control parameter that responds to the progress variable (position of the 

replication fork). These interactions generate a pulse in expression of the 

control parameter GcrA, which then determines the phasing of the activity of 

DNA synthesis genes, determining both the end and the beginning of S phase.  

Even though progress variables measure the outcome of the physiological 

activity within a single phase and act as monitors of phase progression, they 

can also be molecules or complexes with a longer lifespan than the associated 

functional phase. Examples include stable structural proteins in cell 

differentiation or the level of glutamine in E. coli nitrogen starvation response 

(Atkinson et al., 2002; Lian and Stein, 1992). Through control parameters, a 

PGN regulates activities of FN regular variables, and/or mediates interactions 

with other PGNs. These control parameters are usually regulatory molecules, 

transcription factors and signaling network components such as GrcA from 

bacterial example or cdc20 from yeast cell cycle examples. The canonical 
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mathematical description of a phase generator network can be found in the 

appendix. 

2.2.4 Programs come in four regulatory designs 

FNs are usually wired together to execute a full functional program, i.e. a 

physiological transition in a certain sequence of physiological phases. We refer 

to any such sequence as a functional program. Apoptosis, cell differentiation 

and division are clear examples of such functional programs. A minimal 

functional program would consist of two FNs in a series, each steered by its 

cognate PGN. 

PGNs can influence each other in two ways. An earlier PGN can activate or 

repress the subsequent PGN. Alternatively, a later PGN can silence its 

predecessor through a negative feedback. Similarly, the interaction between 

FNs and PGNs can be either one-sided, i.e. only the PGN has an inhibiting or 

activating effect on the FN, or there can be feedback from the FN (through the 

progress parameter) to the PGN. Depending on the presence or absence of 

these types of interactions we distinguish four basic program designs 

(Fig. 2.2C-F): (i) a ‘despotic program’, in which FNs are enslaved by their 

PGNs, upon which they have no influence, and only the forward interaction 

between PGNs is present; (ii) a ‘dictatorial program’, in which FNs are 

similarly enslaved but the second PGN influences the first one; (iii) a 

‘bureaucratic program’, in which the FNs have an influence on PGNs but only 

the first PGN activates the second; and (iv) a ‘democratic program’ in which 

both feed-backs of FNs on PGNs and the later PGN on the preceding one are 

present. Below we shall further present four examples of differentiation and 

adaptation programs from the literature that demonstrate the four types of 

programs. For each we have constructed a prototype mathematical model using 

realistic network schemes and undetermined kinetic parameters. 

2.2.4.1 The despotic program 

The despotic program architecture can be exemplified by skeletal micromere 

lineage specification during early development of the sea urchin (Fig. 2.3A). 

Studies of the localized gene expression showed a sequential expression of 

genes associated with early and late micromere differentiation stages (Oliveri 

and Davidson, 2004). The specification begins during the first few divisions of 

the zygote: the maternal TFs (like β-catenin and Otx) stored in the area of the 
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egg destined to become micromeres, activate production of TF Pmar1. The 

latter suppresses the activity of another TF, HesC, which normally represses 

genes of early micromere specification (Oliveri et al., 2008). In this way a 

double negative gate constituting a first PGN effectively activates expression 

of the first wave of functional genes (FN1) that are mostly responsible for 

extracellular communication. For example, Delta of the Notch signaling 

pathway ensures activation of pigment cell specification in the neighboring 

SMC cells and ES signaling factor induces endomesodermal differentiation in 

adjacent macromeres (Ben-Tabou de-Leon and Davidson, 2007; Oliveri et al., 

2008). Expression of these genes is transient due to the unstable nature of the 

maternal signal. However, prior to switching off, they activate the second PGN 

TF Ets1 regulated by HesC.  

The second PGN stabilizes its expression through internal positive feedback 

loops (between genes Tgif and Hex) and proceeds to drive expression of FN2 

consisting of genes relevant for skeletal micromere specification, such as 

matrix proteins (Sm50) and enzymes involved in their synthesis (cyclophilin) 

(Oliveri et al., 2008). In the studies a more complex network of interacting TFs 

has been identified (Oliveri et al., 2008); however, for simplicity we have 

limited the description to a minimal scheme that can explain the observed 

dynamics. As there seems to be no feedback regulation of PGNs by their 

functional genes and there is only forward regulation of PGN2 by PGN1 

through HesC and Ets1, the program wiring is what we call despotic. The 

despotic program is close to the mainstream view of embryonic developmental 

where the latter is a predetermined set of events (Oliveri and Davidson, 2004), 

as if driven by an external clock. 

2.2.4.2 The dictatorial program 

An example of dictatorial program architecture is circadian gene expression 

regulation in the cyanobacterium Synechococcus elongatus (Fig. 2.3B). The 

circadian rhythm in this organism is generated by a network consisting of three 

proteins: KaiA, B and C. Their interactions – KaiA promotes phosphorylation 

of KaiC hexamers, while KaiB inhibits it – are capable of producing sustained 

macroscopic oscillations of the KaiC phosphorylation state in the absence of 

transcription-translation feedback loops (van Zon et al., 2007). Although it is 

not known how precisely gene expression is regulated by the Kai system, it 

appears that downstream signaling proteins (SasA–RpaA) relay KaiA 

phosphorylation status to transcription factors (McClung, 2006). The “Kai” 
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oscillator creates two phases of gene expression: genes expressed at dawn, such 

as components of photosystem II and subunits of RubisCo, and genes 

expressed at dusk, such as proteins of the electron transport chain and enzymes 

of biosynthetic pathways (Ito et al., 2009). These are all adaptations to 

changing light conditions: during the day, Gibbs energy is obtained through 

photosynthesis and partly invested in CO2 fixation, while at night it derives 

from respiration and conditions are better for biosynthetic enzymes which are 

sensitive to high oxygen levels. In our current understanding of this system, the 

“Kai” oscillator does not adjust its progression to changes in the physiology of 

the organism; the progress into the dark phase occurs regardless of whether or 

not cells are energetically prepared by having accumulated sufficient storage 

sugars. If we express the system in terms of phase networks, KaiC and KaiA-P 

constitute the first PGN and the corresponding dawn genes the first FN, while 

KaiB and KaiA and the respective dusk genes make up the second PGN and 

FN, respectively. The mutual negative feedback between the two PGNs and the 

lack of regulation of PGNs by the FNs make the program structure dictatorial. 

