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ABSTRACT
Biological evolution is a fundamentally historical phenomenon in which intertwined stochastic and deterministic processes shape lineages with long, continuous histories that exist in a changing world that has a history of its own. The degree to which these characteristics render evolution historically contingent, and evolutionary outcomes thereby unpredictably sensitive to history has been the subject of considerable debate in recent decades. Microbial evolution experiments have proven among the most fruitful means of empirically investigating the issue of historical contingency in evolution. One such experiment is the E. coli Long-Term Evolution Experiment (LTEE), in which twelve populations founded from the same clone of E. coli have evolved in parallel under identical conditions. Aerobic growth on citrate (Cit+), a novel trait for E. coli, evolved in one of these populations after more than 30,000 generations. Experimental replays of this population’s evolution from various points in its history showed that the Cit+ trait was historically contingent upon earlier mutations that potentiated the trait by rendering it mutationally accessible. Here I review this case of evolutionary contingency and discuss what it implies about the importance of historical contingency arising from the core processes of evolution.
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History is subject to a tangled tension between chance and necessity. Humans have long been conscious of this fact, with one consequence being that human conceptions of history have generally fallen on a continuum between extreme poles that may be thought of as fate and fortune. In Greco-Roman mythology, fate is personified as the three stern Fates who see that history unfolds inevitably according to their inflexible plan. Fortune is personified by Fortuna, the goddess of luck and the “million to one shot.” Whereas the Fates are steady and implacable beings, the workings of whom cannot be altered even by the gods themselves, Fortuna is fickle, plays favorites as she pleases, and can whimsically change the course of events at any time. In the fatalistic view, historical outcomes are inevitable and predetermined, whereas in the view governed by fortune no historical event is inevitable until it has occurred, because chance can always intervene. Of course, both polar extremes are problematic, and most take a mixed view between the two.
Like human history, biological evolution is also subject to a tension between chance and necessity. Its core processes involve a complex interplay of the random and the deterministic (Monod 1971). Natural selection works deterministically to adapt populations to their environments, but it must act upon heritable variation stochastically introduced by random mutation, gene flow, and recombination. Beneficial variation introduced by any of these mechanisms may be lost at random by genetic drift. Mutations can vary greatly in their effects on multiple traits (pleiotropy) and in their interactions with other genes (epistasis), so that the order in which beneficial mutations arise can change the fitness value of subsequent mutations (Mani and Clarke 1990; Lenski et al. 1991). Due to these effects, populations starting from the same ancestral genotype can evolve along divergent paths that vary in their evolutionary potential, thereby making evolutionary outcomes path dependent to at least some degree (Wright 1988; Cooper and Lenski 2000; Weinreich, Watson, and Chao 2005; Weinreich et al. 2006). For instance, different evolutionary paths can lead to states with similar fitness in a prevailing environment, but very different fitness in other environments. Seemingly subtle differences between lineages can determine which go extinct and which survive during periods of rapid and capricious environmental change (Lewontin 1966; Gould 1985; Jablonski 1986).
All modern organisms are the products of unique, unbroken, and very long evolutionary histories that have played out within the broader history of a changing Earth. How important is this fact? Stephen Jay Gould suggested that it is very important. Gould focused on instances such as the body plan diversity evident in the fossils of the Burgess Shale, only a subset of which continue to exist, to suggest that there were viable alternate routes evolution could have taken (Gould 1989, esp. 299–321, 1991, 2002, 1159–60). In Gould’s view, evolution followed the path it did due in large measure to chance, including that imparted by capricious mass extinction events like the KT impact (Gould 1989, 305–8, 2002, 1315–20). He argued that such cases show that evolutionary outcomes are sensitive to the peculiarities and quirks of history, making them fundamentally contingent, unpredictable, and path dependent (Gould 1989, 45–52, chap. 5, 2002, chap. 12; Beatty 2006; Beatty and Carrera 2011). Famously, Gould suggested in Wonderful Life (1989, 48–51) that this contingency means that replaying the “tape of life” from points in the distant past would result in living worlds far different than the one that now exists, because evolution would be unlikely to follow the same path twice. 
