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Constraint and Facilitation in the Evolution of Transcription Networks 

 

 The mystery of how diverse life forms evolved has captivated scientists for over 

150 years. It has become clear that many diverse life forms harbor similar sets of genes 

and that their diversity must arise from differences in the time and place those genes are 

deployed. Regulation and organization of these genes into networks is carried out by 

transcription factors and their cis-regulatory sites, but many questions remain about how 

they evolve. For example, the classical view of molecular biology is that genes and their 

molecular functions are precisely adapted to work for the organism. Instead, transcription 

networks—and genes themselves—are often “just good enough” to carry out their 

functions, because they are constrained by biochemistry and degraded by mutation and 

genetic drift.  

To understand how organismal diversity evolved, it is necessary to understand the 

organismal function, the molecular architecture, and the evolutionary forces that affect 

each trait. The mating system in yeast is one example of a case in which these disparate 

pieces of information can be combined. A particular set of mating genes are part of two 

networks: the cell-type network and the pheromone-response network. They are 

expressed only in the a cell type (but not the alpha cell type), and when the yeast cell 

senses pheromone, their expression increases. I found that multiple successive changes in 

one network altered the evolution of the other network. If any of these changes happened 

out of order, the expression of the genes was disrupted, suggesting strong constrains in 

the evolutionary paths of these two networks.  
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A second major question is how the expression of large numbers of genes can 

evolve simultaneously. In the final chapter I propose that a molecular mechanism 

explains the rewiring of the ribosomal proteins in yeast by the transcription factor Mcm1. 

This gain occurred at least three times in a set of yeast that last had a common ancestor 

~150 million years ago. The mechanism—cooperative recruitment—explains how two 

transcription factors can work together through interacting with a common downstream 

factor, facilitating the repeated evolution of their cis-regulatory sites in close proximity.  
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Making Sense of Transcription Networks 
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 Transcription regulatory networks have central roles in all cells; they control the 

response of cells to their environment, specify cell types, and coordinate developmental 

programs. When network structures are compared among distantly related eukaryotes, 

some striking similarities are observed. First, many transcription networks—even those 

that control apparently simple processes—seem larger than might have been predicted; 

they are often made up of several “master” transcription regulators and hundreds or even 

thousands of “target” genes. Second, network components often show a high degree of 

interconnectedness; that is, the multiple master transcription regulators of a network 

typically regulate each other as well as numerous target genes; moreover, a given target 

gene is typically directly controlled by several master regulators. Third, when network 

connections are broken experimentally, there is often no observable effect, suggesting 

that many network interactions are non-functional, partially redundant, or are needed 

only under specialized conditions. In an attempt to explain these features, it is often 

assumed that transcription networks, particularly those of great complexity, represent 

highly optimized solutions, sculpted by natural selection. In line with this assumption, the 

features described above are often asserted to be adaptive. Here, we discuss an alternative 

hypothesis, that the common structural features of transcription networks arise from 

evolutionary trajectories of “least resistance”; that is, the relative ease by which certain 

types of network structures are formed by the evolutionary forces of mutation, selection, 

and genetic drift. We argue that these high-probability trajectories—based on simple 

changes that can alter circuits without breaking them—are specified by the biochemical 

and biophysical properties of the components that make up these transcriptional 

networks. Because these properties are highly conserved across all eukaryotes, we argue 
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that it is inevitable that networks across a wide variety of species tend to converge on 

similar structures. We propose that these common structures are not likely to represent 

optimized solutions, but are, in a sense, “default” evolutionary products.  

 

Introduction: 

 The complexity of cells continues to fascinate scientists. Two broad views are 

often advanced to account for such complexity. In one, it is assumed that any complexity 

must necessarily benefit the cell. Some cell and molecular biologists go even further and 

discuss how a particular mechanism was “designed” by evolution to be perfectly matched 

to its task. As with a machine, it is assumed that every molecular nut and bolt must have a 

purpose. Because this view seems intuitive and relatively simple (after all, examples 

abound of animals, plants, and microbes adapted to their environments), it is often 

invoked automatically—and without any additional consideration—to explain nearly 

everything in biology. A different view (one we elaborate here) is embodied in 

Dobzhansky’s famous line, now a cliché, “Nothing in biology makes sense except in the 

light of evolution.” According to this view, any rationalization of a modern cellular 

mechanism depends critically on understanding its evolutionary history. The example of 

the ribosome provides a powerful argument for the importance of evolutionary history; 

here, design principles and what makes sense for the modern cell have little explanatory 

value in understanding why an RNA-based (rather than a protein-based) catalytic 

mechanism is used for a central reaction in all cells. We argue that this same emphasis on 

evolutionary history is appropriate for analyzing modern transcription circuits and for 

rationalizing their structures. This view has explanatory power in that it can readily 
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account for some of the more bewildering and counterintuitive features of modern 

transcription circuits; it also gives us insight into the best ways to describe and study such 

circuits.  

In this article, we first review common features of transcription network 

structures—observed across diverse species—and argue that these similarities cannot be 

the result of descent from a single ancestral circuit possessing these characteristics. Next, 

we consider key biochemical and biophysical properties of transcription regulators and 

cis-regulatory sequences that make certain evolutionary pathways much more probable 

than others, in part because they circumvent fitness barriers. Finally, we argue that many 

aspects of transcription circuits, particularly those that seem overly complex and 

counterintuitive, can be understood as relatively crude products of high-probability 

evolutionary trajectories rather than as highly optimized, specific solutions.  

The arguments discussed in this paper rely heavily on prior ideas advanced by 

evolutionary biologists, particularly those concerning the role of non-adaptive mutations 

in generating complexity (Covello and Gray, 1993; Doolittle, 2013; Force et al., 1999; 

Gray et al., 2010; Lukes et al., 2011; Lynch, 2007a; 2007b; Lynch et al., 2014; Stoltzfus, 

1999; Zuckerkandl, 1997). Although sometimes dismissed as unimportant (or 

uninteresting), non-adaptive mutations have a profound role in generating evolutionary 

novelty. Of particular importance is the idea, sometimes called “constructive neutral 

evolution,” that changes that arise neutrally can open up new evolutionary pathways; in 

some cases, changes that arose non-adaptively can become essential for function if they 

are incorporated into subsequent layers of evolutionary change. Through this sequence of 

events, molecular and organismal complexity can be increased through non-adaptive 
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mutations.  In this review, we describe how the biochemical and biophysical properties of 

transcription network components support these ideas.  

 

How transcription networks are typically described 

For the most part, genome-wide studies of transcriptional network structures have 

been largely descriptive, often culminating in large “hairball” diagrams such as those 

depicted in Fig. 1. Their complexity has made it difficult to formulate simple conclusions 

regarding the logic or outputs of these networks, particularly since quantitative 

parameters and dynamic measurements are typically lacking. 

 Although there are many components of gene expression networks, we will focus 

here on only two key elements, transcription regulators and cis-regulatory sequences. We 

define transcription regulators as sequence-specific DNA binding proteins that control the 

transcription of specific genes by binding to cis-regulatory sequences, short (typically 6-

15 nucleotides) DNA sequences. It is the distribution of these cis-regulatory sequences 

across the genome that largely specifies the time, place, and rate of each gene’s 

transcription; this information is “read” by transcription regulators, whose binding to 

DNA specifies, often through a complex series of downstream steps, the rate of 

transcription of the gene. Although in many eukaryotic species, cis-regulatory sequences 

are typically located within several thousand nucleotide pairs of the genes they control, in 

plants and animals, they can be spread out over hundreds of thousands of nucleotide 

pairs. Nearly all eukaryotic genes are directly controlled by more than one transcription 

regulator, and most genes respond to dozens of regulators, specified by the identity and 

arrangement of their cis-regulatory sequences. We also know, from decades of “promoter 
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bashing” experiments, that cis-regulatory sequences can be moved from one gene to 

another (and from one species to another) and still retain much of their specificity to 

direct transcription. Finally, transcription regulators typically bind cooperatively to DNA, 

a fundamental property that, as we shall discuss, has important implications for network 

evolution.  

 Many additional proteins besides transcription regulators are needed to transcribe 

a gene (for example, RNA polymerase and chromatin remodeling complexes), but it is a 

useful simplification to consider a transcription network as being composed of direct 

binding connections between transcription regulators and genes (or more precisely, the 

cis-regulatory sequences of that gene). This information is summarized in diagrams such 

as those in Fig. 1.  

If a given transcription regulator occupies the cis-regulatory sequences associated 

with a gene in vivo (as determined, for example, by a chromatin immunoprecipitation 

experiment), we will refer to that gene as a target gene of the transcription regulator. We 

realize that this convention does not require that the binding of the regulator to DNA be 

proven to be functional in the organism. There are three reasons for nonetheless including 

these connections in diagrams such as those in Figure 1. 1) The “function” of a given 

connection has been demonstrated in only a small number of cases; for the great majority 

of reliable binding data, no direct test has been performed. 2) Although many approaches 

(e.g. conservation across species or experimental mutation of the cis-regulatory sequence) 

can provide strong evidence for function, it is impossible to rigorously establish that a 

binding connection is non-functional under all possible conditions. 3) The DNA binding 

properties of transcription regulators predict that in vivo, there will be some degree of 
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non-functional binding (Lin and Riggs, 1975). Such “non-functional” binding events are 

nonetheless real properties of evolving transcription networks.   

Depictions of transcription networks based on these conventions often show 

“master transcription regulators” and target genes as nodes (balls) and regulatory 

interactions as edges (lines) between these nodes (Fig. 1 A and B). Although the term 

master transcription regulator is used in many different ways in the literature (Chan and 

Kyba, 2013), we define it, for the purpose of this article, as a transcription regulator (1) 

whose presence is required to carry out the specific biological process controlled by the 

network and (2) whose ectopic expression alone or in combination with other regulators, 

can trigger the biological process even in the absence of the appropriate developmental or 

environmental signals (Halder et al., 1995; Takahashi and Yamanaka, 2006; Tapscott et 

al., 1988; Tursun et al., 2011; Vierbuchen et al., 2010; Zordan et al., 2007).  

 

Common Features of Transcription Networks 

 We first compare two transcription networks from two different species and that 

coordinate two different biological processes, but were deduced by similar 

methodologies. The network specifying the embryonic stem cell state (pluripotency) was 

chosen because it has been studied extensively by numerous labs and is supported by 

multiple studies (Boyer et al., 2005; Kim et al., 2008). For comparison, we chose the 

circuit controlling biofilm development in the pathogenic yeast C. albicans, a network 

this lab has studied extensively (Nobile et al., 2012). The two networks are depicted in 

Fig. 1 A and B using a similar graphical format.  
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 These two circuits were chosen, in part, because they might be expected from first 

principles to have little in common. Mammals and yeast diverged from a common 

ancestor approximately 1.5 billion years ago (Wang et al., 1999), and there is little 

conceptual similarity between biofilm formation and pluripotency. Moreover, the two 

networks appear to have evolved independently, well after the two lineages split (see 

below). Yet, the overall structures of the two networks, as depicted in the figure, appear 

remarkably similar. Both C. albicans biofilm development and mouse embryonic stem 

cell pluripotency are controlled by a set of “master” transcription regulators that form 

binding connections among themselves (Fig. 1 C and D) and to the regulatory regions of 

over a thousand target genes, with multiple master regulators typically binding to the 

same targets (Fig. 1 A, B, and E, Table 1). In both cases a substantial proportion of the 

target genes are other transcription regulators, indicating substantial indirect regulation of 

additional genes. The C. albicans genome is significantly smaller than the mouse 

genome, yet each network comprises about one fifth of the genes in their respective 

genomes.  

 Although the two network structures do not appear to share ancestry, their 

components do. In both networks, the master transcription regulators contain sequence-

specific DNA binding domains such as homeodomains, MADS domains, and zinc 

fingers. The structure of a given DNA-binding domain (as well as its biochemical 

properties) are very similar, if not identical, across a wide variety of eukaryotes 

(Weirauch and Hughes, 2011). In some cases the cis-regulatory sequence recognized by a 

given transcription regulator has not changed significantly since the divergence of yeast 

and mammals (e.g. (Hayes et al., 1988)). Moreover, transcription regulators from one 
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species (e.g. Gal4 from brewer’s yeast) can control transcription in many different 

species. However, the yeast homologs most related to the mouse embryonic stem cell 

regulators do not control biofilm production, and the closest homologs of the yeast 

biofilm regulators do not control pluripotency in the mouse. Moreover, key aspects of the 

C. albicans biofilm circuit were formed well after C. albicans diverged from closely 

related, non-pathogenic yeast (Nobile et al., 2012), providing additional support for the 

conclusion that the structure of the yeast and mouse networks evolved independently—

even though the basic transcription regulators were present in the common ancestor of 

both species. These ideas are consistent with a large body of evidence showing that, even 

within closely related species, the connections between conserved transcription regulators 

and their direct targets are often different (Borneman et al., 2007; Bradley et al., 2010; 

Schmidt et al., 2010; Stefflova et al., 2013; Tuch et al., 2008a). These and many other 

studies have led to the generalization that, although the transcription regulators and their 

recognition sequences are deeply conserved, transcriptional networks themselves are 

rewired at a rapid pace during evolution (reviewed in (Li and Johnson, 2010; Tuch et al., 

2008b; Weirauch and Hughes, 2010; Wray et al., 2003)). (Like most generalizations in 

biology, this one has important exceptions. See for example (Baker et al., 2011; Sayou et 

al., 2014) for cases where the DNA-binding specificity of a regulator has changed 

dramatically over relatively short periods of evolutionary history.) In any case, it is 

highly unlikely that any of the connections between regulators and target genes in the 

mouse pluripotency and yeast biofilm networks are conserved from a common ancestor, 

despite the deep conservation of the DNA-binding properties of the master transcription 

regulators.  



	

	 10	

 If transcription networks evolve rapidly, why do the embryonic stem cell and 

biofilm networks appear structurally similar? One model is that elaborate and 

interconnected networks such as these represent optimized solutions for organizing 

biological processes. According to this view, the similarities between these networks 

result primarily from selection and reflect the same underlying requirements for 

transcriptional logic, for example modularity or robustness. Some features of the circuits 

(for example, the large number of direct and indirect feedback loops) may well reflect 

these requirements in a general way, but the similarities seem too great to be readily 

explained this way. We propose instead that circuit architecture is dominated by severe 

constraints on the evolutionary trajectories available for network evolution. Allowable 

trajectories, we argue, must (A) be probable from a biochemical and biophysical 

standpoint and (B) avoid fitness barriers; that is, the allowable trajectories will typically 

not pass through stages in which the circuit becomes broken and non-functional (Carroll, 

2008; Stern and Orgogozo, 2009; Wagner, 2003).  