 

2.2.4.3 The bureaucratic program 

Both bureaucratic and democratic designs are distinguished from despotic and 

dictatorial programs by the presence of feedback regulation of phase generation 

by the functional network, by either signaling inactivation of the cognate PGN 

or by activating the next-in-line PGN. Such system design would be more 

robust to perturbations as it would prevent progression into the next phase 

and/or switching off of the relevant FN before its physiological task has been 

accomplished. A well-studied example of a bureaucratic program is a segment 

of the sporulation response network of Bacillus subtilis (Eichenberger et al., 

2004; Errington, 2003) (Fig. 2.3C), which involves differentiation of a mother 

cell and the simultaneous production of a forespore during stress-induced 

asymmetric division. Expression of the first FN genes, responsible for the 

engulfment of the forespore, depends on the sigma factor σ
E
, which, together 

E 

with a delay and leads to down regulation of genes in the FN1. The activation  
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Figure 2.3: Biological examples of the four main types of program. (A-D) Detailed 

network schemes are shown on top, with regular variables presented as squares, 

control variables and signals as circles, and progression variables as ovals. 

Representative dynamics of regular variables are shown in the middle, and schematic 
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representation of the interaction between FNs and PGNs at the bottom. (A) Despotic 

program: skeletal micromere specification in embryonic development of sea urchin. 

(B) Dictatorial network: the circadian rhythm network in Synechococcus elongatus. 

(C) Bureaucratic network: sporulation control in Bacillus subtilis. (D) Democratic 

network: cell cycle regulation in Saccharomyces cerevisiae. Cln3 and cdc20 belong to 

the G1-phase PGN that precedes PGN1 and succeeds PGN2. 

 

of sigma factor σ
K 

in the second PGN depends on both the presence of SpoDIII 

and on a signal from the fully engulfed forespore, i.e. on the progress variable 

of FN1. Genes in the second FN regulate coat synthesis and spore assembly 

and depend on σ
K
. They are down regulated by the second PGN transcription 

factor GerE downstream of σ
K
. We consider this a bureaucratic arrangement, 

because the second PGN is only activated when the progress variable of the 

first FN, i.e. engulfment of the forespore, has passed a threshold level, yet there 

is only forward interaction between the two PGNs. 

2.2.4.4 The democratic program 

The transition of S to M phase in the budding yeast cell cycle (Simon et al., 

2001; Spellman et al., 1998) is an example of a democratic program design, 

where all possible interactions between PGNs and FNs are present (Fig. 2.3D). 

The main transcription factor and control parameter of S phase, MBF, 

promotes transcription of S phase genes comprising the first functional 

network. MBF becomes activated when Cln3 (the progress parameter of the 

preceding G1 phase) exceeds a threshold concentration that depends on cell 

size (Alberghina et al., 2004). The S phase genes are necessary for DNA 

replication and induce transcription of the mitotic cyclin Clb2, involved in 

PGN2 for M phase, with a delay (Rupes, 2002). Activation of both DNA 

integrity sensors Nmr1 and Clb2 is necessary for the inactivation of the first  

PGN by suppressing MBF (de Bruin et al., 2008). Clb2 remains expressed 

because of a positive feedback loop with another TF of the second PGN2, SSF 

(Pic et al., 2000). This ensures the continued expression of proteins of the 

second FN involved in mitosis. Upon completion of chromatid separation of M 

phase, i.e. when this progression variable reaches a certain threshold, the 

kinase cdc20 of the subsequent PGN is activated and suppresses Clb2 

expression to promote mitotic exit. As inactivation of both PGNs depends on 

the progress parameters from their cognate FNs as well on the control variables 

of subsequent PGNs, we call the program democratic. 
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An extreme case of a democratic program is where the mutual influencing 

between the phase generator and the phase networks becomes similar to so-

called self-organization (Meinhardt, 2008; Turing, 1952). Such self-

organization has been proposed originally as dominant mechanism for 

differentiation and development, but has been experimentally overruled as sole 

mechanism (Lawrence, 1992; Nusslein-Volhard and Wieschaus, 1980). 

A number of programs of cell change are repetitive – for example, the 

complete cell cycle and day-night rhythms. In these cases the in principle 

infinite repetition of PGN and FN combination sequence can be reduced to a 

repetitive unit. The regulatory interactions between the last PGN of the unit 

and the first of the next unit are then rephrased as regulatory interactions 

between the last unit and the first unit, i.e. regulation back in time. The 

concrete example of such a program is given by a model for the complete 

eukaryotic cell cycle formulated by (Tyson and Novak, 2001), which will be 

discussed in the next section. 

It may be noted that a program that is essentially despotic becomes dictatorial 

when it is cyclic and one that is inherently bureaucratic becomes democratic. 

More examples of the various program architectures are presented in Table 2.1 

and the decomposition of the respective networks in FNs and PGNs is shown 

in Fig. 2.S.1. 

