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Evolutionary Rewiring of the Gene Regulatory Network Controlled by Ndt80 
 

Isabel Nocedal 

 

Gene regulatory networks—composed of transcription regulators and their downstream 

“target” genes—have been shown to control many biological processes, and changes to either the 

regulators, the target genes, or the connections between them can lead to alterations in the level, 

timing, or patterning of gene products.  However, it remains poorly understood how a complex 

gene regulatory network, controlling a novel phenotype, arises over evolutionary time.  Here we 

demonstrate that the fungal transcription regulator Ndt80 has undergone a dramatic evolutionary 

switch in regulatory function—from an ancestral role in regulating sporulation and meiosis to a 

derived role in regulating biofilm formation.  This switch in function, which took place along the 

lineage leading to the Candida clade, corresponded to a large-scale change in the genes regulated 

by Ndt80, as it was incorporated into a novel gene regulatory network. However, we 

demonstrate, through experiments in multiple extant yeast lineages, that the connections between 

Ndt80 and its target genes were undergoing rapid rewiring prior to the switch in Ndt80’s 

regulatory function.  We propose that drift in the Ndt80 regulon, which occurs along all lineages 

examined, facilitated its dramatic switch in function along one lineage, allowing it to become 

integrated into a novel gene regulatory network.  This idea that the promiscuity of the Ndt80 

regulon could be exploited in the evolution of a novel phenotype is analogous in many ways to 

studies of protein evolution that have demonstrated that ancestral promiscuity in protein function 

can be exploited in the evolution of novel protein functions.  We believe this work provides the 

first example of the exploitation of regulatory network promiscuity in the evolution of a novel 

regulatory network, and emphasizes the importance of regulatory network drift in the exploration 

of new network configurations and the evolution of novel phenotypes.  
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INTRODUCTION 
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 It has long been appreciated that evolutionary changes in gene expression patterns 

underlie much of the diversity of life.  A change even in the regulation of a single gene can have 

important consequences for modern species (Gompel et al. 2005; Prud’homme et al. 2007; Wray 

2007; Mclean et al. 2011; Shim et al. 2012).  For example, the ability of human populations to 

digest lactose as adults is caused by increased expression of the enzyme that breaks down lactose 

(Lewinsky 2005; Tishkoff et al. 2007).  However, we know that most biological processes 

require the coordinated expression of many genes rather than a single gene.  Often hundreds of 

genes must be expressed in a specific spatial or temporal pattern to produce a useful phenotype.  

These concerted changes are often achieved in eukaryotes through the actions of transcription 

regulators—proteins that bind to specific cis-regulatory DNA sequences to activate or repress the 

transcription of nearby genes.  By binding to a specific cis-regulatory sequence at many locations 

in the genome, a single transcription regulator can control the expression of large numbers of 

genes.  Some of these target genes may themselves be transcription regulators, leading to further 

downstream gene regulation.  In this way, large numbers of genes can be linked together in 

regulatory networks, where they are co-regulated by one or more transcription regulators.  This 

organization makes it possible, through only a few point mutations, to up-regulate or down-

regulate whole sets of genes over evolutionary time by accumulating mutations that alter the 

regulation or protein sequence of a key transcriptional regulator.  For example, in stickleback 

fish, small changes in the expression pattern of a single transcription regulator are linked to 

reductions in bone structure (Shapiro et al. 2004; Chan et al. 2010).   

For truly novel transcription networks to form, however, many ancestral connections 

between transcription regulators and target genes must be broken and new ones formed over 

evolutionary timescales.  In this paper, we will review work from our laboratory and others that 

2



attempts to understand how this happens and how it can lead to new phenotypes.  This approach 

requires a detailed understanding of the connections between transcription regulators and target 

genes in a network, and how these connections break and form over evolutionary time.  For 

several reasons, the ascomycete yeasts have proven a powerful model system for this work.  First, 

there are a large number of ascomycete yeast species with sequenced genomes.  The most highly 

diverged ascomycete species discussed in this paper last shared a common ancestor 

approximately 300 million years ago (Taylor and Berbee 2006); based on the rates of change of 

deeply conserved proteins, this evolutionary distance corresponds roughly to the sequence 

divergence between humans and fish (Dujon 2006).  Thus these yeast species represent a 

sizeable amount of evolutionary history.  Second, many of these yeast species are genetically 

tractable, meaning that regulatory networks can be experimentally mapped.  For example, 

genomic locations bound by a given transcription regulator can be determined by full genome 

chromatin immunoprecipitation (ChIP-Seq), and the effects of knocking out a transcription 

regulator can be assayed by sequencing mRNA (RNA-Seq).  And third, because yeast are single-

celled organisms, the regulatory networks, although complex by any reasonable metric, are often 

simpler than those in multicellular organisms.   

Analysis of yeast regulatory networks has clearly demonstrated that transcription network 

rewiring—breaking old connections and forming new ones—occurs at surprisingly high rates 

over evolutionary timescales (Tsong et al. 2006; Borneman et al. 2007; Martchenko et al. 2007; 

Tuch et al. 2008a; Lavoie et al. 2009).  Because transcription regulators are deeply conserved 

(often retaining the same DNA binding specificity for hundreds of millions of years) and most 

“target” genes (that is, genes whose expression is controlled by transcription regulators) are 

deeply conserved, it was reasonable to assume that the connections between regulators and target 
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genes would also be conserved.  Although this is sometimes the case, there are so many counter 

examples to this expectation that one is tempted to view rewiring as the norm with preserved 

connections as the exception.  For example, the transcription regulator Mcm1 regulates many 

hundreds of genes in S. cerevisiae (Messenguy and Dubois 2003).  It is sufficiently conserved 

that a human homolog can substitute for it in vivo (Primig et al. 1991); the human and yeast 

proteins have retained a nearly identical DNA-binding specificity (Hayes et al. 1988).  However, 

only 15% of the connections between this regulator and its deeply conserved target genes are 

observed in two other ascomycete species, C. albicans and K. lactis (Tuch et al. 2008a).  Many 

of these changes are due to the losses and gains of cis-regulatory sequences (for example, 

through mutational inactivation of ancestral sequences and de novo formation of derived 

sequences), but some are also due to the breakage and formation of protein-proteins interactions 

between Mcm1 and its partner transcription regulators (Tuch et al. 2008a; Askew et al. 2010).  In 

another study of two regulators of pseudohyphal growth, fewer than 25% of the genes bound in S. 

cerevisiae were also bound in the closely related yeasts S. mikatae and S. bayanus, although 

these genes are present in all three species (Borneman et al. 2007).  A third case—that of the 

ribosomal protein genes—shows that high levels of transcription rewiring occur even across a 

very deeply conserved target gene set (Tanay et al. 2005; Hogues et al. 2008; Lavoie et al. 2010).  

The two key transcription regulators of ribosomal protein gene expression in S. cerevisiae (Rap1 

and Hmo1) have no role regulating these genes in C. albicans; instead two other regulators (Tbf1 

and Cbf1), which are also present in S. cerevisiae (but have no role in ribosomal regulation in 

that species) serve this role in C. albicans (Lavoie et al. 2010).  These studies demonstrate that, 

even for processes fundamental to the cell that require many highly conserved proteins to be co-
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expressed in the appropriate stoichiometry, transcription rewiring nevertheless occurs at high 

rates. 

These observations raise an apparent paradox: if sets of genes are deeply conserved 

across species and if the regulatory proteins that control their expression are also deeply 

conserved, why aren’t the ancestral regulatory connections preserved?   In other words, why isn’t 

network rewiring selected against?  In the next section, we will review several examples of 

regulatory rewiring that we believe provide insight into this fundamental question.  

 

Networks can rewire in ways that preserve output 

Several features of transcription networks have been identified that—in principle—

contribute to their ability to change rapidly over evolutionary time (reviewed by Carroll 2000; 

Wray et al. 2003; Tuch et al. 2008b).  Transcription regulators bind to short, degenerate DNA 

sequences—usually fewer than 10 base pairs—that can be positioned at variable locations within 

the control region of a gene.  Functional cis-regulatory sequences are therefore relatively easy to 

acquire (and lose) through random mutation, resulting in changes in connections between 

regulators and target genes.  For example, in any stretch of 1000 nucleotides, there are probably 

several “near-miss” sequences for any given transcription regulator that can, by a single point 

mutation, be converted to a functional cis-regulatory sequence.  In addition, transcription 

regulators often bind to gene control regions cooperatively with other sequence-specific 

transcription regulators.  The protein-protein interactions between regulators that can produce the 

cooperativity are often weak, meaning that a few amino acid changes may be sufficient to gain or 

lose an interaction with another regulator (Arnone and Davidson 1997; Lynch and Wagner 2008; 

Sorrells and Johnson 2015).  Finally, transcription regulators have been shown to be modular, 
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with DNA-binding specificity typically uncoupled from the ability to interact with other 

regulators or with the general transcription machinery.  Thus, it is possible for a small number of 

amino acid changes to alter one of these three functions without affecting the other two.  All of 

these features allow new patterns of gene expression to arise from a small number of mutations.  

However, these considerations by themselves cannot explain the high rates of transcription 

rewiring; if interactions between a transcription regulator and a DNA sequence or another 

protein provide a fitness advantage, they should be preserved by purifying selection.  Thus, 

despite the fact that transcription circuits are inherently malleable by mutation, one might have 

predicted that purifying selection would prevent these changes from accumulating.     

 The evolution of mating-type regulation in the ascomycete yeasts has provided a clear 

understanding of how circuit rewiring can occur despite constraints imposed by purifying 

selection.  In the ascomycete yeast species, cells exist in one of three cell types: a, a, and a/a 

cells (Herskowitz 1989; Hull et al. 2000).  The mating competent forms, a cells and a cells, can 

mate with each other to form a/a cells.  In order to ensure that only a cells and a cells mate, each 

of the three cell types express a distinct set of cell-type specific genes.  In a cells, these genes are 

known as the a-specific genes, and they encode mating pheromone, pheromone receptor, 

agglutinins, and a pheromone exporters, each required for a cells to mate efficiently with a cells.  

These genes are controlled by transcription regulators encoded by the mating-type locus, which 

ensure that they are expressed in a cells but not in a cells or a/a cells. 