The components of circuits (DNA-binding proteins and cis-regulatory sequences) 

and their properties (for example, cooperative binding) are common to fungi and 

mammals, and we suggest that the available trajectories for evolutionary change rely 

heavily on these properties coupled with the avoidance of fitness barriers. According to 

this view, the similarities among independently derived transcription networks arise 

primarily from the low-energy pathways of evolution rather than the selective pressures 

specific to one circuit or another. In the following sections, we examine specific 

properties of the modern networks in more detail and consider the extent to which this 

idea can account for them.  
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Size 

 One surprising feature of many transcriptional networks is their large size   

(Borneman et al., 2006; Hernday et al., 2013; Iyer et al., 2001; Junion et al., 2012; Kim et 

al., 2008; Liang and Biggin, 1998; MacArthur et al., 2009; Mastick et al., 1995; Nobile et 

al., 2012; Novershtern et al., 2011). As mentioned above, the yeast biofilm network and 

the mouse embryonic stem cell network, as depicted in Fig. 1, incorporate approximately 

one fifth of the protein-coding genes in their respective genomes. Although a few 

examples have been described where eukaryotic transcription networks appear small (e.g. 

the mating type specification circuit (Galgoczy et al., 2004) and the galactose regulatory 

circuit (Ren et al., 2000), both from S. cerevisiae), the majority of networks that have 

been carefully studied using full-genome methods appear larger and more complex than 

might have been expected.  

 Why is the typical network so large? In contrast to a model where every 

connection in a network serves a specific function in that network, we propose that many 

target genes in networks are incorporated non-adaptively during the formation of the 

network. Fig. 2 shows a hypothetical example in which a new response to a signal 

evolves under selection. If there is an advantage of gaining regulation of multiple target 

genes in response to the signal, it is much more probable to gain a binding site upstream 

of a single transcription regulator of those genes than to gain binding sites for each 

individual target gene (Gerhart and Kirschner, 1997; Raff and Kaufman, 1983). 

Moreover, because most proteins work in groups, any selective advantage of 

incorporating a new gene into an existing circuit may not be realized until several genes 
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are brought into the circuit, making the “gene-by-gene” model even less probable. The 

“regulator-first” model would result in a new regulator being incorporated into the old 

circuit along with all the pre-existing target genes of this regulator. Some of these target 

genes may be extraneous with respect to the new circuit, but, if the original function of 

the regulator is retained, their connections would nonetheless be maintained by purifying 

selection.  According to this simple idea, newly formed networks would be expected to 

contain connections nonessential to that network and would therefore be predicted to be 

larger than strictly necessary. It is important to note that these observations do not apply 

to the regulatory networks of smaller genomes. For example, the regulatory network of 

lambda phage is small and each component contributes to the function of the circuit 

(Little, 2010).  

 Experimental evidence suggests that the “regulators first” scenario is common; 

that is, networks often form by incorporating new regulators rather than by incorporating 

individual target genes  (Frankel et al., 2012; Monteiro, 2012; Pires et al., 2013). For 

example, the red wing color in Heliconius butterflies takes place through repeated 

rewiring of the expression pattern of the transcription regulator optix rather than one-by-

one incorporation of individual target genes (Reed et al., 2011). A second example is 

found in networks regulating morphological transitions in different yeast species; the 

regulator Tec1 and its target genes have been incorporated into environmental responses 

multiple times (Mösch and Fink, 1997; Nobile et al., 2012; Schweizer et al., 2000). Thus, 

the regulators-first model of transcription network formation is predicted to lead to the 

expansion of circuit size beyond that strictly required for the new response. Although this 

model might be expected to create detrimental pleiotropic effects of expressing many 
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extraneous genes at once, modeling and experimental evidence suggests that this 

pleiotropy can be alleviated gradually over time (Pavlicev and Wagner, 2012; Qian et al., 

2012) or even avoided altogether (Stern and Orgogozo, 2009).  

 

Interconnectedness 

 Another common feature of transcription networks across diverse species is the 

degree of connectivity between different transcription regulators and between these 

regulators and their targets (Borneman et al., 2006; Boyle et al., 2014; Junion et al., 2012; 

Kim et al., 2008; MacArthur et al., 2009; Nobile et al., 2012; Novershtern et al., 2011; 

Reece-Hoyes et al., 2013). We define this degree as the number of connections made 

between the master transcription regulators and a given target gene. For example, if a 

given target gene in the C. albicans biofilm network is bound by three different master 

transcription regulators, the degree of connection of that target gene is three. The degree 

distributions for the yeast and mouse cases show a similar profile (Fig. 1 E), one that 

shows a higher degree of connection than would be predicted for a randomly distributed 

network (Featherstone and Broadie, 2002; Guelzim et al., 2002).  

 Rather than speculating what this high degree of interconnectedness might “do for 

the cell,” we subscribe to the simpler hypothesis that it results from the neutral (i.e. non-

adaptive) gains of regulatory connections that inevitably occur over time, particularly in 

small populations (Lynch, 2007a; Stone and Wray, 2001). This idea can be explained by 

considering a simple situation, one that would be predicted to arise often by the 

“regulator-first” model (Fig. 3A). Here, one transcription regulator (blue) regulates the 

target gene (grey). In the regulators first model, a second transcription regulator (orange) 
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gains control of the blue regulator, and indirectly, the grey target gene. Next, the 

interconnectedness in this simple scheme would increase if the orange regulator gained 

direct control of the grey target gene.  

 Why would this happen? It has been argued, using population genetic models, that 

such connections are predicted to form non-adaptively, that is, without selection for 

improvement of the circuit (Lynch, 2007a). According to this view, the additional 

connections do not disrupt the existing regulation, and they arise through random 

mutations that produce a new DNA binding site for a transcription regulator. Thus, this 

increase in total number of connections is predicted to occur, in essence, because nothing 

stops it. Such a change, even though it arose non-adaptively, can become fixed if 

subsequent evolutionary changes in the network render its loss detrimental.  

 Although it might seem counterintuitive that new circuit connections can form 

non-adaptively, the biochemical features of transcription regulators and cis-regulatory 

sequences predict this. As has been pointed out many times, because cis-regulatory 

sequences are usually short and somewhat degenerate, there is a significant probability 

that new point mutations will readily create matches with existing transcription 

regulators. Given that a network contains many target genes, and that target genes often 

have long intergenic regions in which cis-regulatory sequences can function, many target 

genes would be predicted to develop multiple connections (Lynch, 2007a; Paixão and 

Azevedo, 2010; Stone and Wray, 2001). Although these additional binding sites may not 

be under purifying selection (unless the original connection is lost or some other change 

in the network renders their loss detrimental), they would be predicted to form at a high 
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enough frequency to ensure an appreciable steady state level of such connections, despite 

the losses due to mutation.  

 These same forces are also predicted to lead to the high interconnectedness 

observed between the master regulators themselves (Fig. 1B). Many transcription 

regulators control their own transcription (Bateman, 1998; Kiełbasa and Vingron, 2008; 

Lee et al., 2002). When two such regulators function at the same time and place (although 

not necessarily in the same biological function), over time they may acquire regulation of 

each other through the gain of cis-regulatory sequences (Fig. 3B). This reciprocal 

regulation would be redundant (at least in a general sense) with the auto-regulation of 

each of the transcription regulators themselves and could partially replace it over time, 

resulting in interlocking, auto-regulatory master regulators of the type we see in Fig. 1.   

Various types of simulations both support these ideas and highlight additional 

features that promote high degrees of circuit connectivity. For example long regulatory 

regions and high recombination rates promote the evolution of multiple cis-regulatory 

sites by non-adaptive mechanisms (Lynch, 2007a; Ruths and Nakhleh, 2012). Similarly, 

the greater the permissible degeneracy of cis-regulatory sequences, the greater is the 

probability of multiple connections (Paixão and Azevedo, 2010).  

Support for these ideas also comes from direct observation of transcription 

circuits in different species. First, as we have previously pointed out, independently 

evolved circuits show similar, high degrees of connectivity. Recent studies of 

transcription networks by the Encyclopedia Of DNA Elements (ENCODE) project have 

greatly increased the number of examples where network structure is observed to be 
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highly similar across organisms, in this case humans, mice, Caenorhabditis elegans, and 

Arabadopsis thaliana (Boyle et al., 2014; Stergachis et al., 2014; Sullivan et al., 2014).  

Second, there are numerous documented examples where evolutionary rewiring of 

an entire network has occurred without apparent changes in the output (Baker et al., 

2012; Lavoie et al., 2010; Ludwig et al., 2000; Moses et al., 2006; Schmidt et al., 2010; 

Tanay et al., 2005; Tsong et al., 2003; 2006). These studies indicate that, even as the 

output of a circuit is maintained by stabilizing selection, the individual connections may 

be free to drift to new configurations.  

Third, many connections in networks appear unimportant as assessed by 

conventional experiments (Fisher et al., 2012; Whitfield et al., 2012). Although it is 

virtually impossible to prove that a connection is non-functional (at a minimum, one 

would have to break the connection, monitor the output of the circuit under every 

conceivable condition that the organism has encountered, and show that, under all these 

conditions, fitness is not diminished), several types of experiments suggest that parts of 

circuits may be functionally unimportant. For example, many direct target genes show no 

change in transcript levels when a regulator that binds to the gene is deleted or reduced in 

expression. This behavior describes the majority of the C. albicans biofilm network: 60% 

of binding events do not elicit expression changes when the regulator is deleted, with the 

provision that biofilms were monitored under a narrow range of conditions. Moreover, 

many target genes, when deleted, do not appear to compromise the output of the circuit. 

Although these results can be explained away by circuit compensation, redundancy, 

inability to monitor a wide variety of conditions, and the like, we suggest it is highly 

plausible, based on the arguments made above, that many circuit connections simply do 
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not contribute to the output. In any case, many observations made on modern circuits are 

consistent with a model whereby much of the interconnectedness of transcription circuits 

have arisen non-adaptively, simply as a consequence of the ease of forming new 

connections.  

 

Cooperative binding can “catalyze” new connections 

 Cooperative binding is a near-universal feature of eukaryotic transcription 

regulators, and next we discuss how this property increases the ease of forming new 

circuit connections and thereby shapes circuit structures. We use the term cooperative 

binding to mean that the binding of one transcription regulator to a cis-regulatory 

sequence increases the probability that another will occupy a nearby sequence. 

Mechanistically, this can occur through three distinct means: 1) competitive displacement 

of nucleosomes, through which binding of one transcription regulator to DNA can 

increase the accessibility of DNA to a second regulator, thereby increasing its occupancy 

(Polach and Widom, 1996); 2) a direct, weak, favorable, physical interaction between the 

two regulators (Johnson et al., 1979); and 3) physical interactions with additional non-

DNA-binding proteins that stabilize binding of both of the transcription regulators on 

DNA (Ptashne and Gann, 2002).  

 All three forms of cooperative binding would favor the drift of circuits into states 

of high connectivity by relaxing the cis-regulatory sequence requirements needed for a 

second transcription regulator to be added to a target gene. This idea has an additional 

implication: cooperativity means that a single change in a cis-regulatory sequence or a 

regulatory protein can establish or eliminate numerous connections. For example, gain of 
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a cis-regulatory site for one regulator may allow other regulators to occupy nearby, 

previously existing weak sites (Fig. 4A). Acquisition of a new, favorable protein-protein 

interaction between transcriptional regulators can have an even more profound effect. 

Here, cooperative binding can, at least in principle, catalyze the rewiring of an entire set 

of genes (Tuch et al., 2008a). In this scenario, the gain of a protein-protein interaction 

leads to cooperative binding of two regulators when a binding site for only one of the 

regulators is present (Fig. 4B). Following this gain, there can be gene-by gene gains of 

cis-regulatory sequences for the second regulator. The dually regulated set of genes can 

then diversify, loosening their connections with the original regulator but maintaining 

new ones. In this way, gene sets can be “handed off” from one regulator to another in the 

course of evolution, a type of change that seems common (Baker et al., 2012; 

Martchenko et al., 2007; Tanay et al., 2005; Tsong et al., 2006).  

The important point is, to influence transcription, transcription regulators must 

occupy cis-regulatory sequence in the cell, but the energy needed for this occupancy can 

be shared out between protein-DNA and protein-protein interactions. As individual 

interactions are strengthened and weakend over evolutionary time, the circuit 

configuration can drift between different “energy-sharing” solutions. Cooperative 

binding, combined with the ease of strengthening and weakening cis-regulatory 

sequences by random mutations, predicts that networks will drift to high degrees of 

connectivity—a prediction that is supported experimentally (Baker et al., 2012; Lynch 

and Wagner, 2008; Stefflova et al., 2013; Tsong et al., 2006). Thus, any two regulators 

that overlap in their expression would be predicted to share a fraction of their targets 
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under the conditions they are both expressed (Lynch, 2007a), unless these additional 

connections are specifically selected against.  

 

Formation of Common Network Motifs 

 One strategy to simplify and understand the function of complex transcription 

networks has been to search for network motifs—configurations of regulators and target 

genes that occur repeatedly within networks (Alon, 2007; Davidson, 2010). One of the 

most common motifs is a simple feed-back loop, whereby a transcription regulator 

controls (directly or indirectly) its own rate of synthesis (Bateman, 1998; Lee et al., 

2002). Feedback is a hallmark of many different processes in biology, and it seems likely 

that, in its most general form (but not necessarily in its detailed mechanism), it is often 

under purifying selection.  

But, what about motifs other than positive feedback loops? A more complex 

network motif known as a feed forward loop (in which one regulator controls a second 

regulator and both control the same target gene) is overrepresented in biological networks 

(Milo et al., 2002). Depending on the parameters of binding, a given feed-forward loop 

can, in principle, perform logic operations such as pulse detection or expression delay 

(Alon, 2007; Davidson, 2010). However, it is currently unclear whether the majority of 

naturally occurring feed forward loops meet the types of parameter requirements needed 

for these behaviors.  

There are thousands of feed-forward loops embedded in the two networks of Fig. 

1. We note that feed-forward loops are common byproducts of the evolutionary paths 

diagramed in Figs. 2 and 3, and thus, the preponderance of feed-forward loops in 
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biological networks may be a result of the same non-adaptive processes that result in 

large network size and interconnectedness. Indeed, it has been explicitly proposed that 

many network motifs have arisen as a result of neutral evolutionary processes rather than 

selection for a particular function of the motif itself (Cordero and Hogeweg, 2006; 

Ingram et al., 2006; Ruths and Nakhleh, 2013; Ward and Thornton, 2007). These ideas 

contrast with models where each feed-forward loop in the network possesses optimized 

parameters that specify a particular transcriptional input-output relationship.  

 We also note that feed-forward loops may also represent non-adaptive 

intermediates between alternative forms of transcriptional regulation. Rewiring of 

transcription networks, at least in some cases, proceeds through intermediates that are 

regulated by both the ancestral and derived mechanisms (Li and Johnson, 2010), allowing 

the regulatory output to be preserved during the rewiring. Although they might arise non-

adaptively, feed-forward loops can serve as redundant intermediates between the 

ancestral and derived states, and thus many observed examples of transcription network 

rewiring may be a simple consequence of the high frequency with which feed forward 

loops are formed by neutral evolution (Fig. 5, (Lynch, 2007a)).  

 

Conclusion 

 Genomes evolve under selective pressure, but we no longer expect their structures 

to be orderly, logical affairs dictated by underlying design principles. Here we have 

argued that there is no reason to expect transcription circuit networks to be any different. 