2.2.5 What determines phase dynamics: simplicity or manageable 

complexity  

In many accounts of the cell cycle, there is an emphasis on specific sites or 

molecules, such as the START site or cyclin D, as if these would be the only 

factors determining the cycle. If justified, then this would lead to an 

appreciable simplification of the understanding of the cell cycle. Although this 

could be positive, it would also reduce the number of targets for drugs by 

which one might influence the cycle of cell gone awry. Recently it was shown 

that the progression through the cell cycle is controlled by many steps 

(Conradie et al., 2010), as also shown in Fig. 2.3C. This suggested a virtually 

unlimited complexity. The de-convolution of the cell cycle into a program of a 

limited number of phase generator networks (PGNs) and functional networks 

(FNs) may offer the type of simplification that is needed in systems biology: as 

simple as possible but not simpler. 
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To examine whether the de-convolution is at a relevant level of complexity we 

have calculated how the various PGNs and FNs determine each others’ 

functions. This has been done for a model describing two subsequent phases of 

the budding yeast cell cycle (Fig. 2.3D). We calculated for instance that the 

activation of the PGN1 by 1% would reduce the duration of the first phase by 

0.6 %.The upper half of Table 2.2 shows how the PGNs and FNs control the 

initiation times and durations of the two modeled FNs. We distinguish between 

the responses of a PGN (i) to a signal external to the program, (ii) to a process 

residing in the PGN itself, (iii) to a process in either of the program’s FNs and 

(iv) to a signal originating in another PGN. The decomposition into PGNs, FNs 

and external signals of the two programs used for these numerical examples is 

presented in Fig. 2.3D. 

As expected, apart from the initiating external signal, the start time of the first 

phase depended exclusively on parameters of the first PGN. By contrast the 

start time of the second phase is controlled by both PGNs and by the first FN. 

This is expected, because the FN1 controls the duration of the first FN and 

therefore determines when the second PGN can start. Indeed, in the design of 

the regulation of changes in cell function we recognized above, the temporal 

unfolding of some developmental or adaptation process is controlled by a 

series of interacting PGNs that may or may not be regulated by the cellular 

functions that they control, e.g. when reaching checkpoints during phase 

progression. Thus, the action of a PGN at a given moment in time may depend 

on the successful completion of some task by an earlier or cognate FN. More 

paradoxically, in case of democratic or bureaucratic design, or a cyclic 

program, the action of the current PGN may depend on the state of activity 

components of the next phase. This occurs when the subsequent GN generates 

the signal that causes the termination of the PGN preceding it.  In case of 

dictatorial and bureaucratic designs PGN2 would have control over the first 

phase duration. For despotic design the control would reside wholly within 

PGN1 itself. Table 2.2 shows that this program is not despotic; there is control 

of FN1 duration by PGN2. The start time and duration of the second PGN 

depended on the parameters of the first FN and second PGN, respectively. This 

is a trait of the programs with FN to PGN feedback (democratic and 

bureaucratic). In cases of despotic and dictatorial programs these control 

coefficients should equal zero. Interestingly, PGN1 and FN1 have control over  
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Figure 2.4: Control of G1 phase duration in the model of the eukaryotic cell cycle 

by Tyson and Novak. (A) The wiring of the cell cycle network (Tyson and Novak, 

2001). Variables belonging to PGN1 are shown in red, to PGN2 in orange, and to FN 

in grey. The widths of the arrows representing production and degradation rates 

indicate the amount of control exerted by that reaction on the duration of G1. The red 

arrow signifies the resetting of the mass at the end of the cycle (set to be reached at 

CycB=0.1). (B) Simplified representation of the network scheme in terms of PGNs 

and FNs. The FN2, which would correspond to DNA synthesis and mitosis, and the 

connection between the PGN1 and FN1 were not explicitly modeled in the example. 

(C) Bar graph shows the distribution of the control on the duration of the G1 phase 

between all the reactions. 
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the start but not over the duration of phase 2. This is intuitively understandable 

as their parameters affect exclusively the processes determining the start of the 

phase; speeding up the start leads to equal speeding up of the end, leaving the 

duration unaffected. Because PGN2 exercises control over the duration of 

phase 1, the program must be democratic, not bureaucratic. The total control on 

the phase start and duration always equaled -1, as proven in general for control 

of time-dependent phenomena (Hornberg et al., 2005; Reijenga et al., 2002; 

Westerhoff, 2008). We further illustrate this for the published model of the 

complete eukaryotic cell cycle (Tyson and Novak, 2001) that describes the 

G1→S/G2/M→G1 transitions. Perturbations were applied to the following 

parameters: i) the functional network (cell mass), ii) the first PGN (PGN1 

regulating G1, i.e. the Cdh1 network) and iii) the second PGN (PGN2 

regulating S/G2/M through CycB) (Table 2.2). These calculations revealed that 

the duration time of phase 1 depended on the parameters of both PGN2 and 

FN, indicating that also the design of this program is democratic. Moreover, 

due to the cyclical nature of the wiring of the PGNs (Fig. 2.3B), also the start 

time of phase 1 depended on parameters of PGN2 and, vice versa, the duration 

of phase 2 on the parameters of PGN1 (Fig. 2.4). An overview of the actual 

wiring of the program and the distribution of the control on the duration of the 

G1 phase is presented in Fig. 2.4A and C, respectively. 

2.3 Discussion 

We presented a new concept of differentiation and adaptation of cell function. 

The concept sees change as a succession of PGNs each governing well defined 

transient functional states of intracellular network (FNs). We showed that such 

programs are present in actual examples of differentiation, adaptation and cell 

cycling.  The new concept is a natural way to view these physiological 

phenomena, perhaps more natural than assuming that all developmental 

processes are the result of self-organization (Meinhardt, 2008) or pre-

specification (Davidson and Levine, 2008) . 