 The mechanism through which the a-specific genes are regulated differs between the 

modern species S. cerevisiae and C. albicans (Tsong et al. 2003, 2006; Baker et al. 2012).  In the 

last shared ancestor of these two species, it has been deduced (based on a variety of approaches), 

that cell-type specification was carried out by a transcriptional activator (Mata2, hereafter 

6



referred to as a2), encoded by the mating-type locus (Tsong et al. 2006).  In a cells and a/a cells, 

the a-specific genes are off by default, because these cell types do not make a2.  This form of 

positive regulation is preserved in the extant species of C. albicans (Tsong et al. 2003).  In this 

species, a2 binds to specific DNA sequences cooperatively with the transcription regulator, 

Mcm1 (which is expressed in all three cell types) and thereby activates the a-specific genes.  

However, on the lineage leading to S. cerevisiae, there was a major rewiring of this network 

(Baker et al. 2012).  First, a product of the a cell mating-type locus, (Mata2, hereafter referred to 

as a2), acquired the ability to repress the a-specific genes in a cells.  This occurred through a 

gain of cooperative binding interaction with Mcm1, coupled with the gain of a2 cis-regulatory 

sequences upstream of the a-specific genes.  This acquisition resulted in a dual-control regulation 

of the a-specific genes: in a cells they are activated by a2 and Mcm1, while in a cells and a/a 

cells they are repressed by a2 and Mcm1.  This dual form of regulation is conserved in the extant 

clade represented by the species L. kluyveri.  However, this dual system of regulation was not 

maintained in all descendant species.  On the lineage leading to K. lactis, the a2 repression mode 

was lost, reverting to the ancestral form of a2 activation-only regulation.  On the lineage leading 

to S. cerevisiae, the opposite shift occurred: the ancestral form of regulation (activation by a2) 

was lost and a2 repression-only regulation was retained (Figure 1).  We know that the S. 

cerevisiae lineage is now locked in the negative-only form of regulation because the gene 

encoding a2 was lost, making this change effectively irreversible.  Thus, in modern species, at 

least three different regulatory schemes (positive regulation, negative regulation, and dual-

control regulation) are used to ensure a-specific gene expression (Baker et al. 2012).    

 Perhaps the most important conclusion of this study is that the overall regulation of the a-

specific genes (expression in a cells, no expression in a and a/a cells) is preserved throughout 
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these evolutionary changes; that is, the output of the circuit is never broken despite the major 

changes in the molecular mechanism.  It is not known whether any of these changes were 

adaptive; indeed it is possible that these multiple rewiring events could have occurred simply by 

non-adaptive drift.  The DNA sequences recognized by a2 and a2 are very similar (Smith and 

Johnson 1992; Tsong et al. 2006), despite the fact that these proteins are members of different 

transcription factor families, the former being an HMG-domain protein and the latter a 

Homeodomain protein.  This means that very few mutations were required to convert an existing 

a2 site into an a2 site.  In addition, even weak interactions with Mcm1 can stabilize a2 binding 

in the absence of its cis-regulatory site (Baker et al. 2012), suggesting that the protein may have 

been able to bind and weakly repress the a-specific genes even before strong a2 cis-regulatory 

sites emerged.  Thus, it is possible that only a few mutations were required for a2 to initially 

gain the ability to repress the a-specific genes, a change that would occur without compromising 

ancestral regulation by a2.  Because selection acts only on the output of this system—the ability 

of a cells to mate with a cells—the network architecture may have been free to change (for 

example from positive control to dual-control to negative control) simply because it retained the 

appropriate output.  We suspect such dual-control regulatory networks may serve as common 

evolutionary intermediates in many regulatory rewiring events.  In the same way that duplicated 

genes can diversify, we predict that dual-control circuits often lead to different regulatory 

schemes in extant species.  This idea can easily explain how transcription circuits can become 

rewired over an evolutionary timescale without a loss in fitness (Weirauch and Hughes 2010; Li 

and Johnson 2010).    

 

Paths of regulatory network rewiring are constrained 
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 For any regulatory network there exists, in theory, a vast number of possible trajectories 

for network rewiring.  However, many of these trajectories—for example those that destroy an 

important connection—are unlikely to be realized as they would have a detrimental effect of the 

output of the network.  This imposes a set of constraints on available paths of evolutionary 

rewiring.  Understanding the constraints imposed on any particular network helps reveal the 

ways in which networks can be rewired, and, ultimately, may explain why networks in modern 

cells have particular types of configurations. 

 

Constraints on intersecting transcription networks 

 Most transcription networks do not exist in isolation, but instead overlap with other 

regulatory networks.  For example, the activation of a single gene may be the downstream 

response for more than one regulatory network, each activated by different set of environmental 

cues.  As a result, networks are often subject to constraint imposed by selection on the output of 

multiple networks.  In other words, a given network cannot change in such a way as to disrupt 

the output of that network or any other intersecting networks, providing these networks are under 

purifying selection.  Because of this, certain pathways through which a network could—in 

principle—change are not permissible because the change would disrupt an intersecting network.  

An example of this principle is seen with the network that controls the pheromone response in 

the ascomycete yeast species, which intersects with the previously discussed a-specific gene 

network.  Here, a previously inaccessible evolutionary path of rewiring of the pheromone 

response network was made accessible by the rewiring of the a-specific gene network. 

 In both a and a cells, when pheromone is sensed, a set of pheromone-responsive genes 

are activated.  Some of these genes are cell-type specific, including the a-specific genes, and 
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some are common to both a and a cell types.  In the presence of pheromone, the transcription 

regulator Ste12 is activated by phosphorylation and up-regulates the pheromone-responsive 

genes (Herskowitz 1995; Coria et al. 2006).  The a-specific genes, therefore, are a part of two 

different, intersecting transcription networks: the a-specific gene network with the master 

transcriptional regulators a2 and a2 (as described above), and the pheromone response network 

with the master regulator Ste12.  The way in which Ste12 regulates the a-specific genes varies 

among the ascomycete yeast species (Figure 2A).  In the C. albicans and K. lactis clades, Ste12 

is brought to the a-specific genes indirectly, through a protein-protein interaction with a2 

(Sorrells et al. 2015).  This indirect recruitment occurs despite the fact that Ste12 is capable of 

binding directly to specific DNA sequences to activate gene expression; the general pheromone-

responsive genes are activated in this manner (Dolan et al. 1989).  In the S. cerevisiae clade, the 

binding of Ste12 to the a-specific genes occurs through direct DNA binding—the a-specific 

genes in this clade contain optimal Ste12 cis-regulatory sequences (Figure 2A).   

Experiments performed in K. lactis (a proxy for the ancestral form of regulation) show 

that the gain of Ste12 cis-regulatory sequences in the K. lactis a-specific genes compromises 

cell-type regulation of the a-specific genes, causing their ectopic expression in a cells (Sorrells 

et al. 2015).  However, this gain of cis-regulatory sites could occur without compromising a-

specific gene regulation once the a-specific network had shifted from positive regulation (by a2) 

to negative regulation (by a2), as described in the preceding section.  In this way, a change in the 

regulation of the a-specific genes allowed for a change in Ste12 regulation of the pheremone 

response genes without compromising the outputs of either network (Figure 2B). 

This study highlights the importance of fully understanding available evolutionary 

pathways in order to truly understand the “logic” of extant transcription networks.  In comparing 
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the pheromone regulation of the a-specific genes between S. cerevisiae and K. lactis, one might 

have assumed that there must be an adaptive explanation for Ste12 binding directly to these 

genes in S. cerevisiae but indirectly in K. lactis.  We suggest an alternative explanation: the 

direct Ste12 binding pathway was not a viable trajectory from the ancestral mode of a-specific 

gene regulation and therefore could not occur in K. lactis without a detrimental effect (Figure 

2B).  The switch from the indirect to direct mode of Ste12 recruitment required the shift in a-

specific gene regulation, and occurred well after the shift happened.  This case clearly 

demonstrates that new trajectories of gene regulation depend on prior changes, a situation 

analogous to sign epistasis in protein evolution (Mohrig et al. 1995; Bloom et al. 2006; Ortlund 

et al. 2007; Harms and Thornton 2014).   

 

Constraints on duplicated transcription regulators 

 Gene duplication has long been recognized as an important source for producing new 

transcription networks (Ohno 1970; Conant and Wolfe 2008; Innan and Kondrashov 2010).  

When a transcription regulator gene is duplicated, for example, its functions can be partitioned 

between the two paralogs, a process known as subfunctionalization, which results in both genes 

being retained by selection (Lynch and Force 2000; Lynch 2007).  Less well appreciated, 

however, are constraints that may occur in the subsequent diversification of these duplicated 

genes.  For example, certain evolutionary changes in one transcription regulator paralog could 

interfere with the function of the other and therefore be removed by selection.  An example of 

the constraints imposed by such “paralog interference” has been documented for the duplication 

of the transcription regulator Mcm1 (Baker et al. 2013).  

11



As previously discussed, Mcm1 is required in ascomycetes for proper regulation of the a-

specific genes.  It is also required for proper regulation of the a-specific genes, where it binds 

cooperatively with a1, a product of the a mating-type locus (Bender and Sprague Jr. 1987).  In 

addition to the cell-type specific genes, Mcm1 also regulates the genes required for arginine 

metabolism, where it binds cooperatively with the transcriptional regulator Arg81 (Messenguy 

and Dubois 1993).  In the ancestor of S. cerevisiae and C. albicans, Mcm1 binds to both the a-

specific genes and the arginine metabolism genes as a homodimer.  In both cases, the Mcm1 cis-

regulatory site is adjacent to the binding site of the cofactor, allowing cooperative binding with 

either a1 or Arg81 (Figure 3) (Tuch et al. 2008a). 

Mcm1 underwent a segmental duplication event on the lineage leading to S. cerevisiae.  

One of the paralogs, called Mcm1 in S. cerevisiae, lost the ability to interact with Arg81.  The 

other paralog, called Arg80 in S. cerevisiae, lost the ability to interact with a1 (Baker et al. 2013).  

The result is a classic case of subfunctionalization: in S. cerevisiae Mcm1 controls a-specific 

genes, and Arg80 controls arginine metabolism genes (Figure 3) (Messenguy and Dubois 2003).  

However, while this appears to be a neat partitioning of ancestral function between the two 

paralogs, paralog interference necessitated additional changes in the regulatory mechanism. 