We argue that the drift of transcription networks to steady-state levels of high complexity 

and interconnection is consistent with the biochemical and biophysical properties of 
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regulatory proteins and cis-regulatory sequences, particularly the cooperative binding of 

transcription regulators to DNA. Combined with universal processes of evolution such as 

mutation, genetic drift, and selection, network complexity is predicted, from first 

principles, to be a natural consequence. Complex structures, even if they arise non-

adaptively, can nonetheless serve as substrates for future evolutionary innovations, or be 

locked in place by secondary changes; thus, they can be retained by purifying selection 

even though they arose non-adaptively. If transcription circuits are considered as 

relatively crude products whose structures are dominated by high-probability 

evolutionary pathways, many of their more baffling features—size, similarity across 

diverse species, complexity, redundancy, interconnectedness, for example—begin to 

make conceptual sense.  
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Figure 1. Typical depictions of transcription regulatory networks. (A) The C. albicans 

biofilm network (Nobile et al., 2012) and (B) the M. musculus embryonic stem cell 

network (Kim et al., 2008) are depicted as graphs where balls represent genes and lines 

represent the binding of transcription regulators to intergenic regions. Master 

transcription regulators (defined in the text) are shown as large balls and “target genes” 

are shown as small balls. For the stem cell network, only the six most heavily connected 

transcription regulators are shown. (C and D) Close-up of the core of each network, 

showing only the binding connections between the master transcription regulators. 

Directionality of the connection is indicated by arrows. Note that the arrows refer only to 

binding connections and do not imply that the connection activates the recipient gene. (C) 
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C. albicans biofilm, (D) mouse stem cell networks. (E) The degree of connectivity for 

nodes in the two networks. The two biological networks show a larger proportion of 

nodes with high connectivity than would be found in a random network.  
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Figure 2. Pathways for evolving a new transcriptional response to a signal. In this 

hypothetical scenario, incorporation of three additional genes into the signaling pathway 

confers a selective advantage.  Two alternative paths are possible: (1) The genes could be 

incorporated one by one through independent changes in their cis-regulatory sequences. 

(2) The new genes could be incorporated through a single incorporation of the 

transcription regulator that already controls them. If the incorporation of multiple target 

genes is needed to confer an increase in fitness, gain of regulation of the transcription 

regulator will be more probable than the gain of each individual target. As the number of 

target genes increases, the difference in probability will be greater. Note that the second 

scenario will likely incorporate additional genes non-adaptively.  
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Figure 3. The tendency for co-expressed regulators to become interconnected. (A) Once 

the orange regulator gains control of the blue regulator, causing them to be expressed at 

the same time, target genes can, through neutral evolution, rapidly gain and lose binding 

sites for the two regulators. (B) Two regulators expressed at the same time each have 

positive feedback.  Subsequently, neutral gains of reciprocal regulation between the 

regulators can occur while preserving the overall positive feedback control. Over 

evolutionary time, positive feedback distributed over both regulators (rather than purely 

autonomous loops) is predicted to occur.  
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Figure 4. Gain of multiple regulatory connections through cooperative binding. (A) 

Cooperativity between regulators allows binding energy to be shared between protein-

DNA and protein-protein interactions. When a strong binding site is gained for one 

regulator, this may increase the occupancy of regulators on nearby weak binding sites 

that would otherwise be unoccupied. The effect is a concerted increase in connectivity of 

that target gene. (B) The gain of a protein-protein interaction between the blue and orange 

regulators results in a concerted rewiring of the entire set of genes. As shown in the third 

panel, direct binding sites for the orange regulator can be gained step-wise at each gene 

individually without disrupting the circuit. Finally (not shown), the circuit can diversify 

by moving between equivalent configurations.   
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Figure 5. Pathways for incorporation or removal of a transcription regulator without 

breaking the network. Removal of the blue regulator from the linear regulatory pathway 

shown in the top network diagram can proceed by first forming a “feed-forward loop.” 

Subsequent loss of the connections between the red and blue regulator and between the 

blue regulator and the target gene will completely remove the blue regulator from the 

network as shown in the bottom diagram. The opposite process starting from the bottom 

diagram and proceeding to the top results in intercalation of the blue regulator into the 

pathway. If the functions of the blue and red regulators are redundant in the context of the 
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network, the network can drift between these configurations over evolutionary time 

without compromising the output of the circuit.  
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 Biofilm mESC 
Master transcription 
regulators 

6 6 

Connections 2018 7234 
Target genes  1037 3968 
Fraction of genome in 
network 

0.17 0.21 

Binding feed forward loops 3145 6886 
“Nonfunctional binding” 
events 

1207 unknown 

 

Table 1. Metrics comparing C. albicans biofilm and mouse embryonic stem cell 

networks. Connections and genes were determined by whole-genome chromatin 

immunoprecipitation . Non-functional binding was defined as genes whose expression 

does not change when a direct regulator is deleted from the genome.  
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 Epistasis—the non-additive interactions between different genetic loci—

constrains evolutionary pathways, blocking some and permitting others. For biological 

networks such as transcription circuits, the nature of these constraints and their 

consequences are largely unknown. Here we describe the evolutionary pathways of a 

transcription network that controls the response to mating pheromone in yeasts. A 

component of this network, the transcription regulator Ste12, has evolved two different 

modes of binding to a set of its target genes. In one group of species, Ste12 binds to 

specific DNA binding sites, while in another lineage it occupies DNA indirectly, relying 

on a second transcription regulator to recognize DNA. We show, through the construction 

of various possible evolutionary intermediates, that evolution of the direct mode of DNA 

binding was not directly accessible to the ancestor. Instead, it was contingent on a 

lineage-specific change to an overlapping transcription network with a different function, 

the specification of cell type. These results show that analyzing and predicting the 

evolution of cis-regulatory regions requires a systems-level understanding of their 

positions in overlapping networks, as this placement constrains the available evolutionary 

pathways.  

 

 The path of evolution between two time points is highly dependent on its starting 

place, a phenomenon often referred to as historical contingency (Blount et al., 2008; 

Harms and Thornton, 2014; Mohrig et al., 1995; Vermeij, 2006; Weinreich et al., 2005). 

For example, studies of protein evolution have shown that initial permissive mutations 

are often required before a second mutation causes an evolutionary shift in function 

(Harms and Thornton, 2013; Phillips, 2008). Without the initial mutation, the second 
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mutation can often be deleterious. The structural requirements for protein folding and 

function underlie such behavior and are a common source of epistasis (Aharoni et al., 

2005; Bershtein et al., 2006; Bloom et al., 2010; 2006; Bridgham et al., 2009; Ortlund et 

al., 2007).  

 Considerably less is known about historical contingency in the evolution of 

transcription networks, which often comprise several transcription regulators and many 

target genes. It has been suggested that epistasis is prevalent in the evolution of 

regulatory networks (Azevedo et al., 2006; Gerke et al., 2009; Hu et al., 2007; Lehner, 

2011; Payne and Wagner, 2013), but detailed examples documenting its underlying 

causes are largely lacking. Here, we studied the effects of contingency in the evolution of 

a transcription network in yeast that has diversified over several hundred million years. 

We found that network-level changes altered the evolutionary pathways available to 

individual cis-regulatory regions, and that these changes occurred at the intersection of 

two networks with distinct functions.  

 The transcription regulator Ste12 controls the response to mating pheromone in 

the budding yeast Saccharomyces cerevisiae (reviewed in Bardwell, 2005; Chen and 

Thorner, 2007; Herskowitz, 1995; Hirsch and Cross, 1992; Kurjan, 1993) (Fig. 1a). When 

cells sense pheromone of the opposite mating type, Ste12 is activated by phosphorylation 

and transcriptionally upregulates many genes involved in mating (Dolan et al., 1989; 

Fields and Herskowitz, 1985; Kronstad et al., 1987). This function of Ste12 is conserved 

in the dairy yeast, Kluyveromyces lactis (Coria et al., 2006) (Fig. 1b-c and Extended Data 

Fig. 1 and 5), a species that diverged from S. cerevisiae ~100 million years ago (Kensche 

et al., 2008), and in the more distantly related pathogen of humans, Candida albicans 
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(Bennett et al., 2003; Tsong et al., 2006). Thus, many aspects of pheromone-activated 

gene expression (including the DNA sequence recognized by Ste12) have been conserved 

across the ~200 million years separating these three species from their common ancestor.  

The genes activated by pheromone-activated Ste12 can be classified into two 

distinct sets, the genes specific to either the a or the α cell types, and the general 

pheromone-activated genes, which are induced in both cell types. The yeast species 

described above all have two mating cell types, a and α, that express complementary sets 

of genes allowing them to mate with the opposite mating type (reviewed in Dolan and 

Fields, 1991; Herskowitz, 1989; Johnson, 1992). This study focuses on the a-specific 

genes (asgs), so named because they are expressed and respond to pheromone in a cells 

but not in α cells. Each yeast species has ~8 asgs and ~100 general pheromone-activated 

genes.  

Using bioinformatics approaches, we quantified the number of Ste12 cis-

regulatory sequences upstream of the asgs and general pheromone-activated genes in the 

genomes of 40 species including the three mentioned above. For the general pheromone-

activated genes, Ste12 binding sites were significantly enriched (relative to the rest of the 

genome) across the Candida, Kluyveromyces, and Saccharomyces clades. Given the 

central, conserved role of Ste12 in the pheromone-response, this enrichment was 

expected. However, the asgs showed enrichment for Ste12 binding sites only in the 

Saccharomyces clade (spanning the Saccharomyces-Tetrapisispora genera; Fig. 1c and 

Extended Data Fig. 2). Although the asgs respond to pheromone across all three clades, 

they appeared to lack Ste12 cis-regulatory sequences in the Kluyveromyces and Candida 

clades. We considered three scenarios for how Ste12 activates the asgs in clades where 
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these genes lack Ste12 cis-regulatory sequences: (1) Ste12 could bind to DNA sites in the 

asgs that are sufficiently degenerate that they fall below our threshold of detection; (2) 

Ste12 could be recruited through protein-protein interactions with a second transcription 

regulator that binds directly to other cis-regulatory sites upstream of the asgs; or (3) 

Ste12 could act “upstream” by activating another regulator that binds to and activates the 

asgs directly.  

We distinguished among these models (or a combination of them) by identifying 

the regulatory regions bound by Ste12 in K. lactis by genome-wide chromatin 

immunoprecipitation followed by sequencing (ChIP-seq). As in S. cerevisiae (Ren et al., 

2000), K. lactis Ste12 was bound to the upstream regions of the asgs (Fig. 2a-c) as well 

as the general pheromone-activated genes (Fig. 2d, e). Thus, K. lactis Ste12 is recruited 

to the promoters of the asgs and activates them in response to pheromone in the absence 

of recognizable Ste12 binding sites.  

 We considered the possibility that Ste12 is recruited to the asgs in K. lactis 

through a series of low-affinity cis-regulatory sequences or “mismatched” sequences, a 

situation that has been documented for other transcription regulators (Crocker et al., 

2014; Ramos and Barolo, 2013; Tanay, 2006). We found DNA sequences upstream of the 

K. lactis a-specific genes that resemble the Ste12 binding site, but contain a key deviation 

from the optimal sequence (Dolan et al., 1989; Su et al., 2010). By constructing and 

analyzing point mutations that should further damage these sites, we showed that these 

sequences were not required for pheromone activation of an asg reporter in K. lactis (Fig. 

2f,g). (We note that the basal expression of the K. lactis promoter increased when the 

mismatched Ste12 sites were mutated. We believe this likely occurred through the 
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creation of a weak binding site for another activator, because this increase is independent 

of Ste12; see Fig. 2g) In addition, these mismatched sites were not enriched in the asgs 

across most species, indicating that their presence is consistent with random occurrence 

(Extended Data Fig. 3). In contrast, when the Ste12 sites present in an asg in S. cerevisiae 

were point-mutated, pheromone-activated expression was strongly reduced (Extended 

Data Fig. 4). These results taken together demonstrate that in S. cerevisiae, Ste12 

regulates the asgs primarily through directly binding to its cis-regulatory sites, whereas in 

K. lactis, Ste12 is recruited to the asgs by a different regulator, as further described 

below. In any case, mismatched Ste12 sites are ubiquitous across the K. lactis genome 

and are not required for induction of the asgs by Ste12.  

The ChIP-seq experiments in K. lactis revealed that Ste12 peaks at the asgs were 

positioned over the cis-regulatory motif for another regulator, a2, while the peaks at 

general pheromone-activated genes were centered over Ste12 cis-regulatory motifs (Fig. 

2a-e). Based on these results, we tested the specific hypothesis that K. lactis Ste12 

activates the asgs by interacting with a2. a2 is encoded by the gene MATa2 in the a-

mating type locus and is needed to activate expression of the asgs in K. lactis and C. 

albicans (Baker et al., 2012; Tsong et al., 2003). a2 is made in a but not α cells, ensuring 

that the asgs are expressed only in a cells (Fig. 3a).  

First, we determined whether K. lactis a2 is required for Ste12 activation of the 

asgs genes in response to pheromone. Pheromone induction of the asgs was impaired by 

the deletion of MATa2, whereas upregulation of the general pheromone-induced genes 

was normal (Fig. 3b, c). Thus, both a2 and Ste12 are required for induction of the asgs by 

pheromone.  
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To test whether the a2 cis-regulatory site is sufficient to impart pheromone 

induction, we moved it into a reporter construct (Guarente and Mason, 1983), which 

drives expression of GFP in K. lactis (Fig. 3d and Extended Data Fig. 5). a2 cis-

regulatory sequences always work in concert with a ubiquitously expressed regulator, 

Mcm1 (Tsong et al., 2003) (Extended Data Fig. 6), so we kept these sites together for the 

purpose of this experiment. The a2-Mcm1 site added to the reporter construct was 

sufficient for activation of GFP in response to pheromone (Fig. 3d). No Ste12 cis-

regulatory sites (even mismatched ones) were present in the DNA added to the reporter 

construct, and the reporter construct itself was not pheromone-inducible. We performed 

ChIP-seq in a K. lactis strain that contained this reporter, and found that the site was 

sufficient for efficient recruitment of Ste12 under pheromone activation conditions (Fig. 

3e). Thus, Ste12 is recruited to the promoters of asgs in K. lactis by the protein a2. We 

can rule out the possibility that Mcm1 (and not a2) recruits Ste12, from the fact that 

Mcm1 binds to hundreds of genes in K. lactis and none of these are pheromone-inducible 

except those also bound by a2 (Baker et al., 2012; Tuch et al., 2008). Although we cannot 

rule out the possibility that Mcm1 contributes directly to Ste12 recruitment, the majority 

of the specificity must come from a2. We also note that Ste12 did not bind to the 

promoter region of the MATa2 gene (Fig. 3f), ruling out the possibility that during the 

pheromone response, Ste12 acts as an upstream activator of a2, which then activates the 

asgs.  

We now turn to the question of how the two different recruitment modes of Ste12 

(direct and indirect) arose. The phylogenetic distributions of the Ste12 binding sites 

upstream of the asgs show that these sites were gained in the Saccharomyces clade. 
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Experiments in C. albicans combined with bioinformatics analyses of related species, 

showed that, in this clade, a2 regulates the asgs (Tsong et al., 2003; 2006). Combined 

with our experiments in K. lactis, these results suggest that the Kluyveromyces and 

Candida clades retain the ancestral form of asg regulation in which Ste12 is targeted to 

the asgs by a2. We note that at the general pheromone-activated genes, Ste12 is directly 

recruited to DNA by cis-regulatory sequences in all three clades, providing an 

explanation for why Ste12 has retained the same DNA-binding specificity despite being 

recruited indirectly to the asgs in the Kluyveromyces and Candida clades.  