Naturally, our approach has its limitations, for example when it comes to 

decomposition of the whole program network into sets of FNs and PGNs. It is 

not always straightforward to assign control variables on phase boundaries to 

one or the other PGN. For instance, we took the control parameter SpoIID in 

the sporulation program (Fig. 2.3C) to be part of PGN1 because it does not 

directly activate any of the regular genes in FN2, though temporally its 
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expression will coincide with the second phase (Fig.2.S.3B). Similarly, Clb2 in 

the yeast cell cycle program (Fig. 2.3D) was taken to belong to PGN2 because 

it activates its regular genes despite the fact that its expression largely overlaps 

with the first phase (Fig. 2.S.3E). One will often need methods that rely on 

mathematical models of network dynamics designing optimal perturbation 

experiments, to come to a more definitive assignment.  

It may seem intuitive to assume that control of development and adaptation all 

resides in gene expression: many modeling and experimental efforts in this 

area have been limited to merely studying the controlling structures (PGNs in 

our definition) whilst ignoring the functional, “work-floor” layer (defined as 

FNs) (Johnson and Calame, 2003; Orlando et al., 2008; Roeder and Glauche, 

2006). In practice much of the control extends beyond gene expression, (Snoep 

et al., 2002) such that roles may well be inverted or equal. This possibility is 

entertained by our democratic and bureaucratic program designs, as in our 

examples. 

Some of the existing paradigms of developmental and differentiation processes 

tend to take a static, unidirectional view of the networks involved, either with 

one program defining all that happens in what we call a despotic manner 

(Davidson and Levine, 2008; Koide et al., 2005). Others see development as a 

self-organizing system (Meinhardt, 2008; Prigogin.I and Nicolis, 1967; Turing, 

1952), which corresponds more to an extreme of our democratic program. Our 

approach decomposes the network into modules and categorizes them in terms 

of the directionality of the links between them. This effectively leads to the 

despotic and the democratic instantiations of the network as two extremes, and 

the realization that there are additional possibilities in between to be considered 

(i.e. bureaucratic and dictatorial), as well as multiple hybrid forms. Our 

conceptual framework could reconcile the predefinition and the self-

organization views of developmental biology and help unravel the complexity 

of various developmental and adaptation processes, including medically 

relevant ones like differentiation and de-differentiation in higher eukaryotes. 

Ideally, the discovery of a new program could be achieved through the 

following steps: (i) description of the sequence of physiological phases, (ii) 

establishment of molecular network components (FNs and PGNs) cognate to 

each phase, and (iii) identification of the interaction between FNs and PGNs to 

determine the program wiring.  
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A suitable example is the identification of the physiological network given by 

description of in vitro rat and human osteoblast differentiation (Eijken et al., 

2005; Lian and Stein, 1992). This process involves bone formation and spans 

several weeks. It can be divided into three phases. First, cell proliferation 

occurs, as indicated by an increase in DNA content and production of the basic 

matrix protein collagen I. This is followed by the production of extracellular 

matrix proteins necessary for mineralization. Finally, matrix mineralization 

commences accompanied by an increase in calcium content and the production 

of the regulatory proteins osteocalcin and osteopontin. The challenge now is to 

identify the corresponding three-phase generator networks and the directions of 

the regulatory interactions between them.  

Rigorous establishment of phase dynamics in expression profiles requires 

mathematical analysis of experimental time courses, such as hierarchical 

clustering or self-organizing maps (Thalamuthu et al., 2006). One of the 

problems of this approach, especially in eukaryotic systems, is population-level 

heterogeneity of the cellular states, which hampers the identification of phases 

and their FNs and PGNs. The reason for the lack of synchrony in phase 

transitions may lie in the inherent stochasticity of gene transcription and 

signaling, as has been demonstrated for the budding yeast cell cycle (Talia et 

al., 2007).  

Perturbation analysis is required for identification of the wiring between the 

PGNs and FNs and the resulting program type. This can be achieved through 

knockdown of critical transcription factors (control variables) or structural 

proteins (regular variables).  \In a hypothetical two-phase program, knocking 

down regular variables of FNs would allow the distinction between 

despotic/dictatorial and bureaucratic/democratic designs. Eliminating the 

control variable of the second phase generator network, on the other hand, 

would give information about the presence of negative feedback from PGN2 to 

PGN1, discriminating between despotic/bureaucratic and dictatorial/democratic 

cases. A proposed strategy for unravelling the detailed wiring for a 

hypothetical program is presented in the Supplement (Fig. 2.S.4-7). Practical 

identification of extensive network wiring would require high throughput 

knockdown methods such as deletion mutant libraries in microorganisms or 

siRNA methods in eukaryotic systems (Center, 2009). 

Identification of the PGN control structures often targets the identification of 

control variables, i.e. key transcription factors. This is a continuous challenge 
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that is greatly enhanced by technologies for obtaining transcription factor 

binding data (Center, 2009). A seminal case is the study of early sea urchin 

development by Smith et al. (Smith et al., 2007) (see also, (Ben-Tabou de-Leon 

and Davidson, 2007)) with the aim of reconstructing gene regulatory networks 

(GNRs) that control cell fate specification. The authors used in situ 

hybridization data and temporal qPCR profiles to establish the sequence of 

transcription factor expression in skeletogenetic lineage specification, 

establishing whether they belong to early micromere, late micromere 

specification or skeletogenetic groups (Smith et al., 2007). They further 

established the wiring of GNRs, i.e. interaction of TFs with cis-regulatory 

elements of the TF genes using network perturbations (ectopic factor 

overexpression or knockdown) and cis-regulatory element functional studies. 

The network motif analysis by the group of Alon has done the same for several 

prokaryotic gene networks (Alon, 2007). 

One of the biggest challenges in cell biology is linking molecular activity to the 

macroscopic changes in cell physiology, such as stress adaptation and 

differentiation. Lack of success in complete deciphering of many 

differentiation/adaptation programs, especially in eukaryotes, proves that 

reverse engineering of the network underlying physiological transitions from 

the data is a daunting task. We expect that applying our phase network concept 

to the generation and testing of hypotheses with the help of time-resolved data 

and large-scale perturbation studies will greatly improve our understanding of 

many differentiation and adaptation processes. 