Gould’s position has been controversial. Simon Conway Morris and others have pointed to the striking pervasiveness of convergent evolution as suggesting that natural selection and biological and physical constraints greatly restrict the range of viable evolutionary outcomes (Conway Morris 2003, 2010; Van Valen 1991; Dawkins 1996; Vermeij 2006). As Conway Morris writes in Life’s Solution (2003, 144), “the evolutionary routes are many, but the destinations are limited.” If there are few viable end points, and the origin of life always leads to elephants, then evolution is relatively path independent (Atkins 1981, 3). As in a Greek tragedy, the only uncertainty is that of how evolution reaches its inevitable end. In this view, replaying the tape of life would always lead to remarkably similar outcomes. 
This debate has major implications for how evolution should be understood and explained as a phenomenon (Beatty 1993; Sterelny and Griffiths 1999; Desjardins 2011). If evolution is highly path dependent, with many viable outcomes, then evolution must be understood in a narrative fashion (Blaser 1999; Gould 1985, 1989, 2002). However, if evolution’s path dependence is highly constrained by few viable end states, then evolution is predictable and can be understood using robust process explanations insensitive to history, such as those in physics (Sterelny and Griffiths 1999, 84–86). As John Beatty makes clear in his article in this issue, a narrative requires that there be possible alternatives, but if the ends of evolution are largely invariant, then narrative explanations are not appropriate. 
Scientific debates must ultimately be resolved by empirical research that adjudicates which side better describes the underlying reality, and the contingency debate is no different. Gould’s and Conway Morris’s work does contribute to this resolution, but not directly. Each marshalled facts and findings that serve to argue for the plausibility of their respective positions (Gould 1989; Conway Morris 2003, 2010). Their work therefore principally serves to lay out broad lines from which other researchers may develop better definitions, more focused models, and, importantly, testable hypotheses. Indeed, Gould’s and Conway Morris’s work has been a springboard from which numerous researchers have begun to evaluate the complex questions of evolutionary contingency (Orgogozo 2015). Appropriately, these empirical studies have examined contingency on multiple levels, including Vermeij’s examination of the timing and phylogenetic distribution of evolutionary innovations (2006), examination of natural instances of “replaying the tape” such as radiations of Anolis lizards on Caribbean islands (Losos et al. 1998; Losos 2010), and investigation of the effects of history on the evolution of egg-eating snakes (de Queiroz and Rodriguez-Robles 2006) and Southeast Asian fanged frogs (Emerson 2001). These empirical studies have made substantial contributions to a better understanding of evolutionary contingency and convergence within the context of the natural world. At the other end of the spectrum, a great deal of intriguing work has been done using experimental microbial evolution systems, in which the loss of complexity is balanced by the ability to evaluate directly the effects of history on evolution.

EXPERIMENTAL EVOLUTION WITH MICROORGANISMS
Experimental evolution with microorganisms involves propagating populations of microbes under controlled conditions to examine evolution as it occurs (Elena and Lenski 2003; Kawecki et al. 2012). This approach to studying evolution was first used by William Henry Dallinger, an English Methodist minister and correspondent of Darwin’s, in work he did in the 1880’s that examined the evolution of thermotolerance by pond organisms (1887). Despite this early start, experimental evolution with microorganisms only began to be used as a major research approach in the 1980s, and it has since proven to be a powerful way to address a variety of fundamental questions in evolutionary biology that are difficult to examine using more traditional techniques (Elena and Lenski 2003; Kawecki et al. 2012; Kaçar and Gaucher 2013; Kussell 2013). 