 To understand why Ste12 cis-regulatory sites were gained at the asgs in the 

Saccharomyces clade and not other clades, we introduced these sites into an ancestral-

like promoter and observed the effect on asg expression. Specifically, we measured 

expression of a reporter fused to the promoter of the K. lactis STE2 gene, a representative 

asg that uses the ancestral form of regulation (Fig. 4a). Introducing Ste12 sites by point 

mutations into the regulatory region of this gene increased the expression in a cells, but it 

also resulted in mis-expression of the gene in α cells. Expression of asgs in α cells 

interferes with sexual reproduction because the cells respond to their own pheromones 

and eventually become insensitive to both a- and α-pheromone (Strathern et al., 1981). 

Thus, we conclude that—in the absence of other changes—the evolution of high-affinity 

Ste12 sites disrupts the function of the ancestral form of regulation, causing mis-

expression of the asgs in α cells that would result in a loss of mating.  

 These results indicate that a prior permissive change in asg regulation was 

necessary for Ste12 sites to be gained in the Saccharomyces clade. We previously 

demonstrated that a shift in the form of cell-type regulation of the asgs occurred along in 
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the Saccharomyces lineage, after the split from Kluyveromyces(Baker et al., 2012). In 

particular, the activator of the asgs (a2) was lost and replaced by an α cell-type-specific 

repressor, α2. To test whether this change permitted the Ste12 cis-regulatory sites to be 

gained upstream of the asgs, we analyzed a STE2 reporter in Lachancea kluyveri (Fig. 

4b), a species in which all of the asgs are activated by a2, and (in contrast to K. lactis) 

two of them are also repressed by α2 (Baker et al., 2012). In other words, we chose a 

species in which both a2 and α2 are active. We used the L. kluyveri Ste2 promoter, which 

is normally regulated by a2 but not α2, to test the effects of introducing the Ste12 and α2 

cis-regulatory sites. Introducing Ste12 cis-regulatory sites alone again resulted in ectopic 

expression of the asg in α cells, as we observed for K. lactis (Fig. 4c). This mis-

expression could be mitigated, however, by adding cis-regulatory sequences for the 

repressor α2, the situation found naturally in S. cerevisiae (Galgoczy et al., 2004; 

Strathern et al., 1981). These results indicate that the switch from a2-mediated activation 

to α2-mediated repression of the asgs was permissive for the gain of Ste12 cis-regulatory 

sequences in this lineage; without this prior switch, the introduction of Ste12 cis-

regulatory sites disrupted regulation.  

 α2 repression was gained in the common ancestor of Kluyveromyces and 

Saccharomyces clades, and the Ste12 cis-regulatory sites were gained millions of years 

later, in the Saccharomyces clade. These observations indicate that, while the gain of α2 

repression was permissive for the subsequent gain of Ste12 sites, it did not directly cause 

it. The gain of Ste12 sites did occur, however, at roughly the same time as another 

evolutionary event, the loss of the activator MATa2 (Tsong et al., 2003), suggesting that 

the gain of Ste12 sites may have permitted the loss of this gene (Fig. 5a). To test this 
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possibility, we observed the expression of the K. lactis STE2 reporter in the absence of a2 

(Fig. 5b and Extended Data Fig. 7). The results show that adding Ste12 cis-regulatory 

sites could indeed compensate for the deletion of MATa2 in both basal (Fig. 4c) and 

pheromone-activated gene expression. We do not have the phylogenetic resolution to 

ascertain whether the loss of a2 occurred prior to, during, or after the gain of Ste12 sites. 

However, if we assume that loss of MATa2—on its own—was deleterious, it is likely that 

at least some Ste12 sites were gained first, thus mitigating the deleterious effects of 

losing MATa2. Another possibility is that the mutations fixed simultaneously; however, 

this scenario seems less likely as the gain of neutral mutations is considerably faster than 

the gain of deleterious mutations, even when fixed in combination (Kimura, 1985).  

 Gene regulatory regions are shaped by evolutionary forces including selection and 

drift, each of which leave distinct patterns in the cis-regulatory regions of genes (Chen et 

al., 2010; Degner et al., 2012; Fraser et al., 2012). To further understand the forces that 

shaped the evolution of asg cis-regulatory regions, we employed two independent 

approaches (Hubisz et al., 2011; Otto et al., 2009). Both methods suggested that Ste12 

cis-regulatory sites in the asgs are maintained by purifying selection in the 

Saccharomyces clade, but that the “mismatched” Ste12 sites in both the Saccharomyces 

and Kluyveromyces clades are not (Extended Data Fig. 8,9). In particular, in the 

Saccharomyces clade, Ste12 sites were conserved with respect to the rest of the intergenic 

regions [P = 1.40e-06 by likelihood ratio test (LRT)], while mismatched sites were not (P 

= 1 by LRT). In the Kluyveromyces clade, neither Ste12 sites (P = 0.26 by LRT) nor 

mismatched sites (P = 1 by LRT) show significant conservation in the asgs.  
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Our previous studies have shown how the transcription network controlling cell-

type identity in yeast evolved (Baker et al., 2012; Tsong et al., 2003; 2006). Here, we 

have shown how the evolutionary history of this network affected the evolution of an 

overlapping but distinct transcription network controlling the response to mating 

pheromone. The two networks overlap by virtue of sharing a common set of target genes. 

The genes at the intersection of these two networks were constrained in the evolutionary 

pathways available to them. In the ancestral state, the gain of Ste12 cis-regulatory sites 

were not allowed, as this would lead to cell-type mis-expression. The evolution of α2 

repression, which occurred in the ancestor of the S. cerevisiae clade, made the gain of 

these sites possible, and the loss of the MATa2 gene at a much later time necessitated the 

maintenance of the Ste12 sites and prevented a return to the ancestral mode of regulation 

(Fig. 5c).   

In protein evolution, neutral mutations can alter the effect of subsequent 

mutations, suggesting that evolution depends on chance events. Although we cannot 

show that the gain of α2 repression was strictly neutral, it did not change the overall asg 

expression pattern. However, it did permit changes in the overlapping circuit responsible 

for pheromone induction. Stated another way, changes in the asg circuitry altered the 

effect of introducing Ste12 sites to the asgs. Such epistatic interactions are the source of 

the historical contingency we observed in the asg regulatory network, effects that are well 

documented for individual proteins.  

Studies of enhancers across species have indicated that many molecular solutions 

are possible for a given output (Baker et al., 2012; Hare et al., 2008; Ludwig et al., 2000; 

Swanson et al., 2011; Tsong et al., 2006). Our results show that not all solutions are 
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accessible, and those that are are contingent on the functional interactions between 

overlapping transcription networks. These constraints are not apparent from observation 

of the individual components of networks (e.g. a single enhancer), but only arise from 

complex interactions between networks. We propose that understanding the evolution of 

cis-regulatory regions (and predicting their behavior) requires a systems-level 

understanding of the network structures in which they function.  

 

 

Methods 

 

Distribution of Ste12 cis-regulatory sites 

Conserved, highly pheromone-induced genes were identified by comparing previously 

published expression data from S. cerevisiae and C. albicans (Bennett et al., 2003; Tirosh 

et al., 2008). We combined results from three independent ortholog maps (Gordon et al., 

2011; Tuch et al., 2008; Wapinski et al., 2007) to find pheromone response genes that 

were present in most hemiascomycete yeast species. General pheromone-activated genes 

were defined as genes that were among the top ten most highly pheromone-activated 

genes in S. cerevisiae or C. albicans, present in the genomes of most hemiascomycete 

species, and are not an asg in S. cerevisiae, K. lactis, or C. albicans. The asgs were 

defined as showing differential expression between a and alpha cells in S. cerevisiae, K. 

lactis, or C. albicans. The protein sequences of these genes were used as a psi-blast query 

to identify orthologs in species whose genomes were not included in any of the ortholog 

maps. Mfa1 genes, which encode for the a-factor pheromone, are too short to be 
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annotated by automated bioinformatics techniques, so they were identified manually in 

most species using tblastn.  

Ste12 motifs were generated from general pheromone response gene intergenic 

regions pooled from all the species in a given clade. Each intergenic region was 

considered up to 600bp upstream of the start codon, a distance that is likely to capture 

functional Ste12 cis-regulatory sites (Lusk and Eisen, 2013). The program MEME was 

used to find overrepresented sequences in these sets of intergenic regions, under 

conditions assuming zero to one binding site per intergenic region. Because the motifs 

generated for Ste12 from the Kluyveromyces, Saccharomyces, and Candida clades were 

highly similar, we pooled intergenic regions from all three clades and generated a 7bp 

motif to score individual gene regulatory regions across the hemiascomycetes. The 

upstream 600bp of intergenic regions were scored as described (D'haeseleer, 2006) for 

the number of Ste12 motifs above a given cutoff. For “consensus” sites, the cutoff only 

accepted a single sequence: TGAAACA. For mismatched sites, the cutoff allowed 

deviation from the consensus sequence of a single nucleotide in any position in the motif. 

For genes that were duplicated in a species (i.e. contained more than one copy) the copy 

with the largest number of Ste12 sites was taken, because this was the most stringent 

criterion to test our hypothesis that the a-specific genes lacked Ste12 sites in the 

Kluyveromyces and Candida clades. Mfa1 genes often are found in multiple copies in 

each species (i.e. Mfa1 and Mfa2) so two copies were included when present.  

Ste12 motifs were also enumerated in the rest of the intergenic regions in each 

species. Enrichment of the Ste12 motif in either the a-specific genes or the general 

pheromone response genes with respect to the rest of the genome was calculated using 
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the hypergeometric distribution at all possible cutoffs of number of Ste12 motifs. The 

cutoff giving the most significant p-value was chosen, because this represented the most 

stringent test of our hypothesis that the a-specific genes lacked Ste12 sites in the 

Kluyveromyces and Candida clades.  

Sequence data were obtained from the Yeast Gene Order Browser (YGOB) and 

the Joint Genomes Institute (JGI) websites (http://ygob.ucd.ie and 

http://genome.jgi.doe.gov, respectively).  

 

Strain Construction 

 Constructs for gene disruption, epitope tagging, and promoter replacement were 

generated by fusion PCR (cite Wach 1996). Three to five individual PCR components 

were amplified using ExTaq (Takara), and 50 ng of each were combined into a single 50 

µL reaction along wth 0.5 µL ExTaq, 0.4 µL 25 mM dNTPs, 0.1 µL of each 100 µM 

primer. The reactions were incubated in a thermocycler: 95˚C 3:00, [95˚ 0:30, 55˚ 0:30, 

72˚ 1:00/kb] x 4, [95˚ 0:30, 58-72˚ 0:30 (depending on the annealing temperature of the 

primers), 72˚ 1:00/kb] x 30, 72˚ 10:00.  

 

 The integrating GFP reporters for K. lactis, L. kluyveri, and S. cerevisiae were 

constructed from the original vector that was made for use in K. lactis. pTS12 was made 

from a 5-piece fusion PCR, digested with KasI and HindIII (New England Biolabs) and 

ligated into pUC19 using Fast-Link ligase (Epicentre Biotechnologies). Vectors were 

treated with Antarctic phosphatase (New England Biolabs) for 30 minutes prior to 

ligation. The reporter consisted of the upstream flanking region of the K. lactis TRP1 
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gene, the S. cerevisiae TRP1 gene, the entire S. cerevisiae CYC1 upstream intergenic 

region, the caGFP and Act1 terminator {Cormack:1997tt}, and the downstream flanking 

region of K. lactis TRP1. The S. cerevisiae TRP1 gene was replaced with the hygromycin 

resistance marker from pFA6-HTB-hphMX4 {Tagwerker:2006hc} by digestion with 

BsiWI and PmlI and ligated to make pTS16. The CYC1 promoter UAS was deleted by 

digestion with XhoI. DNA oligos with sites for NotI and BamHI sites were annealed in 

Fast-link ligase buffer (Epicentre Biotechnologies) and ligated in a 50:1 insert to vector 

ratio to make pTS26. This vector was used to make the other reporters for use in K. lactis 

by ligating annealed oligos or digested PCR products into the NotI and XhoI sites. 

Vectors incorporating an entire intergenic region of a gene were constructed by ligating 

digested PCR products the sites SacI and AgeI.  

 

 To measure the pheromone response in a strain that lacks MATa2, we replaced the 

promoter of STE2 with that of a general pheromone response gene that is not dependent 

on a2. Strain yTS43 in which the STE2 promoter was replaced by the SST2 promoter was 

made in the MATa2∆ background. This replacement construct consisted of a 4-piece 

fusion PCR that contained 5’ homology, the URA3 marker, the SST2-promoter, and 3’ 

homology.  

 

 K. lactis and L. kluyveri were transformed with 1 µg DNA according to published 

protocols (Gojkovic et al., 2000; Kooistra et al., 2004), and S. cerevisiae was transformed 

using a standard lithium acetate protocol. Yeast were grown for 1 day on YEPD then 

replica plated onto selective media.  
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RT-Quantitative PCR 

 K. lactis cells were grown overnight for ~14h, then starved in SD medium lacking 

phosphate as previously described (Tuch et al., 2008).  Cells were induced after 6h with 

6.25 µM α-factor pheromone (WSWITLRPGQPIF >95% purity, 100mg/mL in 100% 

DMSO; Genemed Synthesis) or an equivalent amount of DMSO. Cells were removed at 

several time points and were pelleted, washed, and frozen in liquid nitrogen. Mutant 

strains were harvested at 4h, the final time point. Each experiment was performed in 

triplicate a single time. RNA was extracted using the RiboPure RNA Purification kit 

(Ambion). The RNA was reverse transcribed into cDNA using Superscript II as described 

previously (Mitrovich et al., 2007). Transcript levels were measured using SYBR green 

on a StepOnePlus RT PCR machine (Applied Biosystems). Transcripts were normalized 

to that of Vps4, a gene that was found to be highly consistent across conditions in 

previous expression experiments (Booth et al., 2010). Statistics were performed using an 

ANOVA.  

 

Chromatin Immunoprecipitation 

 Strains yTS314 and yTS315 were grown using a phosphate starvation protocol 

modified from our previously published protocol (Tuch et al., 2008). Yeast were grown 

overnight for ~14h, then pelleted, resuspended in phosphate starvation media, then 

diluted in 100-200mL phosphate starvation media to OD600 = 0.25 – 0.3. These cultures 

were grown for 2h, then 13-mer α-factor pheromone was added to 6.25 µM, and the 

cultures were grown for an additional 2h. Cells were crosslinked with 1% Formaldehyde 
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for 15 minutes, quenched with glycine, pelleted, washed, and frozen in liquid nitrogen. 

Cells were lysed in 300-700µL lysis buffer (50mM HEPES/KOH pH 7.5, 140mM NaCl, 

1mM EDTA, 1% Triton X-100, 0.1% Na-Deoxycholate) with added EDTA-free protease 

inhibitor tablet (Roche). Cells were transferred to a fresh tube with 500µL 0.4mm glass 

beads, and were lysed for ~45min on a vortex genie with tube adaptor (LabRepCo). 