Paralog interference occurs because transcription regulators are modular, with different 

parts of the protein responsible for different physical interactions.  Mutating a region in one 

paralog can therefore result in it acting as a “dominant negative” on the other.  Reconstruction 

experiments indicate that this took place when Mcm1 and Arg80 underwent a 

subfunctionalization (Baker et al. 2013).  In particular, the reconstruction experiments show that 

an ancestral form of Arg80 interfered with Mcm1 by binding the cis-regulatory sequences at the 

a-specific genes but failing to interact productively with a1.  This interference was relieved (or 
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more likely, circumvented) by a reduction in the ability of Arg80 to bind DNA, allowing Mcm1 

to outcompete Arg80 for binding at the a-specific genes.  The order in which these mutations 

occurred is not known, but the end result is that S. cerevisiae Arg80 has lost the ability to interact 

with a1 and has a reduced DNA-binding affinity (Baker et al. 2013).  This pathway accounts for 

the previously puzzling fact that in S. cerevisiae Arg80 binds to the arginine genes as a 

heterodimer with Mcm1: the distal cis-regulatory site is bound by an Mcm1 monomer due to its 

increased affinity for DNA, while the proximal site is bound by an Arg80 monomer due to its 

cooperative interaction with Arg81 (Figure 3).  This evolutionary origin for the Arg80-Mcm1 

heterodimer has much more explanatory power than a simple assertion that, for S. cerevisiae, the 

heterodimer is somehow an “improvement” over the ancestral homodimer.  

 

Transcription Network Rewiring Can Generate Biological Novelty 

 The examples of transcription network rewiring discussed so far are all neutral in the 

sense that the overall regulatory output has been preserved despite the changes in molecular 

mechanism; the a-specific genes are still expressed specifically in a cells, they are induced by 

pheromone, and the arginine metabolism genes are still regulated in response to arginine.  

Although the quantitative aspects of these regulons may have been altered by the changes in 

regulation (and some of these could be adaptive), the overall gene expression patterns have not 

changed.  The same forces and constraints that produce these neutral changes in molecular 

wiring can also produce new transcription circuits that produce novel phenotypes, a topic we 

now discuss. 

 

Generation of novel network behavior by intercalation of a regulator 
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 One way an existing network can gain a novel behavior is by integrating an existing 

regulator into the network.  In this way, a whole set of previously linked genes can become 

responsive to a new condition (Gehring and Ikeo 1999).  This integration of a novel regulator 

into an existing circuit has been demonstrated for a set of yeast cell-type specific genes, the 

haploid-specific genes (Booth et al. 2010).  These genes are expressed in a and a cells, but not in 

a/a cells, and they code for proteins that both a and a cells use to transduce the pheromone 

signal and activate Ste12 (Herskowitz 1989).  In S. cerevisiae and C. albicans, these genes are on 

by default in a and a cells, and repressed in a/a cells by a heterodimer of the regulators a1 and 

a2 (Figure 4) (Miller and Johnson 2002; Galgoczy et al. 2004).  In the species K. lactis, however, 

a new tier of regulation has entered this network (Booth et al. 2010).  Here, the a1/a2 

heterodimer represses another regulator, Rme1, and Rme1 in turn activates the haploid-specific 

genes in haploids.  The overall effect of a1 and a2 on haploid-specific gene expression is 

therefore preserved: the heterodimer represses the haploid-specific genes by turning off their 

activator.  However the molecular complexity of the circuit has increased, as an additional 

transcription regulator has been intercalated into the ancestral circuit (Figure 4).  Rme1 is present 

in all ascomycetes (where it is often activated by starvation to induce meiosis), but only in the K. 

lactis clade has it entered the haploid-specific gene network.    

 This change in regulation also results in a change in the logic of the circuit.  Because 

Rme1 expression itself is regulated by starvation (Covitz and Mitchell 1993), expression of the 

haploid-specific genes in K. lactis now becomes dependent on starvation.  It has been known for 

many years that K. lactis, unlike S. cerevisiae and C. albicans, requires starvation to mate 

(Herman 1970), and this novel behavior can be attributed to the intercalation of Rme1 into the 

haploid-specific network.  Although the overall cell-type output of the network has been 
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conserved (the haploid-specific genes are off in a/a cells), the intercalation of Rme1 into the 

ancestral network has generated a novel cell behavior: the stimulation of K. lactis mating in 

response to nutrient deprivation (Booth et al. 2010). 

 

Generation of novel networks through gene duplication 

 As discussed above, gene duplication is widely regarded as one of the most important 

sources of evolutionary novelty (Ohno 1970; Conant and Wolfe 2008; Innan and Kondrashov 

2010).  Unlike the partitioning of an ancestral network between two paralogs (as occurred in the 

case of Mcm1) gene duplication of a transcription regulator can also lead to a large network 

expansion.  A striking example occurred relatively recently in the C. albicans clade, where 

duplication of a deeply conserved transcriptional regulator, Lys14, led to the formation of new 

regulatory networks important for the ability of C. albicans to colonize and cause disease in 

mammalian hosts (Pérez et al. 2013; Perez et al. 2014).  C. albicans is one of only a few 

ascomycete yeast species that can colonize humans (Butler et al. 2009), and the formation of 

these new regulatory networks is believed to be a crucial adaptation for the tight association of 

this species with its human host.    

 In S. cerevisiae, the transcription regulator Lys 14 binds to a specific cis-regulatory 

sequence and thereby regulates expression of the genes required for lysine biosynthesis, hence its 

name (Ramos et al. 1988; Feller et al. 1994).  On the lineage leading to C. albicans, this gene 

underwent several successive duplications to produce four paralogs in C. albicans (Figure 5).  

None of the four paralogs regulate the lysine biosynthesis genes in this species (Homann et al. 

2009); instead, they have roles in other processes important in the biology of C. albicans.  Two 

of the paralogs, Lys14 and Lys144 (originally named with the prefix “Lys” due to homology 
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with the S. cerevisiae Lys14 gene rather than function), have been shown to have roles in host-

pathogen interactions.  Lys14 is required for C. albicans to cause a bloodstream infection, while 

Lys144 is required for colonization of the intestinal tract (Pérez et al. 2013).  One of the other 

paralogs, Lys143 has been shown to affect the ability of cells to switch between white and 

opaque types (Perez et al. 2014), two distinct heritable cell types, a behavior that arose on the 

lineage to C. albicans and does not exist in S. cerevisiae and related species (Soll 2004; Lohse 

and Johnson 2009).  The biological role of the fourth paralog is not known.  In each case, only a 

single paralog is required for the phenotype in question, demonstrating the nearly complete 

diversification of these four transcription regulators subsequent to the gene duplications.  This 

phenotypic diversification was confirmed by analyzing the direct gene targets of each the four 

paralogs.  Although some connections are shared between them, a large fraction of the target 

genes are bound by one paralog but not by any of the other three paralogs (Perez et al. 2014). 

This diversification in DNA binding specificity across the four paralogs is due to a 

combination of three different mechanisms (Perez et al. 2014).  The first is a change in the 

monomer DNA binding specificity.  Each paralog binds DNA as a homodimer, and the optimal 

DNA sequence recognized by a given monomer is slightly different than that of the other 

paralogs.  More importantly, the orientation and spacing of the monomer binding has diverged 

significantly, indicating key differences in the way that each paralog forms homodimers.  Finally, 

one of the regulators, Lys144, has also acquired the ability to bind DNA cooperatively with 

Mcm1.  Together, these changes allow the four paralogs to bind to different sets of genes, and 

therefore control different networks (Figure 5).  While it is not yet known when, with respect to 

the successive gene duplications, these new networks formed, the end result is four new 
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transcription networks that evolved relatively recently and almost certainly strengthened the 

links between C. albicans and its mammalian hosts. 

 

Conclusions 

 The study of regulatory networks across the ascomycete yeasts has provided several 

important insights into the molecular mechanisms through which ancestral transcription 

networks change and form new networks.  These evolutionary pathways typically do not 

correspond to the way a scientist or engineer would change a network.  Rather, severe constraints 

on available evolutionary pathways arise because networks cannot pass through “broken” 

intermediates.  These constraints, in turn, force networks to evolve in specific ways.  A corollary 

of this idea is that the structure and logic of modern transcriptional networks are dictated by their 

evolutionary histories.  We suggest that any attempt to rationalize network structures in the 

absence of evolutionary considerations will often lead to mistaken conclusions regarding the 

advantage to the cell of one type of network architecture over another (Sorrells and Johnson 

2015).   

Many networks are much larger than those discussed here, sometimes encompassing 

hundreds or thousands of genes.  Although there is no direct evidence available, we believe that 

the evolution of these large networks is shaped, at least in part, by the same types of constraints 

we have described.  However, we do not yet understand how a large network, composed of many 

transcription regulators and hundreds or thousands of target genes, forms in the first place.  

Although a few general principles underlying network evolution have now been deduced, we 

simply do not know how many additional principles await discovery.   
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Figure 1:  Phylogenetic tree showing the evolution of a-specific gene regulation.  In the 
ancestor of S. cerevisiae and C. albicans, the regulator a2 activates a-specific gene expression in 
a cells while these genes are not expressed in alpha cells because these cells lack a2.  This 
positive regulation mode is conserved in C. albicans.  On the lineage leading to S. cerevisiae, 
dual-control regulation emerged when alpha2 gained the ability to repress a-specific genes in 
alpha cells.  This dual-control regulation was resolved in three different ways in extant species: 
in K. lactis, the new alpha2 repression mode was lost, reverting to the ancestral form of positive 
regulation; in L. kluyveri the dual-control regulation was maintained; and in S. cerevisiae the 
positive form was discarded leaving only the negative form of regulation.  In all cases, a2 and 
alpha2 regulate expression cooperatively with the regulator Mcm1 (not shown), which is 
expressed in both cell types.  Correct regulation of the a-specific genes (on in a cells, off in 
alpha cells) is maintained through all of these transitions.  (Adapted from Baker et al. 2012)
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Figure 2:  Evolutionary trajectory of rewiring of Ste12 regulation of the a-specific genes. 
(A) In the ancestor of S. cerevisiae and C. albicans, Ste12 activates a-specific gene expression 
in a cells indirectly, by binding to the regulator a2.  After the dual-control regulatory state of 
a-specific gene regulation emerged, Ste12 acquired the ability to bind these genes directly to 
activate their expression.  (B) The order of these changes was constrained.  The cube shows all 
possible paths of rewiring of the a-specific genes, with each axis representing one of the three 
required changes.  Dark lines with arrows represent the most likely evolutionary path, as other 
paths (shown in dashed lines) lead to mis-regulation of the a-specific genes.  In all cases, a2 
and alpha2 regulate expression cooperatively with the regulator Mcm1 (not shown), which is 
expressed in both cell types.  (Adapted from Sorrells et al. 2015; New and Lehner 2015)
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Figure 3:  Phylogenetic tree showing evolution of Mcm1 regulation of alpha-specific 
genes and arginine metabolism genes (ARG genes).  In the ancestor of S. cerevisiae and C. 
albicans, a homodimer of Mcm1 regulates the alpha-specific genes by binding to DNA with 
alpha1, and a homodimer of Mcm1 regulates the ARG genes by binding to DNA with Arg81.  
This ancestral regulatory state is maintained in K. lactis and C. albicans.  On the lineage 
leading to S. cerevisiae, Mcm1 underwent a segmental duplication resulting in the paralogs 
Mcm1 and Arg80.  The resulting paralogs subfunctionalized: in S. cerevisiae, a homodimer of 
Mcm1 regulates alpha-specific genes, while a heterodimer of Mcm1 and Arg80 regulates 
ARG genes.  The regulatory scheme of L. kluyveri has not been determined, but is presumed 
to be the ancestral form.  (Redrawn from Baker et al. 2013)