2.4 Materials and methods 

A full description of the ordinary differential equations and parameters for the 

four models exemplifying the program types can be found in Tables 2.S.1 

(micromere specification model), 2.S.2 (circadian oscillator), 2.S.3 (spore 

formation) and 2.S.4 (yeast cell cycle). The interaction schemes were based on 

literature while kinetic expressions and parameter values were arbitrary. A 

mammalian cell cycle model was reproduced according to (Tyson and Novak, 

2001). Mathematica 7.0 was used for model implementation and simulation of 

the time courses. In order to calculate control coefficients (in Figure 2.4 and 

Table 2.2) the start and end times of the phases were estimated using the 

Eventlocator option in the NDSolve command for numerical solving of 

differential equations. For the yeast cell cycle model the start and end of phase 
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1 and 2 were defined as times at which MBF and Clb2, respectively, were at 

half maximum value. For the mammalian cell cycle model the start of G1/end 

of S/M was determined as the time at which CycB decreased to 0.1, and the 

end of G1/start of S when Cdh1 decreased to 0.5. The parameters were 

perturbed by 0.01% up and down and 100 times the average of the two 

percentage perturbations of the indicated progress variable is reported. 
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Process Organism 
Program 

type 
Reference 

developmental/adaptation programs 

Skeletal micromere 

specification 

Strongylocentrotus 

purpuratus 
Despotic (Oliveri et al., 2008) 

Circadian rhythm Synechococcus 

elongatus 
Dictatorial (Ito et al., 2009) 

Nitrogen starvation Escherichia coli Bureaucratic (Atkinson et al., 2002) 

Sporulation Bacillus subtilis Bureaucratic (Eichenberger et al., 

2004) 
Carbon metabolism 

adaptation 

Saccharomyces 

cerevisiae 
Bureaucratic (Chechik et al., 2008) 

Flagella synthesis Escherichia coli Bureaucratic (Kalir et al., 2001) 

Amino acid 

biosynthesis 
Escherichia coli Bureaucratic (Zaslaver et al., 2004) 

Eukaryotic cell cycle Saccharomyces 

cerevisiae 
Democratic (Chen et al., 2004; Simon 

et al., 2001) 

Bacterial cell cycle Caulobacter crescentus Democratic (Collier et al., 2007) 

phased dynamics with unknown underlying program 

Parasite development 

cycle 
Plasmodium falciparum ? (Bozdech et al., 2003) 

Heterocyst 

differentiation 
Anabea sp. ? (Ehira et al., 2003) 

High light response Synechocystis sp. ? (Hihara et al., 2001) 

Viral infection Red sea bream 

iridovirus 
? (Lua et al., 2005) 

Fruit body formation Dictyostelium 

discoideum 
? (Sasik et al., 2002) 

Muscle cell 

differentiation 
Mus musculus ? (Spin et al., 2004) 

B-cell differentiation Homo sapiens ? (van Zelm et al., 2005) 

Larvae metamorphosis Drosophila 

melanogaster 
? (White et al., 1999) 

 

Table 2.1. Examples of developmental and adaptation programs producing phase 

dynamics described in literature. The type of program is specified in cases when the 

network structures are sufficiently described; cases when phased dynamics are present 

but identification of the type of program requires additional experimental information 

are denoted by “?”. 
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program Control of → 

By ↓ 

Start 

FN1 

Duration 

FN1 

Start 

FN 2 

Duration 

FN2 

Yeast cell cycle 

Fig. 2.2D 

PGN1 -0.60 -0.24 -0.32 0.01 

FN1 0.00 -0.21 -0.11 0.01 

PGN2 0.00 -0.55 -0.36 -0.22 

FN2 0.00 0.00 0.00 -0.58 

external -0.40 0.00 -0.20 -0.22 

total -1.00 -1.00 -0.99 -1.00 

 

Mammalian cell 

cycle Fig. 2.4D 

 

PGN1 -0.06 -0.32 -0.07 0.19 

FN -0.17 -0.84 -0.18 0.51 

PGN2 -0.77 0.16 -0.75 -1.70 

total -1.00 -1.00 -1.00 -1.00 

 

Table 2.2. Control coefficients of the start and duration of phases for a democratic 

program of the yeast cell cycle presented in Fig. 2.2D and for the model of the 

mammalian cell cycle ((Tyson and Novak, 2001); Fig. 2.4D). Start and end of the 

phase are defined as points in time when the chosen control variable rises/declines to 

10% of its maximum, duration as period between start and stop. For the yeast cell 

cycle the control variables for PGN1 and 2 were taken to be MBF and Clb2, 

respectively. For the mammalian cell cycle program they were taken to be Cdh1 and 

CycB. The numerical procedure for obtaining the coefficients is described in Methods. 
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Appendix 1 

2.S.1 Canonical PGN dynamics description 

The canonical dynamics of a phase-generating network is described by, 

   (2.S.1) 

x and y describe the dynamics of the functional and phase-generating networks, 

respectively; and w and z are the vectors of progress and control variables, 

respectively. We view control and progress variables as nonlinear 

parameterized functions of regular variables in the FN and PGN (in simple 

cases Boolean functions). 

2.S.2 Examples of program architectures 

In this section of the appendix we present additional real-life examples of 

bureaucratic and democratic program architectures from Table 2.1 of the main 

text. 