Lysate was recovered by centrifugation, and sonicated 3-4X on a Diagenode Bioruptor 

(level 5, 30s on, 1min off). Lysate was cleared by centrifugation at max speed in a table-

top centrifuge at 4˚C. Immunoprecipitation was carried out overnight with 300µL cleared 

lysate, 200µL fresh lysis buffer, and 10µL 200µg/mL anti-c-myc antibody (Invitrogen). 

50µL of washed Protein G sepharose beads 50% slurry was added and incubated for 2h. 

The beads were washed and eluted as previously described (Borneman et al., 2006). 

Crosslinking was reversed by incubating 16h at 65˚C, and immunoprecipitated DNA was 

recovered using the MinElute kit (Qiagen). ChIP-Seq libraries were prepared using the 

NEBNext ChIP-Seq Library Prep kit for Illumina (New England Biolabs) and AMPure 

XP magnetic beads (Beckman Coulter, Inc). Size distribution of the libraries was 

determined with a BioAnalyzer 2100 (Agilent). Libraries were pooled and sequenced on 

a HiSeq 2500 (Illumina) through the UCSF Center for Advanced Technology 

(cat.ucsf.edu). Quality of reads was checked using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were indexed and 

aligned to the genome using Bowtie 2 (Langmead and Salzberg, 2012). File types were 

manipulated using SAMtools (Li et al., 2009), and peaks were called using MACS 

(Zhang et al., 2008). Coverage and peak calls were visualized in MochiView (Homann 
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and Johnson, 2010). The ChIP experiment was performed with a total of three replicates 

on two separate days, and a single replicate was performed of the untagged control.  

 

Reporter Assays 

 K. lactis reporter strains were grown as 1mL cultures in SD medium overnight for 

~14h in a 96 well plate. Cells were pelleted, resuspended in phosphate starvation 

medium, and diluted to OD600 = 0.25. Cells were grown 6h, then induced with 6.25µM 

α-factor (or DMSO for control cells) for 4h. Cells were diluted 10-fold into the same 

media before measuring GFP fluorescence on a BD LSR II Flow Cytometer. A total of 

10,000 cell measurements were taken for each strain. Cells were gated to exclude debris 

and the mean of the cell population was used for further analysis. The autofluorescence 

level of a cell containing no reporter was subtracted from each reporter strain, and the 

standard deviation of each reporter strain was added to the standard deviation of the 

autofluorescence strain. Values were divided by the mean autofluorescence to give an 

indication of the signal relative to noise. Multiple independent isolates were tested for 

each reporter strain, and each experiment was performed separately two or more times. In 

rare cases where one isolate displayed a drastic difference in expression from the others, 

it was tested to see whether it was a statistical outlier, and if so, was removed for 

subsequent experimental repetitions. Statistics for the reporter assays were conducted 

using an ANOVA followed by Tukey’s HSD test.  

 

Selection on Ste12 cis-regulatory sites 
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 The intergenic sequences for the a-specific genes were obtained from YGOB for 

the species S. cerevisiae, S. paradoxus, S. mikatae, S. uvarum, and S. kudriavzevii. 19 K. 

lactis strains were obtained from the Phaff Yeast Culture Collection (Davis, California). 

From these and 3 additional K. lactis strains, a-specific gene intergenic sequences were 

amplified from both directions using ExTaq (Takara) and Sanger sequenced. The 

intergenic regions from the Saccharomyces sensu stricto and K. lactis species complex 

were then analyzed separately as follows. For each species or isolate, the a-specific gene 

intergenic regions were scored for the presence of strong and weak Ste12 cis-regulatory 

regions. The intergenic regions were aligned with MUSCLE (Edgar, 2004), and 

concatenated for tree building. The appropriate nucleotide evolution model was selected 

as previously described (Posada and Crandall, 2001); the HKY+G model was selected for 

the sensu stricto species, and the GTR+G model was selected for K. lactis. These models 

output the estimated evolutionary rate for each site in the alignment and each site was 

categorized as being part of a consensus or mismatched Ste12 cis-regulatory site in at 

least one species, or no site at all. Then, the trees generated by this method were used as 

input to test for different evolutionary rates among the different categories using the 

RPHAST package. The null model was generated using phyloFit on the intergenic 

regions lacking mismatched and consensus Ste12 sites using the “HKY85” model for the 

sensu stricto species and the “REV” model for K. lactis. Then, the mismatched and 

consensus Ste12 sites were tested for increased conservation in comparison the null 

model using phyloP.  
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Figure 1. Evolution of the pheromone response in budding yeast. a, During mating, 

yeast sense a peptide pheromone (brown molecule) and transmit this signal to the 

transcription factor Ste12. b, K. lactis a cells were induced with 10µg/mL alpha-factor 

pheromone and gene expression was measured by quantitative RT-PCR over time. 

Shown is the mean of three different yeast cultures +/- s.d. c, Conserved pheromone 

responsive genes were scored for the presence of Ste12 cis-regulatory motifs in their 

upstream regulatory regions. The track indicates the –log10(P) for the enrichment of the 
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Ste12 motif in each set of genes in each species. The genes were divided into a-specific 

genes and other pheromone-activated genes. The general pheromone-activated genes 

were used to independently generate the Ste12 cis-regulatory motif in each of four clades 

using MEME.  
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Figure	2.	Ste12	is	recruited	to	asg	promoters	in	K.	lactis	without	its	binding	

site.	a-c,		Chromatin	immunoprecipitation	of	Ste12-myc	using	anti-myc	antibodies	

(orange	tracks)	and	an	untagged	control	(gray	track).	The	y-axis	indicates	

sequencing	read	coverage.	Matches	to	the	Ste12	binding	site	are	shown	as	orange	

stars,	and	matches	to	the	a2-Mcm1	binding	site	are	shown	as	pink	rectangles.	

Shown	are	two	conserved	a-specific	genes	(a,	b),	one	general	pheromone-activated	

genes	(c).	d,	At	left,	organization	of	the	K.	lactis	STE2	regulatory	region.	cis-

regulatory	sites	for	a2,	Mcm1,	and	Ste12	are	shown	in	pink,	green,	and	orange,	

respectively.	Sites	marked	with	an	“m”	reflect	DNA	sequences	that	contain	a	one-

basepair	mismatch	to	the	7-basepair	consensus	Ste12	cis-regulatory	site.	At	right,	

the	K.	lactis	STE2	regulatory	region	was	fused	to	GFP	and	fluorescence	was	

measured	by	flow	cytometry.	Shown	is	the	mean	fluorescence	of	three	independent	
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genetic	isolates	+/-	s.d.	Bottom,	the	construct	contains	two	point	mutations	in	each	

of	the	mismatched	Ste12	cis-regulatory	sites	that	should	destroy	any	residual	Ste12	

binding	to	these	sites.	Although	this	construct	is	pheromone-inducible,	we	note	that	

the	basal	expression	of	the	K.	lactis	promoter	increased	when	the	mismatched	Ste12	

sites	were	mutated,	probably	through	the	creation	of	a	binding	site	for	another	

activator.	One	asterisk,	P	<	0.05,	three	asterisks,	P	<	0.001,	by	ANOVA	followed	by	

Tukey’s	honest	significant	difference;	for	clarity,	only	the	most	relevant	

relationships	are	shown.		
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Figure	3.	a2	mediates	the	a-specific	gene	pheromone	response	in	K.	lactis.	a,	

Diagram	of	asg	cell-type-specific	regulation	in	K.	lactis.	b,	c,	Induction	of	the	asgs	in	

response	to	pheromone	in	WT	and	MATa2∆	strains.	Expression	is	shown	as	mean	

for	three	independent	genetic	isolates	+/-	s.d.	for	a-specific	genes	(b)	and	general	
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pheromone-activated	genes	(c).	Ste2	is	shown	as	a	general	pheromone-activated	

gene	because	in	this	strain,	its	promoter	was	replaced	by	the	SST2	promoter.	The	

differences	between	WT	and	MATa2∆	pheromone	induction	are	significant	in	b,	P	<	

0.01,	but	not	in	c	P	>	0.05,	by	ANOVA.	d,	The	a2-Mcm1	sites	were	moved	into	the	S.	

cerevisiae	CYC1∆UAS	promoter	and	expression	was	measured	in	K.	lactis	in	

uninduced	(solid	bars)	and	pheromone-induced	(striped	bars)	conditions.	Shown	is	

mean	fluorescence	of	three	independent	genetic	isolates	+/-	s.d.	Three	asterisks,	P	<	

0.001,	by	ANOVA	followed	by	Tukey’s	honest	significant	difference.	e,	Ste12-myc	

ChIP-Seq	signal	for	the	genome-integrated	reporter	construct.	Symbols	are	

described	in	Figure	2.		
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Figure	4.	Repression	by	α2	is	necessary	for	the	gain	of	Ste12	sites.	a,	Expression	

of	the	K.	lactis	STE2	reporter	in	the	absence	of	pheromone.	Expression	is	shown	as	

mean	for	three	independent	isolates	+/-	s.d.	Three	asterisks,	P	<	0.001;	two	
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asterisks,	P	<	0.01,	by	ANOVA	followed	by	Tukey’s	honest	significant	difference;	for	

clarity,	only	the	most	relevant	relationships	are	shown	b,	Diagram	of	the	cis-

regulatory	sites	in	the	L.	kluyveri	STE2	promoter.	c,	The	STE2	gene	promoter	from	L.	

kluyveri	was	fused	to	GFP	and	integrated	into	the	L.	kluyveri	genome.	Ste12	and	α2	

binding	sites	were	introduced	by	point	mutation,	and	each	construct	was	measured	

in	four	independent	genetic	isolates	by	flow	cytometry.	Shown	is	the	mean	

fluorescence	for	four	independent	isolates	+/-	s.d.	Statistical	tests	shown	as	in	panel	

a.	d,	Constructs	with	added	Ste12	binding	sites	were	tested	for	the	ability	to	

compensate	for	the	deletion	of	the	MATa2	gene	in	K.	lactis.	Shown	as	in	panel	a.	
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Figure 5. Summary of key events in the evolution of asg regulation. a, The gain of α2 

repression occurred before the gain of Ste12 cis-regulatory sites, whereas the loss of 

MATa2 occurred on the same branch as the gain of Ste12 sites. b, Summary of the events 

that allowed and prohibited the gain of Ste12 cis-regulatory sequences upstream of the a-

specific genes. Thick arrows indicate pathways that maintained regulation, and thin 

arrows those that would have disrupted it. 
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Extended Data Figure 1. Conservation of Ste12 function. Expression of the asg  STE2 

and the general pheromone-activated gene FUS3 in the presence of K. lactis Ste12, in the 

absence of Ste12, and in the presence of S. cerevsiae Ste12. Expression under uninduced 

and pheromone-induced conditions are shown as mean fluorescence of three independent 

isolates +/- s.d.  
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Extended Data Figure 2. Distribution of Ste12 cis-regulatory sites. Individual a-

specific genes and general pheromone-activated genes were scored for the presence of 

Ste12 cis-regulatory motifs in their upstream regulatory regions. Shown is the number of 

consensus Ste12 sites within 600bp of the translation start site. Orthologs that could not 

be identified in a given species are shown in gray. The enrichment for the Ste12 motif in 

each set of genes in each species is shown in Figure 1C.  
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Extended Data Figure 3. Distribution of mismatched Ste12 cis-regulatory sites. asgs 

were scored for the presence of weak Ste12 binding sites in their upstream regulatory 

regions. The enrichment of the Ste12 site in the asgs in each species is shown in the 

bottom row.  
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Extended Data Figure 4. Ste12 sites are required in S. cerevisiae asgs. The S. 

cerevisiae STE2 promoter was fused to GFP and the role of Ste12 cis-regulatory sites in 

expression. Expression under uninduced and pheromone-induced conditions are shown as 

mean fluorescence of three independent isolates +/- s.d. 
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Extended	Data	Figure	5.	a2	sites	are	sufficient	for	pheromone	activation.	The	K.	

lactis	STE2	GFP	reporter	and	heterologous	reporter	containing	the	a2-Mcm1	

binding	site	were	transformed	into	wild	type	and	ste12∆	cells.	Shown	is	mean	

fluorescence	of	three	independent	genetic	isolates	+/-	s.d.		
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Extended	Data	Figure	6.	Mcm1	sites	are	required	in	K.	lactis	asgs.	The	K.	lactis	

STE2	GFP	reporter	was	tested	with	a	mutated	Mcm1	cis-regulatory	site.	Shown	is	

mean	fluorescence	of	three	independent	genetic	isolates	+/-	s.d.	
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Extended Data Figure 7. Mcm1 sites do not compensate for the loss of a2. a, The 

presence of the Mcm1 binding site is unchanged across the Candida, Kluyveromyces, and 

Saccharomyces clades (Strathern et al., 1981; Tuch et al., 2008). asgs were scored for the 

strength of the Mcm1 binding site in their upstream regulatory regions. The enrichment 

of the strength of the Mcm1 site in the asgs in each species is shown in the bottom row. 

b, A construct with increased Mcm1 binding site strength was tested for its ability to 
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compensate for the deletion of a2. Shown is the mean fluorescence of three independent 

isolates +/- s.d.   
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Extended Data Figure 8. Loss of Ste12 sites decreased in the Saccharomyces clade. 

The yeast phylogeny along with the number of Ste12 binding sites in extant species was 

used to estimate the gain and loss rate of the sites over evolutionary time. The 

Saccharomyces clade was allowed to have different rates (orange) X2 = 49.33, df = 2, P = 

1.94e-11. The gain and loss rate units are cis-regulatory sites per amino acid substitution 

in the species phylogeny.  
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Extended Data Figure 9. Saccharomyces Ste12 binding sites evolve under purifying 

selection. The evolutionary rate of nucleotides in Ste12 binding sites was compared to 

rates in the rest of the upstream regulatory regions of the a-specific genes, shown as 

violin plots. Promoters between closely related species were aligned and the evolutionary 

rate of each basepair in the alignment was determined after model selection.  
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Chapter Three 

Parallel regulatory evolution through transcription factor cooperativity 
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Evolution of transcription networks often involves the creation of many transcription 

factor binding sites (TFBSs). While some transcription networks have formed by 

hitchhiking of TFBSs on transposable elements, additional evolutionary and molecular 

biological mechanisms are necessary to account for large-scale network “rewiring” 

events. Here, we studied gains of the binding site for the transcription factor Mcm1, 

which occurred in parallel in several independent fungal lineages. We report a molecular 

mechanism explaining the gains, which occurred at a large set of genes encoding the 

ribosomal proteins. The gain of these binding sites was facilitated by the presence of an 

ancestral regulator of these genes, Rap1. These two transcription factors are able to 

cooperatively activate transcription--even in species where the Mcm1 binding sites never 

evolved. This suggests an evolutionary pathway whereby transcription factors that 

activate transcription through a similar downstream mechanism are more likely to evolve 

cooperative activation.  

 

Introduction 

 

 Repeated evolutionary events in different lineages provide a chance to understand 

why evolution favors certain outcomes over others. Broadly, repeated evolution of 

similar traits are referred to as convergence, and when the change occurs by a similar 

molecular mechanism, it is referred to as parallel evolution (Stern, 2013).  Convergence 

has been taken, starting with Darwin (Darwin, 1883), as evidence for adaptation, but it is 

also caused by constrains imposed by molecular biology (Losos, 2011).  
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 Genomic studies have found sets of genes that underlie convergent (as well as 

divergent) evolution of complex traits in vertebrates, insects, fungi, and plants. These sets 

of genes tend to be functionally related and controlled by cis-regulatory sequences for 

particular transcription factors, forming a transcription network. These observations raise 

the question of how transcription networks evolve in concert, gaining new expression 

patterns while preserving the functional interconnectedness of the genes and their 

transcription regulators.  