26



starvation

core hsgs

direct regulation

α2a1
Rme1

Rme1α2a1

core hsgs

direct regulation

direct regulation

S. cerevisiae

L. kluyveri

K. lactis

C. albicans

Figure 4:  Phylogenetic tree showing the evolution of regulation of the core haploid-spe-
cific genes (core hsgs).  In the ancestor of S. cerevisiae and C. albicans, a heterodimer of a1 
and alpha2 directly repress the core haploid-specific genes in a/alpha cells.  This direct regula-
tion is retained in S. cerevisiae and C. albicans.  In K. lactis, however, a1-alpha2 now 
represses the core hsgs indirectly by repressing the regulator Rme1, which activates the core 
haploid-specific genes.  As Rme1 expression is activated by starvation, the core haploid-spe-
cific genes now require both starvation and the absence of a1/alpha2 to be fully expressed.  
(Adapted from Booth et al. 2010) 
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Figure 5:  Phylogenetic tree showing evolution of the Lys14 family of regulators.  In S. 
cerevisiae, a Lys14 homodimer regulates lysine biosynthesis genes.  On the lineage leading to 
C. albicans, Lys14 underwent three successive duplications resulting in four paralogs.  In C. 
albicans, none of these four genes regulates lysine biosynthesis.  Each paralog recognizes a 
different DNA sequence with different spacing between monomer binding sites to regulate a 
unique gene set.  In addition, Lys144 now binds cooperatively with a homodimer of Mcm1.  
The regulation in the ancestor is unknown. (Adapted from Perez et al. 2014; Blake and Barolo 
2014)
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Introduction 

 

 The emergence of novel traits has long fascinated evolutionary biologists, with many 

intriguing examples existing across the tree of life (1-4).  However, we still lack a detailed 

understanding of the molecular changes that underlie the evolution of truly novel phenotypes.  

The rewiring of gene regulatory networks over time is a key source of variation that facilitates 

the modification of complex phenotypes (5-8), however it has not been shown how complex 

gene regulatory networks actually form over evolutionary time.  Typically, gene regulatory 

networks are composed of an interlocking group of “master” transcription regulators and many 

downstream “target” genes, whose expression is controlled by these regulators in response to 

environmental or developmental signals.  It has been proposed that new gene regulatory 

networks are a composite of both de novo genes and pre-existing genes that are coopted into the 

newly forming network through a change in regulation (2).  Yet it remains unclear how such 

combinations of genes become incorporated into an emerging regulatory network.  In particular, 

an important open question is how an ancient transcription regulator can form the basis of a 

newly evolving regulatory network.  

Here, we reveal the evolutionary history of Ndt80, a sequence-specific transcriptional 

regulator that has lost its ancestral role to become one of the master regulators in a newly 

evolved gene regulatory network in the human fungal pathogen Candida albicans.  In C. 

albicans, Ndt80 is a master regulator of the gene regulatory network that controls the formation 

of biofilms, multicellular communities of surface-associated cells, which enable persistent 

human infection on mucosal surfaces of implanted medical devices (Fig. 1A, (9-11)).  The 

biofilm gene regulatory network in C. albicans is both complex—Ndt80 alone controls the 
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expression of hundreds of genes involved in biofilm formation—and also appears to have 

evolved relatively recently (9).  However, Ndt80 regulates a very different process in 

Saccharomyces cerevisiae, another fungal species that last shared a common ancestor with C. 

albicans around 300 million years ago (12).  In S. cerevisiae, Ndt80 regulates the expression of 

hundreds of genes involved in sporulation, the process in which a diploid cell undergoes meiosis 

to form four haploid spores (Fig. 1A, (13-18)).    

In this study, we determine that Ndt80’s ancestral role was in the regulation of 

sporulation.  This ancestral role was lost coincident with Ndt80’s switch into the network 

controlling biofilm formation, between approximately 20 and 100 million years ago (12).  Ndt80 

regulates hundreds of genes in S. cerevisiae and C. albicans, and we show there is little overlap 

between these gene sets.  Thus, the shift in Ndt80 function involved the breaking and forming of 

hundreds of target gene connections.  We can rigorously exclude a model in which the Ndt80 

network remained static until a sudden change occurred in the Candida clade when its overall 

function changed from sporulation to biofilm formation.  Instead, we found that the Ndt80 

regulon was undergoing significant rewiring prior to the switch in Ndt80 function.  Specifically, 

we found extensive rewiring in the target genes of Ndt80 in clades where Ndt80’s role in 

sporulation was conserved.  We propose that the inherent, continuous flexibility of the Ndt80 

regulon facilitated the exploration of new regulatory networks, leading to the evolution of a 

novel phenotype.  This work is analogous to studies of protein evolution that have demonstrated 

that promiscuity in protein function, such as the ability of an enzyme to weakly catalyze an 

alternative reaction, can evolve with no apparent detriment to the function of the protein, but can 

later be exploited in the evolution of a novel function (19-23).  This study provides the first 

account of a similar exploitation of regulatory network promiscuity in the evolution of novel 
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transcription regulator function.  We believe such network promiscuity may be a general feature 

of regulatory networks and provides an important mechanism to facilitate the emergence of 

novel phenotypes.  

 

Results 

 

As described above, Ndt80 is required for two very different processes – 

sporulation/meiosis in S. cerevisiae and biofilm formation in C. albicans (Fig. 1A). In principle, 

the difference in phenotype could be due to a difference in the identity of the genes regulated by 

Ndt80 between these species; alternatively, Ndt80 could regulate the same genes in both species 

and the difference in phenotype could be due to something else, for example, Ndt80 target genes 

acquiring new enzymatic functions. 

To distinguish between these models, we identified the genes directly regulated by Ndt80 

in both S. cerevisiae and C. albicans using chromatin immunoprecipitation of epitope-tagged 

Ndt80 followed by high throughput sequencing (ChIP-Seq).  To minimize the effect of species-

specific differences in Ndt80 expression (and to capture as much of the network as possible) the 

promoters of Ndt80 in both species were replaced with high-expression constitutive promoters 

(see Supplemental Materials and Methods).  It has been well established that, even using proper 

controls, chromatin immunoprecipitation produces false positives in addition to valid instances 

of binding (24, 25).  To eliminate spurious signals and identify bona fide instances of Ndt80 

binding, we employed four different criteria to identify and filter Ndt80 targets (Fig. 1C).  First, 

we identified genes with significant peaks of ChIP enrichment in the intergenic region upstream 

of that gene as our least stringent criteria.  Second, we filtered this set to include only those ChIP 
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enrichment peaks that contained an Ndt80 cis-regulatory motif in the intergenic region.  Third, of 

those ChIP peaks that contained an Ndt80 motif, we further refined the set of Ndt80 targets by 

requiring that the motif also be present in the orthologous intergenic region of two very closely 

related species.  (For S. cerevisiae, we used S. mikatae and S. kudriavzevii, for C. albicans we 

used C. tropicalis and C. dubliniensis (26, 27)).  Lastly, we used gene expression data to restrict 

Ndt80 targets to ChIP peaks with an Ndt80 motif where the adjacent gene also exhibited a 

significant change in gene expression when Ndt80 was deleted (9, 14).   

Each of the four sets of criteria were used to identify and compare the genes regulated by 

Ndt80 between S. cerevisiae and C. albicans.  While one could argue a priori of the superiority 

of one set of criteria over another, we note that the major conclusions of this analysis were 

independent of the approach used.  Thus, while the number of genes identified as Ndt80 targets 

differs depending on the criteria used, all four methods produce the same overall result: Ndt80 

regulates many genes, the majority of which differ between S. cerevisiae and C. albicans (Fig. 

1D).  By all methods, fewer than 13% of the targets of Ndt80 in these two species are shared; 

with the most stringent criteria this drops to 2% (Fig. 1D).  To ensure that constitutive 

overexpression of Ndt80 was not responsible for this large difference in Ndt80 targets, we also 

performed ChIP-Seq on Ndt80 in both species under the control of the endogenous promoter.  

While many fewer regions are bound than with constitutive Ndt80 expression, we similarly find 

very little overlap in the Ndt80 targets in S. cerevisiae and C. albicans. 

These results all support the idea that Ndt80 regulates different sets of genes in S. 

cerevisiae and C. albicans.  Most of these genes have 1:1 orthologs between the two species, 

however, there are a smaller number of species-specific genes.  If we exclude these genes from 

our analysis, however, we still find very little overlap in Ndt80 targets (2-20% targets shared, 
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depending on target identification method), suggesting that gene gain/loss alone cannot account 

for the change in Ndt80 targets between S. cerevisiae and C. albicans.  Despite the significant 

differences in Ndt80 targets, however, the cis-regulatory sequence bound by Ndt80 in both 

species is highly conserved ((9, 28), Fig. 1B).  This observation indicates that the Ndt80 regulon 

has been significantly rewired between S. cerevisiae and C. albicans without a change in the 

DNA-binding specificity of Ndt80.    