The three bureaucratic programs are illustrated by adaptation and development 

processes in E.coli. First example is the arginine biosynthesis regulation under 

the conditions of aminoacid starvation. In the presence of the ariginine a 

repressive transcription factor ArgR (control variable) prevents the expression 

of the biosyntheis pathway. When the aminoacid is removed the upregulation 

of the enzymes (regular variables) occurs in a sequence corresponding to their 

order in the pathway presumably due to the differences in the affinity of their 

promoters towards the repressor (Zaslaver et al., 2004). After the activity 

results in an increase of the Arg concentration (progress variable), the pathway 

suppressor ArgR is re-activated, thus creating a feedback from the function 

network to the phase generating network. We therefore classify this example as 

bureaucratic, though this program is a borderline case because each FN is 

represented by a single enzyme and ArgR serves as the control variable in all 
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the PGNs therefore it is hard to define interaction between PGNs. Certain 

segments of carbon metabolism in yeast have been shown to be regulated in a 

similar fashion (Chechik et al., 2008). 

A second example is given by the nitrogen starvation response in E.coli. Low 

external ammonium increases the synthesis and phosphorylation of 

transcription factor NRI, which can activate transcription of the three nitrogen 

starvation response operons: (i) glnA, coding for glutamine synthetase I 

enzyme that facilitates ammonium uptake, (ii) glnK, coding for proteins that 

can regulate glutamine synthetase activity (Nolden et al., 2001) and, finally, 

(iii) nac with proteins that activate expression of enzymes utilizing histidine 

and proline as nitrogen source (Feng et al., 1995). Thus varying concentrations 

of NRI–P represent the control variables of three PGNs that activate 

downstream FNs (operons) affecting uses of alternative nitrogen resources 

(progress variable). Progress variables can inhibit the nitrogen starvation 

(external signal) and thus the control variable of the next PGN (NRI-P). The 

bureaucratic design of the program allows for optimal adaptation to prolonged 

nitrogen starvation by delaying the switching on the more efficient but energy 

costly modules (Atkinson et al., 2002).  

The third and final example is given by the flagellum synthesis which is 

organized into two phased network. First the synthesis of the proteins 

composing transmembrane structures body and hook (FN1) occurs. It is driven 

by the FlhC-FlhD dimmer which also activates production of transcription 

factor of the next PGN FliA as well as that of the FlgM, which together with 

FlhC-FlhD constitutes PGN1. However, FlgM is blocking the accumulation of 

FliA until the flagellum transmembrane structure is complete and capable of 

exporting the FlgM. Thus inhibition of FlgM is relieved and allows production 

of FN2 proteins that constitute flagellum extracellular part and chemotaxis 

signalling network (Kalir et al., 2001). The presence of the feedback from the 

first FN1 on the second PGN makes the program bureaucratic. 

Additional example of the democratic architecture is the cell cycle in 

Caulobacter partially discussed in the main text (Collier et al., 2007). The DNA 

S-phase of the cycle is carried out a group of proteins (FN1) under the 

transcriptional control of the GrcA and results in hemi-methylated DNA state. 

This, together with GrcA (PGN1), activates the promoter of the transcription 

factor CtrA which turns off the production of the GrcA and ensures expression 

of the proteins involved in cell division (FN2). According to the current 
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knowledge the regulation of the end of the second phase (mytosis) resides 

entirely within PGN2: CtrA causes production of a DNA methylase ccrM that 

restores the full methylated DNA status and inactivate the CtrA production. 

Nevertheless, the program can be classified as democratic due to the presence 

of the feedback from the FN1 and the PGN2 on the fist PGN. 

2.S.3 Control coefficients for PGN dynamics 

We define several control coefficients for PGN dynamics: the control of 

activity ν of k-th process on the start time (      ), on the end time (    ) and 

on phase duration (              ) of i-th phase: 

   

  
     

 
      

     

      
    (2.S.2) 

   

  
   

 
      

   

      
    (2.S.3) 

   

    
       

      
     (2.S.3) 

This means that the control coefficient on the duration of j-th phase is related to 

the control coefficients on the start and end time of the same phase: 

   

    
    

   
    

  
   

  
      

   
    

  
     

   (2.S.5) 

We distinguish the control exerted on the time properties of the j-th phase by 

external signals    (  

  
), by the process in the PGNs itself    ( 

 

  
), processes 

in the FNs    ( 
 

  
) and the other PGNs in the program    (  
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The sum of control by all processes in the system is given by the following 

equation: 

  

    
 

    
 

     

        (2.S.10) 
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Obviously, for time properties of a PGN in a despotic program (where the 

interactions between PGNs and feedback from FNs are absent), control on a 

phase properties by other PGNs is equal to zero  
 

     

    . Similarly the 

control coefficient is zero by the FNs in the dictatorial program and by the 

other PGNs in the bureaucratic program. Additionally, any process outside of 

PGNi and FNi that only affects its starting time has no control over the i-th 

phase duration. This can be understood if one considers that external signals 

shifting the start of the phase in time will shift the stop time to the same extent, 

so that    

  
     

    

  
   

and taking into account the equation (2.S.4)   

     . 

2.S.4 Phased networks wiring identification 

To provide an example of PN wiring identification strategy we used a 

hypothetical program consisting of two phases and attempted to determine 

back the structure from the observed time courses upon variable perturbation. 

The simulation of dynamics of observed variables (proteins representing 

control variables of the PGN and regular and progress variables of the FN) 

allows separating variables into four groups: (1) transiently activated during 

phase one (x1-4), (2) constantly activated late in phase one (x5-6), (3) 

transiently activated during phase two (y1-4) and (4) constantly activated late 

in phase two (y5-6) (Fig. 2.S.4A,B,E,F). 