 One way that an entire network can be rewired is to alter the expression of the 

regulator itself, propagating this new regulation to all of the downstream target genes 

(Rebeiz et al., 2009; Reed et al., 2011). In many cases, however, rewiring requires the 

independent acquisition of cis-regulatory sequences near each gene involved in the 

network, invoking hundreds of mutations across the genome.  

Several molecular mechanisms for gene-by-gene rewiring have been discovered 

(Britten and Davidson, 1971; Tuch et al., 2008b). Hitchhiking of a cis-regulatory site on a 

transposable element is a mechanism commonly found in vertebrate evolution, and can 

rapidly bring nearby genes under new regulatory control (Bourque et al., 2008; Kunarso 

et al., 2010; Lynch et al., 2011; Schmidt et al., 2012). Alternatively, one transcription 

regulator can gain a protein-protein interaction with another (Baker et al., 2012; Lynch et 

al., 2008; Perez et al., 2014; Tsong et al., 2006). This mechanism is able to rewire an 

entire set of genes at once, rather than through individual gains of binding sites.  

Nevertheless, many—if not most—examples of network rewiring have occurred in the 

absence of evidence for either of these two mechanisms.  
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 Here, we studied an example of transcription network rewiring in which the 

transcription regulator Mcm1 gained regulation of the genes encoding the protein 

components of the ribosome. The gain of Mcm1 binding sites occurred in parallel in two 

senses: the sites were gained upstream of a large proportion of the ~80-140 ribosomal 

proteins in each species; and they were gained independently in three different 

hemiascomycete yeast lineages.  

 The gain of Mcm1 sites was facilitated by the presence of another transcription 

regulator, Rap1, whose sites are conserved upstream of the ribosomal proteins across 

many of the species that gained Mcm1 sites. These two regulators are able to cooperate in 

the activation of transcription, even in species where these two regulators are not found in 

the same regulatory regions. We propose that, because both regulators interact with the 

same downstream transcription activation complex, they were poised to work 

cooperatively when these sites evolved.  

 

Results 

 

 Previously, genome-wide chromatin immunoprecipitation experiments in three 

yeast species showed that Mcm1 sites were present at the ribosomal protein genes in one 

yeast species, but not the other two (Tuch et al., 2008a). Further bioinformatics analyses 

across Ascomycete fungi showed that Mcm1 sites evolved independently several times. 

In the present study, we focused on the hemiascomycetes (yeasts) to better understand the 

mechanism for how so many cis-regulatory sites could be gained across the genome. 
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 Using 31 yeast genomes, we identified ribosomal protein regulatory regions and 

searched for cis-regulatory sites for Mcm1 and six other known ribosomal protein 

regulators (Figure 1A). Mcm1 sites were found in three different monophyletic clades: 

the Kluyveromyces clade, the Candida clade, and Kazachstania naganishii, a species with 

no sequenced close relatives.  

There are three lines of argument for why these represent independent gains. First, 

gains are more parsimonious. Assuming that gains are equally or only somewhat less 

likely than losses, the most probable scenario is that there were 3 independent gains of 

the Mcm1 sites (Figure 1B). The next most parsimonious explanation is 2 gains and 4 

losses, followed by a single gain with eight losses (Figure 1c,d). These results are 

unchanged when taking into account the ancient interspecies hybridization that occurred 

in the ancestor of the Saccharomyces clade .  

Second, in each clade where Mcm1 sites were gained, there have been losses in 

the sites of other regulators, but these regulators are different in each clade. For example, 

whereas in most other species there are pairs of Rap1 sites, there are only single Rap1 

sites in the Kluyveromyces species (Figure 2A). In contrast, there are few Fhl1 sites in the 

glabrata clade (Figure 2B).  

Third, in Ka. naganishii, the Mcm1 sites were gained at genes other than the 

ribosomal protein genes, whereas in the other two clades they were not (Figure 3A). 

Ribosomal proteins are highly expressed, and other genes that gained Mcm1 sites in 

various species also tend to be highly expressed (Figure 3B). This suggests that Mcm1 

sites might have been gained to increase expression of the ribosomal proteins, as well as 

other genes in Ka. naganishii.  
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To test whether Mcm1 serves as an activator of the ribosomal proteins, we used a 

reporter construct that links the full-length intergenic region upstream of a ribosomal 

protein gene to GFP. We chose two ribosomal protein genes in K. lactis, RPL37 and 

RPS18 that have Mcm1 binding sites and tested the effect of scrambling these sites on 

expression of the reporter. In both cases, the scrambled site reduced expression of the 

reporter (Figure 4A). Given that there are many known regulators of the ribosomal 

proteins, this demonstrates that Mcm1 plays a non-redundant role in activating these 

genes in Kl. lactis. In addition, it appears that it is the transcription rate that is reduced in 

the Mcm1 site mutant, not the speed with which the promoter is activated or repressed 

(Figure 4B). These results are consistent with experiments showing that Mcm1 is an 

activator unless it binds to DNA in complex with a repressor (Jarvis et al., 1988; Keleher 

et al., 1988).  

Yeast ribosomes are composed of four ribosomal RNAs and 78 ribosomal 

proteins, assembled in equal stoichiometry (Woolford and Baserga, 2013). In rapidly 

growing cells, ribosomal protein transcripts are among the most highly expressed, and 

have short half-lives, leading to the estimation that approximately 50% of all RNA 

polymerase II initiation events occur at ribosomal proteins (Warner, 1999). Thus, the gain 

of Mcm1 binding sites is consistent with the high rate of transcription of these genes.  

 The simplest explanation for the gain of activator binding sites is that there was 

selection to increase the expression of these genes. Therefore, we asked whether the 

ribosomal proteins are expressed at a higher level in species in which the binding site for 

Mcm1 evolved. To precisely measure differences in expression, we mated species with 

different numbers of Mcm1 sites to form interspecies hybrids then measured mRNA 
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levels by RNA-seq. Comparing the expression of orthologous genes in this way controls 

for differences in “trans-acting” factors like transcription regulators and therefore reflects 

only differences caused by cis-changes (Wittkopp et al., 2004).   

 We constructed hybrids between Kl. lactis and two other species, Kl. marxianus 

and Kl. wickerhamii. These two additional species are relatively closely related to Kl. 

lactis, but have fewer Mcm1 sites at their ribosomal protein genes. Attempts were made 

to mate K. lactis and the more distantly related Lachancea kluyveri, which has even fewer 

Mcm1 sites, but no hybrids were recovered. mRNA from three isolates of the lactis-

marxianus hybrid and nine isolates of the lactis-wickerhamii hybrid was sequenced, 

along with genomic DNA from three isolates of each mating. mRNA reads for each gene 

were normalized to gDNA reads to control for gene length and for chromosomal content 

(for instance, it was discovered that there were two copies of the Kl. marxianus genome 

in each of the lactis-marxianus hybrids). Expression levels and allele-specific expression 

between genes in the two species’ genomes were reproducible between replicates (Figure 

5). At a false discovery rate of 0.05, we identified 2925 genes showing allele-specific 

expression out of a total of 4343 orthologs in the lactis-marxianus hybrid, and 3432 out 

of 4319 in the lactis-wickerhamii hybrid.  

 To test whether ribosomal protein genes have experienced concerted cis-

regulatory evolution between the pairs of species used to create the hybrids, we asked in 

each hybrid whether the ribosomal protein genes were more likely to show allele-specific 

expression in one direction relative to all genes in the genome (Figure 6). In both hybrids, 

the ribosomal protein genes showed evidence for cis-regulatory evolution 
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(hypergeometric test, P = 2.36e-3 for lactis-marxianus hybrid; P = 1.52e-6 for lactis-

wickerhamii hybrid).  

 To search for concerted cis-regulatory evolution across all known pathways, we 

used Saccharomyces cerevisiae gene ontology terms mapped to orthologs in the three 

Kluyveromyces species that were used to create the hybrids. This analysis revealed that, 

in the lactis-marxianus hybrid, five out of the top ten GO-terms that were enriched for 

cis-regulatory evolution included the cytosolic ribosomal proteins (Table 1). However, 

the only term that was significant after correction for multiple hypothesis testing was 

“cellular amino acid biosynthetic process,” which does not include the ribosomal 

proteins. In the lactis-wickerhamii hybrid, eight out of the top ten GO-terms included the 

cytosolic ribosomal proteins, seven of which were significant after correcting for multiple 

comparisons (Table 2). These results suggest that between these two pairs of species, the 

expression of the ribosomal proteins has evolved in the same direction through cis-

regulatory changes.  

We also examined previously published yeast interspecies hybrid experiments 

that used sequencing to determine mRNA levels. Surprisingly, in all cases, the ribosomal 

proteins were among the sets of genes that showed directional cis-regulatory evolution. 

This suggests that expression of the ribosomal protein genes may frequently experience 

differences in evolutionary forces between closely related species.  

 In both hybrids, the ribosomal proteins were expressed, on average, lower in the 

Kl. lactis genome than in the second species’s genome. This is surprising, because K. 

lactis harbors more sites for Mcm1 than these other species. Other cis-regulatory changes 

must have occurred that resulted in lower expression of these transcripts. These changes 
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could be due to several different causes. For example, the loss of transcription factor 

binding sites or changes to the proximal promoter could decrease the transcription rate. 

Alternatively, changes could affect transcript stability. We speculate that the Mcm1 sites 

may have evolved to compensate for other changes that down-regulated the ribosomal 

protein gene transcripts. Next, we turned to the question of how Mcm1 sites were gained 

at these genes. 

 Although it seems likely that ribosomal protein genes have experienced different 

selection regimens in different species, this does not explain why Mcm1 sites, as opposed 

to the sites for other transcription factors, are repeatedly gained. We hypothesized that 

some molecular function of Mcm1 might explain why evolution has favored this 

particular transcription factor. It was previously noted that, in Kl. lactis, the Mcm1 site 

was gained a fixed distance away from the binding site for another transcription 

regulator, Rap1, which activates the ribosomal protein genes across many species. We 

asked whether Mcm1 sites were gained in the same position relative to the Rap1 site in 

each of the three clades in which the sites were gained. Centering each intergenic region 

upstream of the ribosomal protein genes on the best Rap1 site, then plotting the location 

of the Mcm1 sites revealed that the Mcm1 sites were gained approximately 60bp 

downstream of the Rap1 site in each lineage (Figure 7A).  

 We then investigated whether Rap1 and Mcm1 proteins work together to activate 

transcription. If these two regulators activate transcription independently, their combined 

effect on transcription would be the sum of their independent contributions. If, however, 

they activate transcription cooperatively, it would be greater than this sum. To test this, 

we moved the Rap1 and Mcm1 sites from the regulatory region of Kl. lactis Rps23 into a 
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heterologous reporter containing a basal promoter. We did this to discern the function of 

the Rap1 and Mcm1 sites independently from the binding sites for any other regulators in 

the promoter. Deleting the Mcm1 and Rap1 binding sites individually and in combination 

showed that their combined expression was approximately four times the sum of their 

individual contributions (Figure 7B). This demonstrates that, in this reporter construct, 

these two regulators cooperatively activate transcription.   

 One major barrier to altering the expression of a set of genes such as the 

ribosomal protein genes is that they must be expressed stoichiometrically. Indeed, 

lowering the expression of individual ribosomal proteins causes a growth defect in rich 

media (Deutschbauer et al., 2005). This barrier could be surmounted if the genes were 

evolved a different expression level simultaneously. As has been previously 

hypothesized, a protein-protein interaction could mechanistically achieve the concerted 

rewiring of a set of genes in the ancestor where that interaction evolved. We reasoned 

that if this hypothesis were correct, a species that lacked Mcm1 sites would not show 

cooperativity between Rap1 and Mcm1 in our reporter assay. We tested this prediction in 

the species S. cerevisiae using the same reporter construct that used in Kl. lactis, which 

contains Rap1 and Mcm1 sites (Figure 7C). Surprisingly, even in S. cerevisiae, Rap1 and 

Mcm1 activated expression of the reporter cooperatively, suggesting that these proteins 

have the capacity to work together in species where their binding sites are not located 

near each other.  

To better understand the mechanism of cooperativity, we tested whether Rap1 and 

Mcm1 engage in a direct protein-protein interaction in Kl. lactis by using a gel-shift assay 

with a radiolabeled DNA sequence from the Kl. lactis Rps23 gene. We asked whether 
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these two proteins bound to their binding sites cooperatively using both cell lysate and 

purified full-length proteins. In both cases, the proteins bound to the probe independently, 

suggesting that they don’t engage in a direct protein-protein interaction (Figure 8). These 

findings, along with the fact that Rap1 and Mcm1 can cooperatively activate transcription 

in S. cerevisiae, entirely rule out the hypothesis previously proposed to explain the gain 

of Mcm1 sites.  

  Besides a direct protein-protein interaction, there are two general mechanisms to 

explain cooperative activation by transcription regulators: cooperative recruitment, and 

cooperative displacement of nucleosomes. Transcription regulators compete for binding 

to DNA with nucleosomes, and multiple regulators are better able to displace 

nucleosomes than single sites. However, it is unlikely that cooperative nucleosome 

displacement is the sole mechanism for activation by Rap1 and Mcm1 at the ribosomal 

protein genes. This is because Rap1 remains bound at the ribosomal protein genes even 

during stress conditions when the genes are repressed and show higher levels of 

nucleosome occupancy (Bernstein et al., 2004; Lee et al., 2004).  

 Cooperative recruitment occurs when two regulators both interact with a factor 

that catalyzes a rate-limiting step in transcription and facilitate its recruitment to the 

promoter (Lin et al., 1990). That factor could be anything from a single protein to the 1.5-

megadalton preinitiation complex. To identify possible factors that might be recruited in 

common by both Rap1 and Mcm1, we searched the S. cerevisiae BioGRID database for 

common protein-protein interaction partners. This revealed two complexes, SWI/SNF 

and TFIID, that could be involved in transcriptional activation and interact with both 

transcription regulators. The function of SWI/SNF is to remodel nucleosomes, and is not 
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required for ribosomal protein transcription (Sudarsanam et al., 2000), so it is unlikely 

that Rap1 and Mcm1 cooperatively activate transcription through this mechanism.  

 TFIID is a general transcription factor that is recruited to the ribosomal protein 

genes by Rap1 and the TATA box, and activates transcription through contacts with RNA 

Polymerase II (Layer et al., 2010; Mencía et al., 2002; Papai et al., 2010; Reja et al., 

2015). Therefore, this is a good candidate for a mechanism to explain cooperative 

activation by Mcm1 and Rap1. Rap1 interacts with the Taf4, Taf5, and Taf12 subunits of 

TFIID, whereas Mcm1 interacts with Taf6 and Taf7.  