While the Ndt80 genes in S. cerevisiae and C. albicans tested above are unambiguous 

orthologs, in C. albicans there is a second copy of Ndt80, resulting from a recent gene 

duplication (Fig. 2A, (29)).  The other paralog, which we refer to as Ndt80A, shares synteny with 

the pre-duplication Ndt80 (26), indicating that it derives from the original gene.  Ndt80B—the 

paralog required for biofilm formation whose targets we describe above—derives from the 

duplicated copy.  The regulatory function of Ndt80A is unknown, but deletion of Ndt80A has no 

effect on biofilm formation ((9), Fig. 4H).  To ensure that the difference in targets between 

Ndt80 in S. cerevisiae and Ndt80B in C. albicans is not simply a consequence of the gene 

duplication, we identified the regulatory targets of Ndt80A in C. albicans by ChIP-Seq under 

control of the same constitutive promoter used for Ndt80B.  We found that the targets regulated 

by Ndt80A represent a small subset of the targets of Ndt80B; that is, Ndt80A binds to many 

fewer genomic regions, but all of these regions are also bound by Ndt80B.  Notably, if we 

compare the targets of Ndt80 in S. cerevisiae to the targets of Ndt80A in C. albicans, we find 

that less than 3% of the overall targets are shared, demonstrating that Ndt80A’s targets are no 

more similar to the targets of Ndt80 in S. cerevisiae than that of Ndt80B.  These results show that 

the rewiring of Ndt80 targets that occurred since S. cerevisiae and C. albicans diverged was not 
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the result of a diversification in Ndt80 paralogs following the gene duplication in the Candida 

clade. 

To reconstruct a timeline of the evolution of the Ndt80 gene regulatory network, we 

conducted ChIP-Seq experiments in three additional species that branch from the lineages to S. 

cerevisiae and C. albicans at highly informative points: K. lactis, P. pastoris and P. stipitis (Fig. 

2A).  In each case, we used the strategy of expressing Ndt80 under the control of a strong 

constitutive promoter to minimize expression differences between species.  In C. albicans and P. 

stipitis there are two paralogs of Ndt80 and so targets were identified for each paralog separately 

and the union was taken to represent all Ndt80 targets in that species.  

We first investigated whether the regulatory targets of Ndt80 in each of these species 

more closely resemble the targets in S. cerevisiae or the targets in C. albicans.  Ndt80 targets 

were identified in all species using ChIP enrichment plus Ndt80 motif presence (Fig. 1C), and 

compared to the targets of Ndt80 in S. cerevisiae and C. albicans.  We found, counter to our 

expectation, that a very large number of Ndt80 targets in each species are not targets of Ndt80 in 

either S. cerevisiae or C. albicans (50% of all targets in K. lactis, 70% in P. pastoris, and 48% in 

P. stipitis, Fig. 2B).  Thus, the Ndt80 regulons in these three species do not closely resemble 

either those of S. cerevisiae or C. albicans; instead, each have acquired a distinctive set of Ndt80 

target genes.  If we repeat this analysis using alternative criteria for identifying Ndt80 targets 

(Fig. 1C), the largest category of targets in each species is still genes that are targets in neither S. 

cerevisiae or C. albicans, indicating that this conclusion is robust to the stringency of Ndt80 

target identification. 

To further analyze the similarity in Ndt80 targets across all five species tested, we 

identified shared Ndt80 targets for every two-species comparisons.  For this analysis, only genes 
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with identifiable 1:1 orthologs in both species were considered, to correct for changes due to 

gains and losses of target genes themselves and focus instead on changes in Ndt80 regulation of 

conserved genes.  This analysis shows very little overlap in Ndt80 targets between any two 

species tested (Fig. 2C).  P. stipitis and C. albicans share the largest overlap, with 25% of the 

targets in either species bound in both, likely due to the fact that these species are the most 

closely related of the five tested (Fig. 2A).  The remaining species, however, share less than 15% 

of their targets, with no discernable pattern predicted by the phylogenetic relationships between 

the species.  These results demonstrate that Ndt80 has undergone extensive rewiring of its target 

genes along several independent phylogenetic branches since the last common ancestor of S. 

cerevisiae and C. albicans.  These changes have resulted in very different Ndt80 regulons in 

each of the five extant species tested.  Consistent with this model, only 10 genes are targets of 

Ndt80 in all five species tested (Table S1).  While this is more than expected strictly by chance 

considering the number of regions bound in each species (p < 10-6), this number pales in 

comparison to the total of 3,261 genes that are Ndt80 targets in just one of the five species.  In 

short, the Ndt80 regulon exhibits a high degree of rewiring in each branch leading to these five 

extant species.   

Because the Ndt80-target gene connections differ significantly between species, we 

considered whether these differences were due primarily to changes in the Ndt80 protein itself, 

or to changes in the distribution of its cis-regulatory motif across the different genomes.  

Although the cis-regulatory sequence recognized by Ndt80 is conserved across these species,  

changes in the Ndt80 protein itself that alter, for example, protein-protein interactions with other 

transcription regulators, could account for some of the differences between species. The 

sequence of the Ndt80 protein does differ considerably across the species tested, with only 55% 
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similarity in the DNA-binding domains of Ndt80 in S. cerevisiae and C. albicans (29), with the 

remainder of the protein showing much less similarity. 

To test whether these changes in protein sequence were primarily responsible for the 

observed differences in Ndt80 target genes between species, we moved the sequence for P. 

pastoris Ndt80 into S. cerevisiae under the control of the same constitutive promoter used for 

ChIP-Seq of the endogenous Ndt80 in S. cerevisiae, and carried out ChIP-Seq on the P. pastoris 

Ndt80.  If we compare Ndt80 ChIP enrichment genome-wide in this experiment to Ndt80 

enrichment for the native Ndt80s in each species, we find that many more of the targets of the 

ectopic P. pastoris Ndt80 are shared with the targets of the native Ndt80 in S. cerevisiae (Fig. 3A 

and B) than the targets of the Ndt80 in P. pastoris (Fig. 3C and D).  These results demonstrate 

that changes in Ndt80 protein sequence across species have had little effect on the Ndt80-target 

gene connections; instead, the connections are predominantly determined by the distribution of 

cis-regulatory sequences across the different genomes.  This result does not mean that changes in 

the protein are unimportant; indeed, the ectopic P. pastoris Ndt80 does not complement an 

Ndt80 deletion in S. cerevisiae (data not shown).  Our results do show, however, that the ectopic 

P. pastoris protein binds to the S. cerevisiae-specific positions of the genome.  Thus, the 

majority of difference in the Ndt80 regulons across species are due to gains and losses of the 

conserved Ndt80 DNA-binding motif.     

To determine how the rewiring of the Ndt80 gene regulatory network corresponds to 

changes in the overall function of Ndt80, we determined the phenotype of an Ndt80 deletion in 

K. lactis, P. pastoris, and C. lusitaniae (Fig. 2A).  We first tested whether deletions had an effect 

on sporulation.  In K. lactis and P. pastoris the Ndt80 deletion mutant is completely deficient in 

its ability to sporulate (Fig. 4A and B).  C. lusitaniae, like C. albicans, has two paralogs of 
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Ndt80.  Deletion of one paralog (Ndt80A) results in a complete deficiency in sporulation, while 

deletion of the other paralog (Ndt80B) results in a dramatic reduction in sporulation efficiency 

(Fig. 4C).  In contrast to these four species, C. albicans has never been observed to undergo 

sporulation and meiosis, relying instead on an alternate parasexual cycle (30, 31).  Given that 

Ndt80 is required for sporulation in S. cerevisiae (13, 18), K. lactis, P. pastoris, and C. 

lusitaniae, and given the phylogenetic relationship between these species (Fig. 2A), the most 

parsimonious model is that, in the ancestor of these species, Ndt80 regulated sporulation. 

We next investigated the requirement for Ndt80 in biofilm formation in these species.  In 

C. albicans, biofilms consist of thick structures of different cell types (yeast-form and hyphae) 

that can form both in vitro and in vivo (on implanted catheters in a mouse model, (32)).  Deletion 

of Ndt80B in C. albicans completely eliminates surface adherence and biofilm formation (Fig. 

4H).  In contrast, in S. cerevisiae, K. lactis, P. pastoris, and C. lusitaniae, the Ndt80 mutants and 

wild-type are comparable in their ability to adhere to a solid surface (Fig. 4D - G).  It is worth 

noting, however, that these species form only a relatively thin layer of yeast-form cells on the 

solid surface rather than the type of thick biofilms characteristic of those formed in C. albicans, 

highlighting the pivotal role likely played by Ndt80 in the evolution of the complex biofilm 

phenotype. 

Taken together, these results indicate that Ndt80 regulated sporulation in the shared 

ancestor of S. cerevisiae and C. albicans, and that this role was lost and the role in biofilm 

formation gained along the C. albicans lineage, after it branched off from C. lusitaniae (Fig. 5A). 

We believe this scenario is more likely than that of the next most parsimonious model, which 

holds that Ndt80 regulated both sporulation and biofilm formation in the shared ancestor, 

requiring four independent losses (three losses of biofilm regulation, one loss of sporulation 
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regulation).  Given that Ndt80 regulates hundreds of genes in each species, a single loss and a 

single gain of Ndt80 function seem more plausible than four independent losses.  

Combining this phenotypic data with the Ndt80 target identification previously discussed, 

we can begin to understand the importance of individual genes in the overall switch in Ndt80 

function.  Only 10 genes are targets of Ndt80 in all five species tested (S. cerevisiae, K. lactis, P. 

pastoris, P. stipitis, and C. albicans) (Figure 2E).  This suggests that a very limited set of genes 

were repurposed from sporulation regulation to biofilm regulation.  If we examine these genes 

and compare them to their known functions in S. cerevisiae, we find three genes involved in cell 

cycle regulation (Clg1, Cln2, Yox1), four metabolic enzymes (Gdh2, Gln1, Rki1, Sga1), two 

proteins associated with the ribosome (Rps7a, Tma10), and one involved in regulation of cell 

wall biosynthesis (Usv1) (Figure 2E), suggesting that these may be important links between the 

phenotypes of biofilm formation and sporulation.  The gene Usv1 is particularly intriguing, as its 

ortholog in C. albicans, Bcr1, is one of the other master regulators of biofilm formation, along 

with Ndt80 (9, 33).  This suggests that two of the master regulators of biofilm formation, Ndt80 

and Bcr1, may have had an ancestral regulatory relationship that was co-opted in the evolution of 

the biofilm regulatory network.  