There are many benefits to using microbes to study evolution. Microbes reproduce very quickly, making it possible to study hundreds or thousands of generations of evolution in experiments lasting only weeks or years. Large population sizes provide a steady influx of new variation from mutations. High levels of experimental replication are possible because these large populations can be kept in small containers. (A 10 mL bacterial culture may contain up to 51010 cells.) Microbes reproduce asexually, so genetically identical replicate populations can be founded. A high level of control is also possible because microbial cultures are easily maintained under a variety of conditions. Moreover, researchers can reliably manipulate important factors such as mutation supply, population size, prior evolutionary history, and the biotic and abiotic environment to study their effects (Chao and Cox 1983; Burch and Chao 2000a, 2000b; de Visser et al. 1999; Elena et al. 2001; Perfeito et al. 2007; Travisano et al. 1995; Lenski and Levin 1985; Bennett and Lenski 1993; Bohannan and Lenski 2000; Fukami et al. 2007; Meyer and Kassen 2007). Perhaps just as importantly, a wealth of tools, including genome sequencing and genetic engineering, allow researchers to identify evolved genetic changes and directly link them to phenotypic changes (Herring, Glasner, and Blattner 2003; Bentley 2006; Hegreness and Kishony 2007; Barrick et al. 2009; Barrick and Lenski 2009). Finally, microorganisms can be frozen indefinitely without loss of viability, so that ancestral and evolved clones[footnoteRef:1] and populations are available for revival at will.  [1:  In microbiology, a clone is a population grown from a single founding cell. Because of asexual reproduction, this population will be more or less genetically identical, meaning that we can study its properties to understand the properties of the founding cell. Due to this genetic homogeneity, we also tend to use “clone” interchangeably with “genotype.” ] 

A number of these advantages make experimental evolution with microbes particularly useful for studying contingency. Genetically identical replicates allow the repeatability of evolution to be assessed using replicate populations that evolve in parallel from the same genetic starting point. This means that the tape of life can actually be replayed, albeit on a smaller scale than Gould envisioned (Blount, Borland, and Lenski 2008; Turner et al. 2015; Blount, in press). The capacity to identify mutations and link them to phenotypes means that divergence and convergence can be studied on an extremely granular scale. Moreover, the frozen fossil records of experimental populations provide a level of direct access to populations’ evolutionary history that is unthinkable in other systems, providing for highly detailed reconstructions of history, and also close study of the effects of historical events. These advantages permit microbial evolution experiments to approach multiple aspects and concepts of contingency in ways that are impossible with natural populations or paleontological data (Beatty 2006; Beatty and Carrera 2011; Turner et al. 2015; Blount, in press). Many recent experimental evolution studies have addressed evolutionary contingency using a variety of approaches and model organisms (Travisano et al. 1995; Travisano, Vasi, and Lenski 1995; Fukami et al. 2007; Cooper and Lenski 2010; Chen, Jewett, and Groisman 2011; Meyer et al. 2012; Flores-Moya et al. 2012; Bedhomme, Lafforgue, and Elena 2013; Szendro et al. 2013; Spor et al. 2014; Blount, in press). Here I will focus on the findings and implications of my own work on a historically contingent key adaptation that arose in the course of one of the longest-running microbial evolution experiments to date.

THE E. COLI LONG-TERM EVOLUTION EXPERIMENT (LTEE)
Richard Lenski began the LTEE on February 24, 1988. The experiment is remarkably simple (Fig. 1). Twelve replicate populations were all founded from the same strain of E. coli. Each day, one percent of each population is transferred into a fresh volume of a growth medium called DM25, which contains a small amount of glucose and all other nutrients necessary for bacterial growth (Davis and Mingioli 1950). Under these conditions, each population grows one hundred-fold each day, or about 6.6 generations (Lenski et al. 1991; Lenski 2004). The experiment will celebrate its twenty-eighth year in February 2016, and each population has so far evolved for more than sixty thousand generations. Population samples are frozen for the fossil record every five hundred generations. 
The LTEE examines evolution under very simple conditions (Lenski et al. 1991; Lenski and Travisano 1994; Lenski 2004; Fox and Lenski 2015). The founding clone is strictly asexual (Jeong et al. 2009; Studier et al. 2009). The populations each evolve in complete isolation, with no possibility of gene flow from other populations or sources. Evolution in the LTEE therefore involves only random genetic drift and natural selection acting on variation generated by spontaneous mutation (Lenski et al. 1991; Lenski 2004). Moreover, the environment is kept very stable. Aside from the brief period the populations spend at room temperature during transfers, the only environmental variation they experience is the regular daily “seasonality” of feast upon transfer to fresh medium, followed by glucose exhaustion, and any other bacterial modification of the medium such as the excretion of metabolic byproducts. 