 Some evidence suggests that Rap1 and Mcm1 may cooperate through interactions 

with TFIID. Rap1 and Mcm1 sites are precisely positioned, not just approximately 60 

basepairs apart, but when averaged over all nine species with mcm1 sites, they show 

peaks at 55, 65, and 75bp apart (Figure 9A). This corresponds to the proteins being on the 

same side of the DNA helix, suggesting that they physically interact with something that 

spans this distance. We noticed that such 10bp spacing was also present between the 

Mcm1 site and the Fhl1 sites in the species Ka. Naganishii, but at a closer distance 

(Figure 9B). In addition, we tested the effect of weakening the TATA boxes present in 

the test promoter with Rap1 and Mcm1 sites. This had the effect of increasing the 

cooperativity between these two sites (Figure 9C,D). However, this experiment doesn’t 

rule out the possibility that Rap1 and Mcm1 cooperate through increasing the rate of 

transcription at different steps.  

Unfortunately, Rap1 and Mcm1 as well as the TFIID subunits that they interact 

with are all essential genes, precluding detailed genetic study. Experiments performed in 

collaboration with P. Anthony Weil, Amanda Meyer, and Jordan Feigerle of Vanderbilt 
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University will focus on understanding the Mcm1-TFIID interaction, and testing the 

requirements of different Rap1 domains for cooperativity. Agarose gel shifts were 

performed using purified Rap1, Mcm1, TFIID, and TFIIA to determine whether these 

components cooperatively assemble on DNA containing Rap1 and Mcm1 sites and a 

TATA box. The results of this experiment were inconclusive because the complexes did 

not resolve into sharp bands. Preliminary results with an altered-specificity Rap1 protein 

are consistent with Rap1 and Mcm1 activating transcription through TFIID recruitment.  

 A cooperative recruitment mechanism activation by Rap1 and Mcm1 has 

explanatory power for several observations (Figure 10). If Rap1 and Mcm1 each activate 

transcription through TFIID at targets that are unique to one or the other, these functions 

would be under purifying selection in all species. This explains why Rap1 and Mcm1 are 

able to cooperate in S. cerevisiae, even though their binding sites are not found together 

at any genes. If cooperation required a specific domain of Rap1 or Mcm1 that did not 

serve another function, it would be degraded by mutation and drift in species where the 

two proteins did not cooperate at any genes.  

Second, cooperative recruitment does not require any change in Rap1 and Mcm1 

during the evolution of Mcm1 sites at the ribosomal protein genes. Mutations that alter 

the function of transcription regulators (for example, creating a new protein-protein 

interaction) can be pleiotropic, decreasing the likelihood that they can arise without 

disrupting the proteins ancestral function (Carroll, 2005; Stern and Orgogozo, 2008). 

Thus, cooperative recruitment may be a simpler explanation than one involving changes 

to an essential gene.  
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Third, in S. cerevisiae, the ribosomal protein genes typically have two Rap1 

binding sites, whereas in Kl. lactis, they typically have one Rap1 site and one Mcm1 site, 

suggesting that a pair of sites is necessary to carry out the combined function of these two 

regulators at the ribosomal protein genes. (However, note that the Lachancea clade and 

the Torulaspora-Zygosaccharomyces clade are exceptions to this trend because they 

typically have only one Rap1 site and no Mcm1 sites). Furthermore, even more ancestral 

to Rap1 regulation, the regulator Tbf1 serves a similar purpose. Tbf1 has been shown to 

interact with Taf1 in a high-throughput study, consistent with the hypothesis that 

interaction with TFIID is an important function for transcription factors occupying this 

functional role. However, it is important to note that Tbf1 and Rap1 also evolved 

different interactions with the ribosomal protein regulators Ifh1 and Fhl1 (Mallick and 

Whiteway, 2013).   

Finally, activation of the ribosomal proteins in S. cerevisiae requires the action of 

several transcription regulators that engage in protein-protein interactions with each other 

and with TFIID (Figure 10A). A proposed model for preinitiation complex formation at 

these genes show Rap1 interacting with a Fhl1-Ifh1-Sfp1 complex, which binds to DNA 

~100bp downstream. Rap1 also interacts with TFIID which binds to the TATA box. A 

corresponding model for a species with Mcm1 sites would have these sites positioned 

between Rap1 and the Fhl1-Ifh1-Sfp1 complex and would participate in recruitment of 

TFIID, along with other known direct TFIID interactors (Rap1, Ifh1, Hmo1).  

Despite the explanatory power of the cooperative recruitment model, must be 

additional reasons for the gain of Mcm1 sites. Ribosomal protein genes appear to be 

under strong selection for expression level between different yeast species. (Although the 
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large number and high expression level of these genes increases power to detect such 

differences, there are other sets of genes with these characteristics). In some species, for 

example A. nidulans, the Mcm1 sites were gained immediately next to the binding sites 

for a second transcription regulator (Tuch et al., 2008a). In this case, it is most likely that 

these proteins engage in a direct protein-protein interaction.  

Rap1 and Mcm1 share additional characteristics beyond just their ability to serve 

as activators. They are essential genes, they regulate many genes with different functions, 

engage in protein-protein interactions with different regulators, and are expressed in most 

environmental conditions. These functional characteristics also likely contributed to the 

ease with which Mcm1 is able to work with Rap1.  

In conclusion, we have identified a molecular mechanism to explain convergent 

regulatory evolution of a large set of genes. This gain of a large number of sites does not 

require an extraordinary mechanism beyond individual point mutations in the promoter of 

each gene. However, the ability of the new regulator to activate transcription 

cooperatively with the ancestral regulator simplifies the path to gaining these sites. Mcm1 

can cooperate with Rap1, causing its site to activate transcription at the ribosomal 

proteins more easily than it would elsewhere in the genome. In addition, because Mcm1 

and Rap1 each activate transcription through the same mechanism, this explains how this 

function would be present in species like S. cerevisiae, where the proteins do not work 

together. We speculate that this may be a general mechanism explaining the rewiring of 

transcription networks.  
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Figure 1. Parallel evolution of Mcm1 sites 

(A) The Mcm1 sites were gained upstream of the ribosomal protein genes in three 

different clades in the Hemiascomycete yeasts. Shown is the proportion of ribosomal 

proteins in each species that contains at least one Mcm1 site at a cutoff of ~50% the 

maximum log likelihood score using a position weight matrix. H. valbyensis shows a 

high number of sites due to the low GC content of its genome. (B-D) Three scenarios for 

how the sites could have arisen. Ancestors containing Mcm1 sites are shown highlighted 

in green. Gains are shown as closed circles and losses are shown as open circles.  
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Figure 2. Evolution of Rap1 and Fhl1 sites 

Promoters of the ribosomal protein genes in each species were aligned at the best hit to 

the Rap1 position weight matrix. Then, the location of the second best Rap1 site (A), or 
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the best Fhl1 site (B) was plotted. For Rap1, upstream and downstream sites are summed 

and shown as positive numbers. Fhl1 sites are only located downstream from Rap1 sites, 

so only these sites are plotted.  
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Figure 3. Evolution of Rap1-Mcm1 sites at additional genes 

(A) Promoters genome-wide were searched for Rap1 sites above ~%40 of the maximum 

score, and in the direction of the downstream gene. Then, these genes were filtered by 

those that had an Mcm1 site between 52 and 78bp downstream (where most of the Mcm1 

sites are located in the ribosomal protein genes). Shown is the number of promoters that 

contained such a Rap1-Mcm1 site in each genome. (B) The ortholog of each of the genes 

in (A) was identified in a cross-species expression study(Tsankov et al., 2010) and the 

absolute mRNA expression level is shown as a percentile.  
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Figure 4. Function of Mcm1 sites 

(A) Two full-length ribosomal promoters, and the same promoters with scrambled Mcm1 

binding sites, were positioned upstream of GFP. Cells were grown for 3 hours in rich 

media and expression was measured by flow cytometry. Shown is the mean fluorescence 

for three independent isolates, divided by the background fluorescence of cells lacking a 

reporter. (B) The RPL37 reporter shown in (A) was measured in batch every 15 minutes 

in a plate reader. Shown is the change in fluorescence divided by cell density over the 

course of 14 hours in rich media, for eight technical replicates. 
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Figure 5. Reproducibility of allele-specific expression  

Example replicates of the lactis-marxianus hybrid (A, C) and lactis-wickerhamii hybrid 

(B,D). (A-B) Shown is the mRNA reads mapped to each predicted gene, normalized by 
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total reads in the replicate. (C-D) Shown is the ratio of the expression level of the K. 

lactis allele to the corresponding allele in the second genome within each hybrid. (E) In 

lactis-marxianus hybrids, there were two copies of the Kl. marxianus genome relative to 

the Kl. lactis genome. This, along with gene-specific differences, was controlled for by 

dividing the mRNA read counts by gDNA read counts. (F) An example of one of two 

lactis-wickerhamii hybrid replicates that lost copies of one of the genomes (replicate 9 

lost copies of the Kl. wickerhamii genome). Shown as in (A).  
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Figure 6. Allele-specific expression of ribosomal protein genes 

The allele specific expression of each gene was calculated for (A) the lactis-marxianus 

hybrid and (B) the lactis-wickerhamii hybrid. For each gene, the Kl. lactis allele is the 

numerator. The ribosomal proteins are shown separately from the other genes with 

identified orthologs.  
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Figure 7. Cooperation of Rap1 and Mcm1 

(A) Promoters in each species were positioned at the strongest Rap1 site and Mcm1 sites 

above a cutoff of approximately 40% of the maximum score were plotted. (B,C) The 
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Rap1-Mcm1 site from Kl. lactis RPS23 was moved into the S. cerevisiae CYC1 promoter 

in which the upstream activation sequence had been removed. These sites were mutated 

individually and in combination and the reporters were integrated into (A) the Kl. lactis 

genome or (B) the S. cerevisiae genome. Expression of the reporters was measured by 

flow cytometry. Shown is the mean fluorescence of three independent genetic isolates +/- 

s.d., divided by the background fluorescence of cells lacking a reporter.  
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Figure 8. Rap1 and Mcm1 do not interact directly 

(A-C) Cleared cell extract from different species was incubated with radiolabeled probes 

containing Rap1 and Mcm1 binding sites, then run on polyacrylamide gels and imaged. A 

series of 4-fold dilutions is shown for each species’ extract. A fragment of the Kl. lactis 

RPS23 promoter containing the Rap1-Mcm1 binding sites spaced 53bp apart (center-to-

center) was used as the radiolabeled DNA oligonucleotide in (A, C, and D). A fragment 

of the Ka. naganishii RPL1 promoter containing Rap1-Mcm1 binding sites 65bp apart 
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was used in (B). Rap1 one sites are shown as purple squares, Mcm1 sites are shown as 

green squares, and scrambled sites are shown as “X.” (D) Gel shift using purified 

KlMcm1-HA and KlRap1-6-His. The highest concentration of KlMcm1-HA is 

approximately 100nM, and the highest concentration of KlRap1-6-His is approximately 

1nM. A series of three-fold dilutions are shown.  
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Figure 9. Mechanism of Rap1 Mcm1 cooperativity 

(A) Spacing between Rap1 and Mcm1 sites are shown for all Rap1-Mcm1 site-containing 

species vs. all others. Promoters were aligned to the strongest hit for the Mcm1 site, and 
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then Rap1 sites above a score of ~half the maximum position weight matrix score were 

plotted. In red is the relative angle between the Rap1 and Mcm1 proteins, assuming 

10.4bp per helical turn. (B) Spacing between Mcm1 sites and Fhl1 sites for the three 

clades containing Mcm1 sites and other species spanning the distance between S. 

cerevisiae and W. anomalus. Promoters were aligned at the best hit for the Mcm1 site, 

then Fhl1 sites above ~60% of the maximum position weight matrix score were plotted. 

(C) The reporters in Figure 7 (B,C) were altered by introducing one point mutation into 

each of two strong TATA boxes (bound by TFIID). Shown are the reporters with 

weakened TATA boxes (indicated by a “w”) next to the strong TATA box reporters in 

Kl. lactis (B) and S. cerevisiae (C).   
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Figure 10. Model for Mcm1 binding site evolution 

(A) Model for transcriptional activation at the ribosomal protein genes in Kl. lactis. 

Shown in black lines are known direct protein-protein interactions based on the BioGrid 
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database for S. cerevisiae. A dotted-black line represents an interaction with TFIID 

through an unknown subunit. Thick black lines represent known interactions with DNA, 

in approximate order from 5’ to 3’ in the promoter. (B) A model for how cooperative 

recruitment can evolve between two regulators that interact with the same downstream 

factor.  
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Table 1. Top GO-terms with allele-specific expression in the lactis-marxianus hybrid 
 
 
 
 
  

GO ID description number 
of genes 

geometric mean 
log2(lactis/ 
marxianus) 

p-value multiple testing 
correction 

0008652 cellular amino acid biosynthetic 
process 

87 0.565631524 5.56E-09 significant 

0006412 translation 205 -0.137072774 2.73E-05 not significant 
0030529 ribonucleoprotein complex 244 -0.142441392 0.00011447 not significant 
0005789 endoplasmic reticulum membrane 305 -0.076800066 0.000151031 not significant 
0003735 structural constituent of ribosome 158 -0.138965301 0.000403597 not significant 
0005840 ribosome 218 -0.126400153 0.000518607 not significant 
0005783 endoplasmic reticulum 388 -0.079377561 0.000569518 not significant 
0002181 cytoplasmic translation 95 -0.1242767 0.000584351 not significant 
0009085 lysine biosynthetic process 9 1.055289347 0.000864719 not significant 
0005086 ARF guanyl-nucleotide exchange 

factor activity 
6 -0.975774874 0.001392728 not significant 
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GO ID description number 
of genes 

geometric mean 
log2(lactis/ 
wickerhamii) 

p-value multiple testing 
correction 

0030529 ribonucleoprotein complex 244 -0.458999928 9.84E-11 significant 
0003735 structural constituent of ribosome 158 -0.472855655 1.95E-09 significant 
0005840 ribosome 217 -0.403822045 3.20E-07 significant 
0006412 translation 205 -0.445269146 1.56E-06 significant 
0006629 lipid metabolic process 128 -0.185610603 3.73E-05 significant 
0003723 RNA binding 312 -0.385703944 3.97E-05 significant 
0044822 poly(A) RNA binding 65 -0.45120269 4.01E-05 significant 
0002181 cytoplasmic translation 93 -0.447285706 4.82E-05 significant 
0022625 cytosolic large ribosomal subunit 56 -0.404531726 0.000105155 not significant 

  0006096 glycolytic process 15 0.398763237 0.000126854 not significant 
 
 
Table 2. Top GO-terms with allele-specific expression in the lactis-wickerhamii 
hybrid 
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Methods 

 

Computational genomics of cis-regulatory sequences 

 

Genomes were compiled from the Yeast Gene Order Browser (YGOB)(Gordon et 

al., 2011), the Department of Energy Joint Genome Institute MycoCosm portal(Grigoriev 

et al., 2014), and numerous individual genome releases. For Kl. wickerhamii, Kl. 

marxianus, and H. vinae, their genomes were annotated using the Yeast Gene Annotation 

Pipeline associated with YGOB. The annotations of genes and proteins in other genomes 

were obtained from the source of the genome sequence. Ribosomal protein genes were 

defined as any gene starting with “Rps” or “Rpl” and were identified using the ortholog 

annotation in YGOB. These genes were identified in genomes from other sources through 

psi-blast in BLAST+(Camacho et al., 2009), as they are highly conserved.  