Because the targets of Ndt80 appear to have rewiring significantly during the switch from 

sporulation regulation to biofilm regulation, we next investigated the significance of this 

rewiring by comparing the overall phenotype of Ndt80 in each species to its underlying 

regulatory network.  In particular, we tested whether Ndt80 targets are more similar among 

species with a conserved overall Ndt80 function than among species with a diverged Ndt80 

function.  If so, this would suggest a dramatic rewiring of targets associated with the switch in 

Ndt80 regulatory function.  To test this idea, we focused on four species in which we know both 
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the Ndt80 phenotype and the binding targets: S. cerevisiae, K. lactis, P. pastoris, and C. 

albicans.  We then compared between these species, determining the conservation in Ndt80 

targets normalized to the overall sequence conservation between species (for all six two-species 

comparisons) using ChIP Peaks with Ndt80 motifs (Fig. 1C).  In contrast to our simple 

expectation, we found that conservation of phenotype does not correlate with lower rates of 

divergence in Ndt80 targets (Fig. 5B).  In some cases, comparisons between species in which 

Ndt80 has a conserved role in sporulation regulation show higher rates of Ndt80 target 

divergence than comparisons between species in which Ndt80 regulates sporulation in one 

species and biofilm formation in the other (Fig. 5B).  This pattern also holds if we use the more 

stringent criteria to identify Ndt80 targets in each species.  These results show that the targets of 

Ndt80 change rapidly, even while Ndt80’s conserved role in sporulation regulation is 

maintained.  While we cannot entirely rule out the possibility that Ndt80 has another, unknown 

regulatory function in one or more of these species that accounts for the significant difference in 

Ndt80 targets, in S. cerevisiae Ndt80 is not produced in mitotically dividing cells, and is 

produced specifically during sporulation (13).  Similarly, in K. lactis and P. pastoris Ndt80 is not 

expressed in rich growth media (data not shown), consistent with the idea that Ndt80 is only 

present during sporulation and is unlikely to have another more general regulatory role.   

The dramatic rewiring of Ndt80 targets that appears to have taken place even while the 

overall phenotype of Ndt80 was conserved suggests that only a small number of the Ndt80 

targets must be conserved in order for the sporulation network to continue to be functional.  

There are only 20 genes that are targets of Ndt80 in all three sporulation species (S. cerevisiae, 

K. lactis, and P. pastoris, Table S2).  If we examine the known functions of these genes in S. 

cerevisiae, we find no obvious pattern in the types of genes conserved compared to those rewired 
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between the species.  For example, there are no gene ontology terms significantly enriched in 

either the genes that are conserved, or those that are not conserved, amongst the sporulation 

species.  One possible explanation for this flexibility is that there are sets of genes for which 

some, but not all, of the genes must be activated by Ndt80 in order for sporulation to proceed.  

For example, there are 62 genes bound by Ndt80 in one of the three sporulation species that are 

involved in cell wall assembly (GO annotation: cell wall organization or biogenesis).  There are 

57 bound in S. cerevisiae, 26 bound in K. lactis, and 32 bound in P. pastoris.  However, only one 

of these genes, Skg1, is bound in all three species (Table S2).  As sporulation requires the 

formation of ascospores and the generation of new cell wall, it is likely that these cell wall 

assembly genes play an important role in sporulation.  However, it is possible that only a subset 

of these genes need to be activated by Ndt80 in order for cell wall assembly to function properly 

in sporulation.  This would allow Ndt80 to drift between different configurations of regulation of 

these genes, while its overall role activating cell wall assembly during sporulation was 

conserved.    

In support of this idea that only a small number of individual genes must be regulated by 

Ndt80 for the sporulation network to be functional, we find that two genes that are particularly 

important in sporulation in S. cerevisiae are shared Ndt80 targets across the three species: Ime2 

and Cdc5.  Ime2 is a serine/threonine kinase which has been shown to be required for sporulation 

in S. cerevisiae  (34, 35), and which is required for the full activity of Ndt80.  Intriguingly, the 

regulatory relationship between Ime2 and Ndt80 appears to be quite ancient, as experiments in 

the distantly related species Neurospora crassa and Aspergillus nidulans demonstrate that 

homologs of Ime2 negatively regulate the expression of Ndt80 homologs (36, 37).  Thus, the 

ability of Ndt80 to regulate the expression of Ime2 may be a particularly important regulatory 
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connection, explaining why it is one of the few conserved amongst all extant sporulation species 

tested.  Similarly, the polo-like kinase Cdc5, is a conserved Ndt80 target in all three sporulation 

species.  In S. cerevisiae, Cdc5 has been shown to be a particularly important target of Ndt80, as 

its ectopic expression in an Ndt80 deletion allows cells to bypass the meiotic block observed in 

the absence of Ndt80 (38, 39).  This suggests that induction of Cdc5 is one of the more crucial 

functions of Ndt80 in S. cerevisiae, and it is therefore not surprising that this relationship is 

conserved among other sporulation species.  Interestingly, Cdc5 is also a target of Ndt80 in C. 

albicans, suggesting this kinase may have acquired a new role in biofilm regulation in this 

species. Taken together, these results suggest that only a small number of Ndt80 regulatory 

connections must be conserved in order for Ndt80 to maintain to regulate sporulation, and that 

significant drift in the other connections is possible without compromising the function of the 

overall regulatory network.  

One explanation for how Ndt80 maintained a role in sporulation, despite the near 

complete turnover of its target genes, is that the genes directly involved in sporulation 

themselves are changing across species.  This idea would account, at least in part, for how the 

regulatory targets of Ndt80 can differ so significantly while Ndt80 maintains a conserved overall 

function.  To test this idea, we measured global gene expression during sporulation and 

compared it to mitotic growth conditions in K. lactis and P. pastoris (see Supplemental Materials 

and Methods).  We then compared the genes specifically up-regulated during sporulation in these 

species to those upregulated during sporulation in S. cerevisiae (14).  We found extensive 

differences in the genes activated during sporulation across these species.  Only 23 genes show 

sporulation-activation in S. cerevisiae, K. lactis, and P. pastoris.  In contrast, hundreds of genes 

are activated during sporulation uniquely in each of the three species.  We also measured global 

42



	 15	

gene expression in an Ndt80 deletion in both K. lactis and P. pastoris under sporulation 

conditions, and found that genes whose expression depends on Ndt80 during sporulation also 

differ significantly across species .  These results show that the genes induced during sporulation 

differ significantly between S. cerevisiae, K. lactis, and P. pastoris, and that this can explain, at 

least in part, the large differences in Ndt80 targets seen across these species, despite the overall 

conservation of Ndt80 function in sporulation regulation.  This analysis also reveals that there is 

no single “solution” to sporulation and meiosis and that widely divergent networks can 

nonetheless orchestrate this conserved outcome.   

 

Discussion 

  

We have combined ChIP-Seq, RNA-Seq, molecular genetic analysis, and bioinformatics 

to identify the function and gene regulatory network of Ndt80 in a variety of extant fungal 

species, encompassing approximately 300 million years of divergence time.  We have deduced 

that the function of Ndt80 in the most recent shared common ancestor of S. cerevisiae and C. 

albicans was likely the regulation of sporulation, and that a switch in overall function to the 

regulation of biofilm formation occurred in a recent ancestor of C. albicans.  While a few 

conserved transcription regulators have previously been shown to regulate different genes in 

different extant species, we believe this is the most dramatic example yet described of a 

transcription regulator switching its regulatory role, in this case from sporulation to the 

seemingly unrelated process of biofilm formation.  We have shown that this switch was not 

accompanied by a change in the DNA-binding specificity of Ndt80 (Fig. 1B) or another major 

change to the Ndt80 protein itself (Fig. 3).  Rather, a change in the distribution of the conserved 
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Ndt80 cis-regulatory sequence across hundreds of genes in the genome accounts for the different 

functions of Ndt80 in S. cerevisiae and C. albicans. 

Prior to these experiments, we considered two likely explanations for the change in 

Ndt80 function.  First, we hypothesized that the duplication of Ndt80 could have allowed the 

ancestral function to be conserved in one paralog while the other paralog acquired a novel role in 

biofilm regulation.  However, the similarity in function of Ndt80 paralogs in C. lusitaniae (Fig. 

4C and F) as well as the similarity in targets of Ndt80 paralogs in C. albicans rule out this model.  

A second plausible model was that a sudden change in Ndt80-target gene connections occurred 

along the C. albicans lineage, perhaps triggered by the loss of meiosis in this clade, relaxing 

constraints on Ndt80.  However, we also ruled out this model by showing that similarly high 

rates of Ndt80 rewiring occurred in all phylogenetic branches examined, even those where the 

function of Ndt80 remains conserved in sporulation (Fig. 5B).  For example, we find that only 

~15% of the hundreds of Ndt80 targets are shared between any of the two species in which 

Ndt80 regulates sporulation.  Rather than a sudden shift in regulation, our results indicate 

significant flexibility in the regulon of Ndt80; the Ndt80 regulatory connections appear able to 

move through many configurations even while retaining a conserved output in the regulation of 

sporulation.  In support of this idea, we showed that genes up-regulated during sporulation (by 

Ndt80 and other sporulation regulators) vary considerably across different extant species.  In 

addition, it has previously been noted that several key genes required for meiosis and sporulation 

in S. cerevisiae (Ime1, Zip2, Spo13) are missing from the genomes of species such as C. 

lusitaniae that undergo a similar pathway of meiosis and sporulation (40).  All of these 

observations indicate that there is no “universal” solution to meiosis and sporulation in terms of 

both the genes required for this process and the sporulation network itself.  
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This work illustrates how a transcription regulator with hundreds of connections can 

nonetheless shift its role in the cell.  We propose that the continuous exploration of regulatory 

connections available to Ndt80—while still maintaining its role in sporulation—facilitated its 

relatively recent change to a regulator of biofilm formation.  Had Ndt80 been more heavily 

constrained in its target gene connections, it seems unlikely that it could have made this dramatic 

switch in function.  A corollary of this conclusion is that high rates of rewiring per se are not 

predictive of a change in function; direct experimentation was required to determine the 

biological function of Ndt80 across species.   

Although other transcription regulators may be subject to more severe evolutionary 

constraints than Ndt80, there is ample evidence that many transcription networks can drift 

through new configurations while preserving output (41-45).  For example, the rapid 

reconfiguration of cis-regulatory sequences in Drosophila enhancers, despite a constant output, 

provide a different but nonetheless striking demonstration of the flexibility of transcription 

networks (46-48). While much regulatory rewiring likely occurs through drift with no obvious 

shift in phenotype, we propose that this rewiring can also predispose a regulator to a dramatic 

shift in function.  In this way, a newly evolved phenotype—complex biofilm formation in C. 

albicans—can come to be controlled by a deeply conserved transcription regulator that has an 

entirely different role in other species.  Such extreme, inherent flexibility in gene regulatory 

networks, such as that exhibited by Ndt80, may prove to be an important contributor to the 

formation of new networks underlying novel phenotypes. 

Finally, we note that the behavior observed for Ndt80—rapid explorations of new circuit 

configurations that nonetheless support sporulation and meiosis—strongly supports 

computational models of gene network drift(49).  For example, Wagner and colleagues have 

45



	 18	

argued that metabolic pathways, protein sequences, and gene regulatory networks are all 

inherently flexible, allowing an exploration of many alternatives that still maintain function (22).  