One of the LTEE’s principal goals was to examine evolutionary repeatability, and its structure reflects this goal (Lenski et al. 1991; Lenski 2004; Fox and Lenski 2015). Because all populations began from the same genetic state, and have been maintained under identical conditions, the LTEE essentially involves replaying the same tape of life twelve times simultaneously. This design makes the LTEE what may be called a “parallel replay experiment,”[footnoteRef:2] which permits it to be used to examine the effects of historical differences arising from the core evolutionary processes (Blount, In press). If evolution were fundamentally repeatable, and the vagaries of the evolutionary history of each population were not relevant, then all twelve populations should evolve essentially in parallel, with each finding the same adaptations, pursuing the same fitness track, and evolving very similar phenotypes and population structures over time. On the other hand, were those historical vagaries important, then the populations should follow distinct evolutionary paths, and so diverge significantly and meaningfully over time (Lenski et al. 1991; Lenski 2004).  [2:  In essence, parallel replay experiments look at whether or not populations starting from the same initial evolutionary state then take parallel evolutionary paths when evolving under the same conditions. Another class of experiments, “historical difference experiments,” is designed to examine whether or not populations that start from different evolutionary states follow convergent paths to a common evolutionary endpoint during evolution in the same conditions (Travisano et al. 1995a, Blount in press; Spor et al. 2014).] 

The populations have shown extensive parallel evolution. All have evolved much higher fitness than the ancestor under the experimental conditions (Lenski and Travisano 1994; Lenski 2004; Wiser et al. 2013; Lenski et al., 2015). The populations have all evolved faster growth on glucose, larger cell size, smaller maximum population sizes, and greater ecological specialization (Lenski and Travisano 1994; Vasi, Travisano, and Lenski 1994; Cooper and Lenski 2000; Cooper et al. 2001; Lenski 2004; Philippe et al. 2009; Leiby and Marx 2014). They have evolved similar changes in gene expression and regulation (Cooper, Rozen, and Lenski 2003; Cooper et al. 2008; Crozat et al. 2011; Philippe et al. 2007), protein content (Pelosi et al. 2006), and resistance to certain viruses (Meyer et al. 2010). Most of the populations have also evolved similar changes in DNA topology (Crozat et al. 2005; 2010). Finally, a number of the same genes have accumulated mutations in some or all of the populations (Barrick et al. 2009; Cooper et al. 2001; Crozat et al. 2005; Crozat et al. 2010; Cooper, Rozen, and Lenski 2003; Pelosi et al. 2006; Philippe et al. 2009; Woods et al. 2006). Several of these parallel mutations demonstrably increase fitness under LTEE conditions (Barrick et al. 2009; Cooper et al. 2001; Lenski et al. 2003; Philippe et al. 2009).
The populations have also diverged evolutionarily. Each population has accumulated different sets of mutations (Woods et al. 2006; Stanek 2009). Even among genes that have mutated in parallel across multiple populations, the locations and details of the mutations are rarely identical (Crozat et al. 2005; Cooper, Rozen, and Lenski 2003; Pelosi et al. 2006; Woods et al. 2006; Cooper et al. 2001). Each population has also accumulated different gross changes to their genome, including IS insertions, inversions, and deletions (Papadopoulos et al. 1999). About half of the populations have evolved high mutation rates due to mutations in DNA repair genes, which have accelerated genomic divergence (Sniegowski, Gerrish, and Lenski 2000; Barrick and Lenski 2009; Barrick et al. 2009; Blount et al. 2012). Subtle, but significant and persistent variation in fitness has also been detected among the populations, suggesting that they may be climbing different adaptive peaks (Lenski et al. 1991; Lenski and Travisano 1994, Lenski et al., 2015). While unused functions have decayed across all populations, this decay varies among populations, and some populations have even seen functional gains (Cooper and Lenski 2000; Leiby and Marx 2014). 
More meaningful instances of divergence have also been observed. Perhaps the most significant is the population called Ara–2, in which two lineages, “S” and “L,” have coexisted for more than fifty thousand generations (Rozen and Lenski 2000; Rozen, Schneider, and Lenski 2005; le Gac et al. 2012; Plucain et al. 2014). This coexistence is maintained by the S cells cross-feeding on metabolic byproducts of the L cells, which grow better on the glucose in the medium, but die at higher rates after glucose runs out (Rozen et al. 2009). The origins of this interaction are still under study, but they appear to have involved multiple mutational steps taken prior to generation number 6,500 (Plucain et al. 2014). Instances of transient diversity have also been identified in other populations, and it is likely that other examples will be identified in more populations as they are examined more intensively (Elena and Lenski 2003; Barrick et al. 2009; Maddamsetti et al. 2015). 
The Ara–2 population aside, the simple glucose environment of the LTEE may have contributed to the parallelism seen in the LTEE. An environment with only one major and easily pursued ecological opportunity makes parallel evolution more likely. Moreover, the extensive parallelism with more subtle divergence in the LTEE suggests that the ancestor was predisposed to adapt to this opportunity, to climb “Mount Glucose,” and apparently to do so via a few relatively similar evolutionary paths. However, one population found an alternate path that took it up another mountain altogether.