On the basis of the timing it is possible to determine the exhaustive set of 

interaction between variables. Considering all the possible interactions within 

the first group (x1-x2) –any of the variables can be activated by another one or 

by external signal (Fig. 2.S.4C). Knock down of each variable allows 

validating or invalidating the proposed interactions (Fig. 2.S.5A-D). The x5-6 

group can be activated by any of the variables from x1-4 group or external 

signal and can be responsible for repression of x1-4 group (Fig. 2.S.4D); the 

validation by knock down and observation of relevant variables allows 

determining a number of alternative structures producing the observed output 

(Fig. 2.S.5E,F). Unique structure determination is not possible because the 

method does not distinguish between direct interaction (i.e. x2 activating x4, x5 

inhibiting x1) and secondary effect (i.e. x1 activating x4 through x2, x5 

inhibiting x3 through x1). In case of transcription factor interaction additional 

protein synthesis inhibition experiment could validate the direct effect. 

Additionally, single knock downs only allows discovering multiple activation 
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inputs of AND, on the contrary multiple knockouts are required to check OR 

input types. 

The second phase y1-4 variables can be activated either by external signal or 

x5-6 group (Fig. 2.S.4J), (in) validation of proposed interaction is shown in 

Fig. 2.S.5M-O. Interactions within y1-4 group (Fig. 2.S.1G) and between y1-

y4 and y5- groups (Fig. 2.S.1H) are checked in the similar fashion (Fig. 2.S.6). 

In principle the y1-y4 variables may be activated by the first phase variables 

but only if there is a bistable switch motif present between the second phase 

variables that will sustain the expression after the inactivation of x1-x4. As the 

knock down analysis does not reveal mutual activation between y1-y4 

variables prerequestive for the bistable switch, it is not necessary to perform 

the check of the effect of x1-x4 on the third group. 

With exception of additional secondary interaction the method allows accurate 

reconstruction of the original network (Fig. 2.S.7). However, the explanation 

for persistence of x5-6 and y5-6 after cessation of activation by other variables 

is not provided by proposed experiments. In the network used for simulation it 

is explained by the lack of degradation of x5 and y5 that persists after the 

switching off of the transient variables (Fig. 2.S.4F),which could be tested 

experimentally by measuring life-time of the respective proteins. 

The program architecture is revealed to be clearly despotic or bureaucratic as 

there is no feedback interaction between the second and first phase variables; 

and cessation of each phase activity is determined exclusively by the 

interaction within the phased network. Whether the program is bureaucratic or 

despotic depends on the biological identity of the variables executing the 

repression. In this particular example it is assumed that non-degradable x5 and 

y5 are progress variables that activate control variables (TFs or proteins 

involved in signal transduction) x6 and y6. Similarly x3-x4 and y2-y4 are 

assumed to be regular variables and x1 and y21 – control variables 

(Fig. 2.S.7A). 
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Figure 2.S.1: Additional examples of different programs types. (A) Regulation of 

Arg biosynthesis pathway in E.coli is an example of a bureaucratic program, another 

examples is given by nitrogen starvation stress response (B) and flagellum formation 

(C) in the same bacteria. (D) The cell cycle regulation in Caulobacter crescentus is a 

democratic arrangement. 
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Figure 2.S.2: Additional time course plots for the despotic and dictatorial program 

examples form section 4 in the main text. The summary of interactions between 

functional and phase generating network through control and progress variables (A). 

The time courses of circadian rhythm program’s (dictatorial design) external signal, 

phosphyrilated KaiC (B) and control variables (photosynthesis-green, respiration – red) 

(E). The time courses of sea urchin micromere development program’s (despotic 

design) external signal, maternal β-catenin/Otx (B), control variables (Pmar – yellow, 

HesC - light green, Ets1 – green, Hex- red, Tgif – dark red) (D) and progress variables 

(intercellular signaling - light green, micromere differentiation - dark red) (F). 
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Figure 2.S.3: Additional time course plots for the bureaucratic and democratic 

program examples form section 4 in the main text. The time courses of sporulation 

program’s (bureaucratic design) external signal, asymmetric division (A), control 

variables (σ
E 

- green, SpoIIID – light green, σ
K 

– orange, GerE - brown) (C) and 

progress variables (engulfment – green, spore coat formation – orange) (E). The time 

courses of budding yeast cell cycle program’s (democratic design) external signals 

(Cln3-green, Cdc20 – dark green) (B), control variables (MBF –orange, Nrm1 - 

brown, Clb2- red, SSF – dark red) (D) and progress variables (DNA replication - 

orange, chromatid separation - red) (F). 
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Figure 2.S.4: Observed time courses of putative control, regular and progress 

variables of a two phase program. Variables can be classified according to their 

timing and activation pattern into four types: (1) phase one transiently activated (x1-4) 

in (A), (2) phase one constantly activated (x5,6) in (B), (3) phase two transiently 

activated (y1-4) in (E) and (4) phase two constantly activated (y5,6) in (F). The 

overview of the whole program dynamics is shown in (I). The network schemes with 

all possible interaction that can produce observed dynamics are presented: activation 

within group 1 (C), activation of group 2 by 1 and inhibition of 1 by 2 (D); activation 

within group 3 (G), activation of group 4 by 3 and inhibition of 3 by 4 (H); and, finally 

activation of group 3 by 2 (J). 
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Figure 2.S.5: Identification strategy of the first phase interactions by a single 

component knockdown. Time courses for relevant variables after knock down are 

shown; the eliminated variable is highlighted in red; putative interactions are in black, 

validated – in green, disproved – crossed out. Experiment simulations are presented in 

the following order: effect of x1, x2 ,x4 and x4 knock down on group1 (A-D), effect 

of x1-x4 knock down on group 2, (E-H),  effect of x5 and  x6 knock down on group 1 