 Intergenic regions were extracted upstream of each gene using the python script 

intergenic.py. For scoring of potential transcription factor binding sites, motifs were 

obtained from the ScerTF database(Spivak and Stormo, 2012) as position weight 

matrices. Each intergenic region (in the ribosomal proteins or genome-wide, depending 

on the question) was scored using the script TFBS_score.py by adding up the log 

likelihood values of each base at each position in the motif, forward and backward, and 

then repeating for each position in the intergenic region. It is important to note that the 

motifs from ScerTF are corrected for the GC-content of the S. cerevisiae genome, but not 

individually for the genomes of each species in other parts of the tree. I decided to leave 

the motif as-is instead of correcting for the GC-content in each genome, because the 
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purpose of this scoring was to identify DNA sequences that are most similar to the Mcm1 

binding site, not those that are most statistically enriched given the GC-content.  

 The location of a binding site was defined as the midpoint of the motif. Previous 

studies have indicated that many features of the ribosomal protein genes are defined by 

their relative location to the Rap1 binding site(Reja et al., 2015). To identify the relative 

locations, the best hit for the Rap1 site in each species was identified, then a cutoff was 

set (usually about half of the maximum potential score for a given position weight 

matrix) for the motif of the second transcription factor. This analysis was carried out 

using the scripts TFBS_score.py and rel_locs_RPs.py.  

 Genome-wide scoring of relative motif locations using rel_loc_RPs.py was used 

to identify additional genes beyond the ribosomal protein genes that show a similar 

pattern of Rap1 and Mcm1 sites near to each other. Rap1 sites that faced toward the gene 

and had a score greater than 6.0 were identified, as were Mcm1 sites with a score above 

6.0. Then, genes that had both a forward-facing Rap1 site and an Mcm1 site between 52 

and 78bp downstream (the spacing of most sites at the ribosomal protein genes) were 

identified. Most of these species do not have any expression data; however, we used 

seven species(Tsankov et al., 2010) with genome-wide expression data to get a sense for 

the expression of these Rap1-Mcm1-containing genes, assuming their expression is 

relatively conserved. The genes with Rap1-Mcm1 sites in each species were mapped to 

their orthologs S. cerevisiae, then pooled together and mapped back to each of the seven 

species with expression data. Then these genes in each species were quantified by 

absolute expression percentile.  
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Strain and reporter construction 

 

 The reporter used in K. lactis and S. cerevisiae was previously described(Sorrells 

et al., 2015). This reporter allows full intergenic regions to be cloned upstream of GFP, 

with the break between the original gene sequence and GFP occurring at the start codon. 

A second version of the reporter uses the CYC1 promoter for S. cerevisiae(Guarente and 

Ptashne, 1981) with its upstream activation sequence replaced by two restriction enzyme 

sites. Different versions of this vector were made to integrate into the K. lactis genome 

and into the S. cerevisiae genome.  

 To make the full-length ribosomal protein gene reporters, the wild-type intergenic 

regions were obtained by PCR with ExTaq (Takara) from genomic DNA, adding SacI 

and AgeI restriction enzyme sites on the ends. These were cloned using a 2:1 ratio into 

pTS16 digested with the same restriction enzyme sites, and ligated using Fastlink ligase 

(Epicentre) to make pTS170 and pTS174.  

 To scramble Mcm1 and Rap1 binding sites, these sites were put into a text 

scrambler, then the resulting sequences were queried in ScerTF to see if they contained 

matches to any other known transcription factor binding site motifs. If not, they were 

used for further experiments.  

 To make pTS171, pTS175, and pTS243-446 DNA sequences were ordered 

containing scrambled Mcm1, Rap1 sites, or both. The insert for pTS171 and pTS243-244 

were cloned into pTS170 using the restriction enzymes SacI and Bsu36i. The insert for 

pTS175 and pTS245-246 was cloned into pTS174 using SacI and EcoRV.  
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 The vectors pTS176-179 contain the Rap1-Mcm1 operator in the CYC1 promoter. 

These vectors were made by annealing oligos and ligating them in a 50:1 ratio into 

pTS16 using NotI and XhoI. The equivalent vectors for S. cerevisiae are pTS181-184 and 

were made by cloning into pTS180 with NotI and XhoI. To make corresponding vectors 

with weakened TATA boxes (pTS232-235 for Kl. lactis and pTS236-239 for S. 

cerevisiae), a DNA sequence with two point mutations in the strong TATA boxes in the 

CYC1 promoter was cloned into pTS26 and pTS180 using AgeI and XhoI. Then the 

Rap1-Mcm1 operators were cloned in using NotI and XhoI as before.  

 These reporters were digested with KasI and HindIII and integrated into the K. 

lactis genome by transformation as previously described(Kooistra et al., 2004) and into 

the S. cerevisae genome using a standard lithium-acetate transformation. Yeast were 

grown on non-selective media for 24h then replica plated onto plates containing at least 

100µg/mL Hygromycin B.  

 

Reporter Assays 

 K. lactis and S. cerevisiae reporters were grown overnight in 1mL cultures in 96 

well plates in synthetic complete media. The next day, cells were diluted into synthetic 

complete media to OD = 0.025-0.05 and grown for 3h. Cells were measured by flow 

cytometry on a BD LSR II between 3h and 4h after dilution. A total of 10,000 cells per 

strain were recorded. Cells were gated to exclude debris, and the mean fluorescence for 

each strain was used for comparing among different strains. For each reporter, three to 

four independent isolates were checked. In the case that one of the isolates anomalously 

showed expression equivalent to background, while the other isolates showed similar but 
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detectable fluorescence, the anomalous isolate was excluded from analysis. Experiments 

were performed a minimum of two times on different days.  

 

Interspecies hybrids 

 To construct the interspecies hybrids for to measure allele-specific expression, 

multiple isolates of different species were mated together. Strains with complementary 

markers were grown on YEPD plates for 2 days, then mixed together in patches on 5% 

malt extract plates for 2-4 days. These patches were then observed under the microscope 

to check for zygotes and streaked out onto plates that select for mating products. Hybrids 

were tested by PCR for products that were species, and mating-type specific. Kl. lactis-

Kl. dobzhanskii matings were attempted, but were unsuccessful, perhaps because the Kl. 

dobzhanskii isolate used was a diploid. Kl. lactis-L. kluyveri zygotes were observed when 

the two species were mixed with Kl. lactis alpha-factor, but no mating products were 

obtained. Kl. lactis-Kl. aestuarii zygotes and mating products were obtained, but they 

could not be confirmed by PCR because of cross-reactivity of the Kl. aestuarii primers. 

In all, three Kl. lactis-Kl. wickerhamii matings, and one Kl. lactis-Kl. marxianus 

mating—each with three isolates—were obtained and carried forward for analysis. Kl. 

lactis-Kl. wickerhamii hybrids are yTS347 and yTS349 (two matings between yLB13a 

and yLB122), and yTS353 (a mating between yLB72 and yLB66c). The Kl. lactis-Kl. 

marxianus mating was yTS352 (a mating between yLB72 and CB63).  

 Both mRNA and genomic DNA were sequenced from the hybrids. Genomic DNA 

of one isolate of each of the Kl. lactis-Kl. wickerhamii hybrids (yTS347, yTS349 and 

yTS353) was sequenced, along with all three isolates of the Kl. lactis-Kl. marxianus 
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hybrid, and one isolate of each of the parental strains. Cells were grown in 5mL cultures 

over night in YEPD. Genomic DNA was prepared using a standard “smash and grab” 

protocol, where cells are lysed with phenol/choloroform/isoamyl alcohol and glass beads. 

DNA was precipitated twice and treated with RNase A, then sheared on a Diagenode 

Bioruptor for 2 x 10 min (30 s on 1 min off) on medium intensity. Genomic DNA was 

prepared for sequencing using the NEBNext Ultra DNA Prep Kit for Illumina E7370 

(New England BioLabs).  

All three isolates of each of the four hybrids were prepared for mRNA 

sequencing. Cells were grown overnight, then diluted back into YEPD to OD=0.2 and 

grown for 4-8h until they reached OD0.7-1.0. The growth rate of the Kl. lactis-Kl. 

wickerhamii hybrids was slower and more variable between isolates. At this point, cells 

were pelleted and frozen in liquid nitrogen. mRNA was extracted using the RiboPure kit 

AM1926 (Applied Biosystems). Polyadenylated RNAs were selected using two rounds of 

the Oligotex mRNA Kit 70022 (Qiagen). The samples were then concentrated using the 

RNA Clean & Concentrator-5 (Zymo Research).  

Libraries were prepared using the NEBNext Ultra Directional RNA Library Prep 

Kit for Illumina E7420 (New England BioLabs). mRNA and library quality were 

assessed using a Bioanalyzer 2100 (Agilent). Sequencing was performed at the 

University of California, San Francisco Center for Advanced Technology on an Illumina 

HiSeq 4000.  

 

Allele-specific expression analysis 
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 Raw sequencing data was checked for quality control using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, each of the genomic 

DNA isolates was aligned separately to each of four genomes: Kl. lactis, Kl. marxianus, 

Kl. wickerhamii, and Kl. aestuarii. In each case, reads uniquely mapped to the expected 

genome(s) and few reads mapped to other genomes. The strain yTS349 was previously 

thought to be a Kl. lactis-Kl. aestuarii hybrid, but sequencing revealed it was in fact a Kl. 

lactis-Kl. wickerhamii hybrid, and was treated as such for the analyses.  

 The genomes for Kl. lactis, Kl. marxianus, and Kl. wickerhamii were annotated 

using the yeast genome annotation pipeline from YGOB to standardize the gene 

annotation and ortholog assignment. Kl. lactis is already included in YGOB. These files 

were converted to gff format using convert_YGAP_GFF.py and genes were extracted 

using pull_genes.py. Next, hybrid genomes were created in silico by concatenating fasta 

sequences of the genes of each species. mRNA and gDNA reads were aligned to the 

hybrid genomes on a computer cluster using the script aln_reads.py, which calls Bowtie 

2(Langmead and Salzberg, 2012). Default parameters were used, which allow 

mismatches in Bowtie 2. However, reads that mapped equally well to multiple locations 

in the genome were removed after alignment using discard_multimapping.py. Because 

ribosomal proteins are highly conserved, they contain stretches of more than 50bp that 

are identical between the orthologs belonging to each species in the hybrid. Thus, this 

filtering step is necessary to assure reads map uniquely to the ortholog from one species 

or the other.  

 To quantify allele-specific expression, the reads aligning to each gene were 

counted using ASE_server.py. mRNA counts of the Kl. lactis-Kl. marxianus hybrid and 
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seven of the nine Kl. lactis-Kl. wickerhamii hybrids that were sequenced were highly 

similar. The two other isolates showed that one of the genomes in the hybrid was present 

at a lower level than the other suggesting it had been lost from some of the cells 

(although it was a different genome in each of the two isolates). The seven reproducible 

isolates were then treated as replicates for the rest of the analysis. The mRNA read counts 

for each gene in each replicate were then normalized to the total reads in the experiment. 

Second, they were divided by the gDNA read counts from each gene. (The gDNA read 

counts per gene were averaged across replicates for each hybrid, so all the replicates were 

divided by the same gDNA count). Finally, the Kl. lactis ortholog read count was divided 

by either the Kl. marxianus or the Kl. wickerhamii ortholog to get an allele-specific 

expression value for each ortholog pair in each replicate.  

 To calculate significance of allele-specific expression, a two-sided one-sample t-

test was used on the log2(allele-specific expression), across replicates (three replicates in 

the case of the Kl. lactis-Kl. marxianus hybrid and seven in the case of the Kl. lactis-Kl. 

wickerhamii hybrid). The significance of each gene was calculated using the Benjamini-

Hochberg procedure to control the false-discovery rate at 0.05. To test for concerted 

allele-specific expression in the ribosomal proteins, as well as across all gene ontology 

(GO) terms, the geometric mean of each group of genes was calculated, then tested by the 

hypergeometric test to see if they were enriched for genes at least 1.1-fold up or down in 

Kl. lactis. Altering this fold cutoff had little effect on the results. These tests were carried 

out using the ASE_local.py script.  

 

Protein expression and purification 
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 The full-length Rap1-6-His protein from Kl. lactis was purified from E. coli. Rap1 

was amplified from genomic DNA and cloned into the pLIC-H3 expression vector using 

XmaI and XhoI to make pTS207 . This protein was purified using a 6-His tag as 

previously described(Lohse et al., 2013). The full-length Mcm1-HA protein from Kl. 

lactis and S. cerevisiae was purified from S. cerevisiae. The genes were amplified from 

genomic DNA and cloned into p426 Gal1P-MCS (ATCC 87331) using BamHI and 

HindIII to make pTS226 (S. cerevisiae Mcm1) and pTS227 (Kl. lactis Mcm1). These 

plasmids were transformed into S. cerevisiae W303 for expression. Cells were grown 12h 

in SD –Leu at 30˚C, then in YPGL (% yeast extract, 2% peptone, 3% glycerol, 2% 

lactate) for 10-12h. Then cells were diluted into 1L YPGL to OD=0.3 and grown for 4-5h 

until OD=0.6. Cells were induced with 2% galactose (added from a 40% galactose stock) 

for 1h. Then cells were pelleted, resuspended in an equal volume of lysis buffer, and 

pipetted into liquid nitrogen to make pellets. Cells were lysed in a Cryomill (Retsch) 6 

times for 3 min at 30Hz, refreezing in liquid nitrogen between cycles.  

 Cell powder was thawed on ice and diluted to 4mL/g frozen pellet with lysis 

buffer (100mM Tris pH 8.0, 1mM EDTA, 10mM fresh β-mercaptoethanol, 10% glycerol, 

200mM NaCl). Lysate was resuspended by pipetting, then cleared for 2h at 200,000 x g. 

Protein was bound to 250µL/L yeast culture of HA-7-agarose (Sigma) slurry for 1h at 

4˚C. Lysate was applied to a Polyprep mini disposable gravity column (Biorad) and 

washed 4 times with 10mL lysis buffer. The protein was eluted 4 times with 1 bed 

volume of 1mg/mL HA peptide in lysis buffer after incubating 30 minutes on a tilt board 

at room temperature. The protein was stored in aliquots at -80˚C.  
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 Extract for gel shifts was prepared as previously described(Baker et al., 2011). 

25mL cultures of cells were grown to OD = 0.8-1.0, and frozen at -80˚C. Cells were 

lysed in 300µL extract gel shift buffer (100mM Tris pH 8.0, 200mM NaCl, 1mM EDTA, 

10mM MgCl2, 10mM β-mercaptoethanol, 20% glycerol, EDTA-free protease inhibitor 

cocktail (Roche)) with 200µL glass beads on a vortexer for 30 min. Lysate was cleared at 

18,000 x g for 20 minutes and diluted for experiments.  

 

Gel Shifts 

 Gel shifts were performed as previously described(Lohse et al., 2010). Binding 

reactions were carried out in 20mM Tris pH 8.0 50mM KOAc, 5% glycerol, 5mM 

MgCl2, 1mM DTT, 0.5µg/mL BSA, 25µg/mL poly(dI-dC) (Sigma).  
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