This exploration, in turn, allows evolving networks to sample many points in “network space”.  

Some of these points may be only a few changes away from generating a network with novel 

function, but without the ability to drift through many configurations that maintain function, their 

novel configurations could not be reached without destroying the original network.  We believe 

that our work with Ndt80 represents a tangible example of this idea: it is only through the 

inherent flexibility of the Ndt80 connections that the network—while still maintaining 

sporulation and meiosis—could reach a position where the transition to regulating biofilm 

formation was a relatively smooth one.  This conclusion is analogous in many ways to studies of 

“molecular exploitation” that have demonstrated how drift in protein function can facilitate the 

evolution of novel functions without compromising the ancestral function of the protein(20, 23, 

50).  We propose that a similar inherent promiscuity in the Ndt80 regulatory network was crucial 

for the repurposing of Ndt80 from regulating sporulation and meiosis to regulating biofilm 

formation.   
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Materials and Methods 

 

Media 

All strains were grown in YPD at 30°C unless otherwise noted.  For sporulation, S. cerevisiae 

strains were grown in liquid YPA (2% Peptone, 2% Potassium Acetate, 1% Yeast Extract) and 

incubated at room temperature for 20-30 hours.  For K. lactis, saturated liquid cultures in YPD 

were spotted onto SPO plates (1% potassium acetate, 2% agar + amino acids) and incubated at 

room temperature for 3 days.  For P. pastoris, cells growing on YPD plates were patched onto 

PpSPO plates (0.5% Sodium acetate, 1% potassium chloride, 1% glucose, 2% agar) and 

incubated at room temperature for 3 days.  For C. lusitaniae, cells growing on YPD plates were 

patched onto PDA plates (0.37% Potato Dextrose + 1.45% Agar) and incubated at room 

temperature for 4 days.  To quantify sporulation efficiency, three technical replicates were 

performed and 200 cells were counted for each sample by DIC microscopy.  Nuclear staining 

using DAPI (K. lactis, P. pastoris) and Hoecsht (C. lusitaniae) was used to verify spore 

formation. 

  

 

Strain construction 

Strains used in this study are listed in Table 1 and primers used for strain construction are listed 

in Table 2.  Gene disruption cassettes for Ndt80 deletions were constructed by fusion PCR.  For 

K. lactis, two cassettes were constructed, one with a Ura3 marker, one with a KanMX marker, 

each with 700 bp homology flanking the markers on either side.  These constructs were 

transformed, sequentially, into a wild-type diploid strain.  For P. pastoris and C. lusitaniae, a 
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split marker approach was used and two constructs were generated for each gene disruption.  For 

P. pastoris, a Hygromycin resistance marker and 700 bp flanking homology were used, and the 

split markers were transformed into two haploid strains of complementary mating types.  These 

strains were then mated together to form a diploid Ndt80 deletion (ploidy was verified by 

FACS).  For C. lusitaniae, a NAT resistance marker was used along with 1 kb of flanking 

homology.  The split markers were transformed into a wild-type a-cell, that was then mated with 

a wild-type a-cell, sporulated, and Ndt80 deletion a-cells were picked and verified by PCR.  

These were then mated with the Ndt80 deletion a-cell to generate a diploid Ndt80 deletion 

strain.   

 

Tagged strains for ChIP were generated using a 13x c-terminal Myc tag(51) inserted into the 

genome at the c-terminus of the endogenous Ndt80 sequence.  For S. cerevisiae, long primers 

were used to amplify the Myc tag fused to a KAN marker from pFA6a-13Myc- kanMX6 (51) 

and this construct was integrated into a wild-type W303 strain.  For K. lactis, split marker 

constructs were generated with 700 bp flanking homology fused to the Myc-KAN cassette and 

transformed into a wild-type diploid strain.  For P. pastoris, split marker constructs were 

generated with 700 bp flanking homology fused to the Myc-NAT construct amplified from 

pADH34 (52).  In P. stipitis, homologous recombination was found to be very inefficient, and 

thus constructs were randomly integrated into the genome.  Constructs containing a NAT marker 

upstream of an A. gossypii Tef1 promoter upstream of P. stipitis Ndt80 fused to a 13x c-terminal 

Myc tag with a Sat1 terminator were generated by PCR for both Ndt80A and Ndt80B and 

transformed into a wild-type strain.  Two independent isolates were generated for each paralog 

and tested independently by ChIP-Seq to verify that the location of integration did not affect 
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Ndt80 function or genomic binding.  To test binding of P. pastoris Ndt80 in S. cerevisiae, fusion 

PCR was used to generate a construct with a Hygromycin resistance marker fused to the Gal1 

promoter from S. cerevisiae upstream of P. pastoris Ndt80 fused to a 13x c-terminal Myc tag 

with a Sat1 terminator.  This was fused to homology to Ura3 and integrated in an S. cerevisiae 

wild-type at the Ura3 locus.   

To generate strains with highly expressed Ndt80, different constitutive promoters were used, and 

constructs generated by fusion PCR to integrate these upstream of Ndt80.  In S. cerevisiae, pGal1 

from S. cerevisiae was used; in K. lactis pGal1 from K. lactis was used; in P. pastoris and P. 

stipitis pTef1 from A. gossypii was used; in C. albicans pTDH3 from C. albicans was used.   

S. cerevisiae and C. albicans were transformed using standard lithium acetate protocols.  

Electroporation protocols were used for K. lactis (53), P. pastoris (54), and P. stipitis.  The 

protocol for P. stipitis was adapted from (54), with cells harvested at an OD of 1.3-1.5.  

 

Chromatin immunoprecipitation and high throughput sequencing 

For all ChIP experiments except the mid-sporulation ChIP, samples were isolated from log-phase 

cultures in YPD and chromatin immunoprecipitation was performed as previously described 

(52).  Libraries were prepared using NEBNext Multiplex Kit for Illumina as previously described 

(55) and sequenced on an Illumina HiSeq 4000.  For mid-sporulation ChIP in S. cerevisiae, cells 

were induced to sporulate as previously described (13, 15), and samples were isolated after 22 

hours in sporulation media.    

 

mRNA expression experiments 
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RNA expression was measured in P. pastoris using RNA-Seq.  Samples were isolated from log-

phase cultures in YPD or from mid-sporulation cultures after 30 hours.  Total RNA was isolated 

using the Ambion RiboPure kit, and mRNA was isolated using the Oligotex mRNA Mini kit.  

Purified mRNA was then concentrated using the Zymo RNA Clean and Concentrator kit and 

sequenced on an Illumina HiSeq 4000.   

 

RNA expression was measured in K. lactis by whole-genome tiling microarrays as previously 

described (9). 

 

Biofilm experiments 

 

Biofilms were grown and imaged by confocal scanning laser microscopy (CSLM) similar to 

previously described(56).  In brief, silicon squares were pre-incubated overnight at 30oC in 

bovine serum and after washing with phosphate-buffered saline (PBS) they were inoculated in 

Spider media containing 1% glucose instead of mannitol with cells coming from an overnight 

YEPD 30oC culture to an OD600 of 0.5. The squares were then incubated for 90 minutes at 30oC 

shaking at 200 rpm for cell adherence. After adherence the squares were washed with PBS and 

transferred to fresh Spider 1% glucose to be incubated for 48 hours at 30oC shaking at 200 rpm. 

For CSLM, the biofilms grown on the silicon squares were stained with concanavalin A Alexa 

Fluor 594 conjugate (50 µg/ml) and visualized using a Nikon Eclipse C1si upright spectral 

imaging confocal microscope and a 40x/0.80W Nikon objective.  

 

Identifying regions of Ndt80 binding 
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Sequencing reads were aligned to the genome using Bowtie (57).  Peaks and fold enrichment 

values were generated using MACS (58) with peak shift sizes generated using SPP (59).  Peaks 

were mapped to intergenic regions with any overlap with the peak and any neighboring genes 

assigned to that peak using MochiView (60).  A gene was considered to have an Ndt80 motif if a 

peak was present in its intergenic for both replicates.  Fold enrichment values were generated for 

every base in the genome and a maximum was taken for every intergenic region for the P. 

pastoris swap experiment.   

 

DNA sequence motif generation discovery and scoring 

 

Ndt80 motifs were generated de novo from regions of binding using MEME (61).  The union of 

peaks in two replicates were trimmed to 200 bp around the midpoint (60) and submitted to 

MEME-ChIP using default parameters.  Ndt80 consensus sequence of ‘CACAAA’ was used for 

filtering of peaks, scoring was performed in Mochiview (60), with each intergenic region scored 

for presence/absence of the consensus motif.  For identifying genes with Ndt80 motif present in 

three closely related species, orthologs were identified (discussed below) and orthologous 

intergenic sequence was scored for consensus ‘CACAAA’ sequence using MochiView.  For S. 

cerevisiae, S. mikatae and S. kudriavzevii were used as a comparison; for K. lactis, E. 

cymbalariae and  E. gossypii were used; and for C. albicans, C. dubliniensis and C. tropicalis 

were used. 

 

Mapping gene orthologs across species 

51



	 24	

 

Orthologs were identified in S. cerevisiae, S. mikatae, S. kudriavzevii, K. lactis, E. cymbalariae, 

E. gossypii, P. stipitis, C. dubliniensis, C. tropicalis, and C. albicans using synteny-based 

orthology databases YGOB (26) and CGOB (62).  P. pastoris orthologs were identified using 

YGAP (26).    

RNA-Seq analysis 

RNA-Seq analysis was performed using the TopHat and Cufflinks suites as previously described 

(63). 

  

Phylogenetic tree building 

A phylogenetic tree of relevant species was constructed as previously described (64).  Protein 

sequences for 73 orthologs present in a single copy in all species were concatenated and aligned 

using Clustal (65) and a tree was constructed using FastTree  (66) Two additional outgroup 

species, N. crassa and A. nidulans were used in the building of the tree to improve root 

placement, but were omitted from the figure for simplicity.   