(I,J), effect of x5 knock down on group 2 (K). The scheme with minimal number of 

validated interactions that explains observed dynamics is shown (L). 
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Figure 2.S.6: Identification strategy of the second phase interactions by a single 

component knockdown. Time courses for relevant variables after knock down are 

shown; the eliminated variable is highlighted in red; putative interactions are in black, 

validated – in green, disproved – crossed out. Experiment simulations are presented in 

the following order: effect of x5 and x6 knockdown of the group 3 (A,B), effect of y1, 

y2 ,y4 and y4 knock down on group 3 (C-F), effect of y1-y4 knock down on group 4, 

(G-J),  effect of y5 and  y6 knock down on group 3 (K,L), effect of y5 and y6 knock 

down on group 4 (M,N). The scheme with minimal number of validated interactions 

that explains observed dynamics is shown (O). 
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Figure 2.S.7: Comparison of the reconstructed network to the producing one. The 

phased network scheme identified the by knock down (A) is shown and compared to 

the network (bottom) producing the simulations (B). The completed two phase 

network scheme shows that the program has bureaucratic architecture; the probable 

control variables are shown in orange, progress ones– in blue and regular – in black 

(A).  Green solid arrows represent the minimal network explaining the observed 

dynamics and correspond perfectly to the originating scheme (B). Dotted lines show 

the interactions identified in the virtual experiment that cannot be excluded due to 

inability to distinguish between direct and indirect effects. For example, activation of 

x5 and x6 requires x1, x2 and x4; however only x2 and x4 are direct activators. 

Similarly, y5 seems to directly inhibit y1-4, while it actually only inhibits y1 and 

effects on y3-4 are secondary. In the network used for simulation the persistence of 

x5-6 and y5-6 after cessation of activation by other variables is explained by existence 

of non-degradable progress variables (G). 
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initial conditions zero for all variables except                   

 

Table 2.S.1: Equations and initial conditions describing the ODE system that models 

the exemplary despotic program – endoderm formation in the sea urchin. 

Concentrations are in arbitrary units. 
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Table 2.S.2: Equations and initial conditions describing the ODE system that models 

the exemplary dictatorial program –circadian rhythm in Synchococcus elongates. 

Concentrations are in arbitrary units.   
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initial conditions zero for all variables 

 

Table 2.S.3: Equations and initial conditions describing the ODE system modeling the 

exemplary bureaucratic program – sporulation Bacillus subtilis. Concentrations are in 

arbitrary units.  
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                     .3,  DNA[0]=1 

 

Table 2.S.4: Equations and initial conditions describing the ODE system that models 

the exemplary democratic program – cell cycle in Saccharomyces cerevisiae. 

Concentrations are in arbitrary units.  
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Table 2.S.5: Parameters for the exemplary democratic and dictatorial programs. All 

constants are in arbitrary units. 

  

Cell cycle model 

ke kc12 kic12n kac13 kds1 kac2t kac2f kc2t kds2 kac3 kdc13 

 0.3 1 2 2  0.8  0.8 1  0.5  0.8  0.8 1 

k c1 kac12 kic12c ks1 kp1 kc21 kdc2 ks2 kp2 kdc3 n 

 0.3 1 1 1  0.3 1  0.8 1  0.3  0.5 10 

kdc1 kdc12 kc13 kas1 kc2f kdc21 kdc2c kas2 kc3 kic2   

 0.3  0.3 6  1.5 1  0.5 2 2 1  1.5   

Circadian rhythm model 

kc1 kc2 kc11 kc22 kdc1 kdc2 ks1 kds1 ks2 kds2 kas1 

0.5 0.5 0.3 0.3 0.2 0.2 1 0.85 1 0.85 1.5 

   

kas2 kp1 kpd1 kp2 kpd2 n 

  

   

1.5 1 1 1 1 10 
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sporulation model 

ke kc1 kdc1 ks1 kds1 kc12 kdc12 kp1 kpd1 

 0.5 1  0.5 1 1 1  0.3  0.7  0.7 

kc2 kdc2 ks2 kds2 kc21 kdc21 kp2 kpd2 kac1 

1  0.5 1 1 1  0.3  0.7  0.7  0.5 

kas1 kis1 kac12 kac2 kac22 kas2 kis2 kac21 n 

1 1 2  0.5 1 1 1 2 10 

endoderm formation model 

kd1 kc1 kdc1 kc12 ki12 kdc12 n kis1 ks1 

 0.4 1  0.5 1 1  0.5 5 1 1 

kds1 kc2 kic2 kdc2 kc21 kic21 kdc21 kc22 kac12 

1 1  0.7  0.5 1  1.2  0.5 1  1.5 

kdc22 kas2 ks2 kds2 kp1 kpd1 kp2 kpd2 n 

 0.5 2 1 1  1.2 1  1.2 1 10 

 

Table 2.S.6: Parameters for the exemplary bureaucratic and despotic programs. All 

constants are in arbitrary units. 
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initial 

conditions 

zero for all varaibles 

 

Table 2.S.7: Equations and initial conditions describing the ODE system modeling the 

hypothetical bureaucratic program used for identification example. Concentrations are 

in arbitrary units. 
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kx1 kxd1 kxi1 kx2 kxd2 kxa2 kx3 kxd3 kxa3 kx4 

1 0.3 3 1 0.5 1 1 0.5 1.5 1 

kxd4 kxa4 kx5 kxa52 kxa54 kx6 kdx6 kax6 ky1 kyd1 

0.5 2 0.5 1.5 1.5 1 0.5 3 1 0.3 

kya1 kyi1 ky2 kyd2 kya2 kyi2 ky3 kyd3 kya3 ky4 

1 1 1 0.5 1 1 1 0.5 1 1 

kyd4 kya4 ky5 kya52 kya53 kya54 ky6 kya6 kyd6 n 

0.5 2 1 1.5 1.5 1.5 1 2 0.5 10 

 

Table 2.S.8: Parameters for the hypothetical bureaucratic program used for 

identification example. All constants are in arbitrary units. 
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