 

Estimating species divergence 

 

To determine overall sequence conservation for two-species comparisons for Fig. 5B, branch 

lengths from phylogenetic tree were used.  The fraction of targets conserved in any two-species 

comparison were multiplied by the branch lengths of the two relevant species from their most 

recent common ancestor to normalize target conservation to overall species conservation.   
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Table 1 
 

Name Species Description Previous 
Name 

Genotype 

yIN198 S. cerevisiae Wild-type  
(SK1 background) 

NKY611
1 

ho::LYS2/ho::LYS2 lys2/lys2 
ura3/ura3 leu2::hisG/leu2::hisG 

yIN181 S. cerevisiae Ndt80 deletion (SK1 
background) 

NKY229
61 

ho::LYS2/ho::LYS2 lys2/lys2 
ura3/ura3 leu2::hisG/leu2::hisG 
ndt80::LEU2/ndt80::LEU2 

YTS89 S. cerevisiae Wild-type  
(W303 background) 

yTS892 MATa leu2-3,112 trp1-1 can1-
100 ura3-1 ade2-1 his3-11,15 

yIN209 S. cerevisiae Ndt80-Myc (W303 
background) 

 ho::LYS2/ho::LYS2 lys2/lys2 
ura3/ura3 leu2::hisG/leu2::hisG 
Ndt80-Myc-Kan/Ndt80 

yIN219 S. cerevisiae Constitutive 
promoter-Ndt80-
Myc (W303 
background) 

 
unknown background, 
pNdt80:pNdt80-pGal1-NAT, 
Ndt80-Myc-KAN 

yIN065 K. lactis Wild-type yLB53 ade1 trp1 leu2 metA1 uraA1 
nej1Δ::LEU2 
lysA1 trp1 leu2 metA1 uraA1 
nej1Δ::LEU2  

yIN071 K. lactis Ndt80 deletion  ade1 trp1 leu2 metA1 uraA1 
nej1Δ::LEU2   ndt80::Ura3 
lysA1 trp1 leu2 metA1 uraA1 
nej1Δ::LEU2  ndt80::Kan 

yIN223 K. lactis Constitutive 
promoter-Ndt80-
Myc 

 pNdt80-Ndt80:pGal1-Ndt80-
Myc-KAN-NAT ade1/ade1 
trp1/trip1 leu2/leu2 metA1 
uraA1 nej1Δ::LEU2 
lysA1/lysA1  

yIN091 P.pastoris Wild-type haploid JC3044 ade1 his4 
yIN092 P. pastoris Wild-type haploid JC3064 arg4 ura3 
yIN104 P. pastoris Wild-type diploid  arg4/ARG4 ade1/ADE1 

his4/HIS4 ura3/URA3  
yIN110 P. pastoris Ndt80 deletion  arg4/ARG4 ade1/ADE1 

his4/HIS4 ura3/URA3  
Ndt80::Hph/Ndt80::Hph 

yIN183 P. pastoris Constitutive 
promoter-Ndt80-
Myc 

 arg4/ARG4 ade1/ADE1 
his4/HIS4 ura3/URA3 pTEF1-
truncated Ndt80-Myc/NDT80 

yIN161 P. stipitis Wild-type  Prototrophic 
yIN194 P. stipitis Ndt80A deletion  pTEF1-Ndt80A-Myc-NAT 

Randomly integrated 
yIN185 P. stipitis Ndt80B deletion  pTEF1-Ndt80B-Myc-NAT 

Randomly integrated 
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yIN194 P. stipitis Constitutive 
promoter-Ndt80A-
Myc  

pTEF1-Ndt80A-Myc-NAT 
Randomly integrated 

yIN185 P. stipitis Constitutive 
promoter-Ndt80B-
Myc  

pTEF1-Ndt80B-Myc-NAT 
Randomly integrated 

INy081 C. lusitaniae Wild-type a-cell RSY2845 ura3 
INy082 C. lusitaniae 

Wild-type alpha-cell 
RSY4115 arg ade CycR (Cycloheximide 

Resistance) 
yIN138 C. lusitaniae Wild-type diploid  Ura3 +/- Arg4 +/- Ade2 +/- 

CycR +/-  
yIN141 C. lusitaniae Ndt80A deletion  Ura3 +/- Arg4 +/- Ade2 +/- 

CycR 
yIN148 C. lusitaniae Ndt80B deletion  Ura3 +/- Arg4 +/- ade2- CycR 
yIN124 C. albicans Wild-type SN2506 ura3D-iro1D::imm434/URA3-

IRO1, his1D/his1D, 
arg4D/arg4D, leu2D/leu2D 

TF178 C. albicans Ndt80A deletion TF1787 arg4D/arg4D, leu2D/leu2D, 
his1D/his1D, URA3/ura3D, 
IRO1/iro1D , 
Ndt80B:LEU2/Ndt80B:HIS1 

TF095 C. albicans Ndt80B deletion TF0957 arg4D/arg4D, leu2D/leu2D, 
his1D/his1D, URA3/ura3D, 
IRO1/iro1D , 
Ndt80B:LEU2/Ndt80B:HIS1 

yIN123 C. albicans Ndt80B-Myc CJN1748
7 

ura3D-iro1D::imm434/URA3-
IRO1, his1D/his1D, 
arg4D/arg4D, 
leu2:cdHIS1/leu2:cmLEU2, 
orf19.2119-Myc/Orf19.2119 

yIN118 C. albicans Constitutive 
promoter-Ndt80A-
Myc 

 ura3D-iro1D::imm434/URA3-
IRO1, his1D/his1D, 
arg4D/arg4D, 
leu2:cdHIS1/leu2:cmLEU2, 
orf19.513::orf19.513-
Myc/orf19.513 
pOrf19.513::pTDH3-
Nat/pOrf19.513 

yIN120 C. albicans Constitutive 
promoter-Ndt80B-
Myc 

 ura3D-iro1D::imm434/URA3-
IRO1, his1D/his1D, 
arg4D/arg4D, 
leu2:cdHIS1/leu2:cmLEU2, 
orf19.2119::orf19.2119-
Myc/orf19.2119 
pOrf19.513::pTDH3-
Nat/pOrf19.513 

59



yIN218 S. cerevisiae P. pastoris Ndt80-
Myc expressed in S. 
cerevisiae 

 MATa leu2-3,112 trp1-1 can1-
100 ade2-1 his3-11,15  
ura3:pGal1-PpNdt80-Myc-Hyg  
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Figure 1:  Ndt80 – target gene connections differ between S. cerevisiae and C. albicans.
(A) Diagram of Ndt80 phenotypes in the regulation of sporulation in S. cerevisiae and biofilm 
formation in C. albicans.  (B) The cis-regulatory motif most highly enriched at locations of Ndt80 
ChIP binding in S. cerevisiae and C. albicans.  Motifs were generated independently for each 
species.  The S. cerevisiae Ndt80 motif in this study closely matches that determined previously 
for Ndt80 (references).  (C) Diagram of the four criteria used to identify Ndt80 regulatory targets.  
Criteria1: ChIP-Seq enrichment in the intergenic upstream of a gene relative to untagged control 
experiments.  Criteria 2: ChIP-Seq enrichment and the presence of anNdt80 motif in the intergen-
ic.  Criteria 3: ChIP-Seq enrichment with the Ndt80 motif present in the intergenic region and 
also in orthologous intergenic regions of at least two very closely related species (indicates the 
motif has been maintained by selection).  Criteria 4: ChIP-Seq enrichment with the Ndt80 motif 
present in the intergenic region and Ndt80-dependent expression of the nearby gene (indicates 
expression of the gene is in fact under Ndt80 control).  (D)  Overlap in targets of S. cerevisiae 
Ndt80 (red) and C. albicans Ndt80B (blue), using different criteria of identifying targets.  Venn 
diagrams are roughly area-proportional. 
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Figure 2:  Ndt80 targets differ across S. cerevisiae, K. lactis, P. pastoris, and P. stipitis
(A) Phylogenetic tree of species investigated, with the scale representing the number of nucleotide 
substitutions per site.  The likely timing of the Ndt80 gene duplication is indicated with an arrow.  (B)  
For each species, Ndt80 targets were identified by Criteria 2 (Fig. 1A) and categorized according to 
whether they are shared with Ndt80 targets in S. cerevisiae, C. albicans, or both.  (C) Percent of all 
Ndt80-bound genes shared between any two species tested using Criteria 2; for this analysis, only 1:1 
orthologs in each two-species comparison were considered.  (D) Histogram of all Ndt80 targets (using 
Criteria 2) in the five species tested (S. cerevisiae, K. lactis, P. pastoris, P. stipitis, and C. albicans) 
according to the number of species in which that gene is a target.  All genes (black) and genes with 1:1 
orthologs across all five species (dashed) are shown.  (E) List of genes bound by Ndt80 in S. cerevisiae, 
K. lactis, P. pastoris, P. stipitis, and C. albicans with annotations from S. cerevisiae (SGD).
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Figure 3:  P. pastoris Ndt80 binds to S. cerevisiae Ndt80 targets when ectopically expressed in S. 
cerevisiae
(A and C) ChIP-Seq fold enrichment for all genes with 1:1 orthologs in S. cerevisiae and P. pastoris 
with correlation coefficient from Spearman’s rank test.  (A) S. cerevisiae Ndt80 vs. P. pastoris Ndt80 
expressed in S. cerevisiae.  (C) P. pastoris Ndt80 vs. P. pastoris Ndt80 expressed in S. cerevisiae.  (B 
and D) Ndt80 targets, defined by ChIP-Seq enrichment alone (Criteria 1), for P. pastoris Ndt80 when 
expressed in S. cerevisiae, compared to targets of Ndt80 in S. cerevisiae (C) and P. pastoris (D).  The 
genes that are Ndt80 targets in both S. cerevisiae and P. pastoris were omitted from analysis, as they 
are not informative in determining Ndt80 binding specificity.    
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Figure 4:  Ndt80 required for sporulation, dispensible for biofilm formation, in K. lactis, P. pasto-
ris, and C. lusitaniae 
(A-C) Light microscope images of genetically matched wild-type and Ndt80 deletion strains (Stars 
indicate diploids that have undergone sporulation) and quantification of the percent of cells exhibiting 
spores, as measured by microscopy (200 cells counted for each strain).  (D-H) Confocal scanning laser 
microscopy images of biofilm formation for genetically matched wild-type and Ndt80 deletion strains.  
Top view of biofilm shown above side view for each, with scale bar representing 25 um.
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Figure 5:  The targets of Ndt80 differ among species with conserved Ndt80 phenotype
(A)  Phylogenetic tree of species investigated, with the Ndt80 deletion phenotype indicated.  The red 
bracket indicates the switch in Ndt80 function from sporulation to biofilm regulation.  (B) Conservation 
in Ndt80 targets normalized to overall conservation of genomic DNA, as measured by the nucleotide 
substitution rate (see Supplemental Materials and Methods).  Species comparisons between two species 
with a conserved Ndt80 phenotype shown with black outline.  
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