THE EVOLUTION OF AEROBIC CITRATE UTILIZATION
From the beginning, the LTEE has contained an open ecological opportunity created by an abundant resource the bacteria cannot access. In addition to glucose, DM25 medium contains a potential second food source in the form of a high concentration of citrate,[footnoteRef:3] the same substance that makes citrus fruits tart. Unlike many bacteria, however, E. coli cannot grow on citrate under the oxygen-rich conditions of the experiment. This Cit– phenotype is one of the defining features of E. coli as a species (Koser 1924; Lutgens and Gottschalk 1980; Scheutz and Strockbine 2005). E. coli is not metabolically inert toward citrate. It has a complete Krebs, or tri-carboxylic acid cycle, the metabolic pathway by which citrate is metabolized, and citrate is metabolized as an intermediate during aerobic growth on other substances (Lara and Stokes 1952; Lutgens and Gottschalk 1980). Most E. coli strains can also ferment citrate under conditions when oxygen is not present (Lutgens and Gottschalk 1980).  [3:  Citrate was not added to DM25 to provide an ecological opportunity, but has always been an ingredient of DM-type media (Davis and Mingioli 1950). DM was originally formulated by the bacteriologist Bernard Davis when he was developing a method of isolating mutants of E. coli that exploits the fact that penicillin only kills actively growing cells (Davis 1949). When penicillin is added to a culture of bacteria growing in a minimal medium the only cells that are not killed are those that are not actively growing because they have mutations that prevent them from synthesizing all nutrients not provided by the medium, and therefore are not actively growing. Davis found citrate increased the killing efficiency of penicillin, so he included it in his standard recipe. Davis’s penicillin method of mutant isolation came into wide use in the 1950s, which in turn led to DM becoming a widely used minimal growth medium for other applications. 
We now know that the citrate in DM improves the availability of iron for E. coli. At neutral pH with oxygen present, iron occurs primarily as an insoluble ferric ion. Citrate binds to ferric ions to form a stable, soluble complex called ferric dicitrate. E. coli has a transport system that specifically allows it to bind ferric dicitrate, and take up the iron, though not the citrate, from it (Cox et al. 1970; Frost and Rosenberg 1973; Hussein, Hantke, and Braun 1981; Härle et al. 1995). 
E. coli requires a tiny amount of citrate to take up iron, as little as 10 μM. DM25 contains 1700 μM. Why the excess? First, DM was designed specifically by Davis (1949) for his penicillin method of isolating mutants, which he knew worked better with citrate. Because E. coli was not known to use citrate at all, Davis likely did not think it was terribly important to find the lowest effective citrate level. Second, citrate’s role in iron acquisition was not discovered until the 1970s (Frost and Rosenberg 1973). In short, DM was developed for a particular experimental method long before the biological role of citrate in the medium had been discovered and the concentrations strictly necessary for it to fulfill that role had been determined, and its recipe reflects this. The high concentration of citrate in DM25 and the large ecological opportunity it presents in the LTEE was therefore contingent upon its unique history combined with conservative lab practice.] 

The only known barrier to aerobic growth on citrate is the inability to transport citrate into the cell when oxygen is present (Hall 1982; Reynolds and Silver 1983; Pos, Dimroth, and Bott 1998). E. coli has a citrate transporter, called CitT, but it is expressed only when no oxygen is present (Pos, Dimroth, and Bott 1998). It would seem that evolving an aerobic citrate-using, or Cit+, phenotype would be a relatively simple matter of altering the citT gene’s regulation. Nonetheless, spontaneous Cit+ mutants of E. coli are extraordinarily rare. Only one spontaneous Cit+ mutant of E. coli was reported over the entire twentieth century (Hall 1982). Moreover, while Cit+ E. coli strains have been isolated from the environment, they have all been found to carry plasmids from which foreign citrate transporters were expressed (Ishiguro, Oka, and Sato 1978; Ishiguro et al. 1979). Clearly, the evolution of a Cit+ trait is more difficult than it would first appear. 
In early 2003, after more than thirty-three thousand generations of evolution, one population, called Ara–3, suddenly got several-fold larger, and its culture much cloudier, as shown in Figure 2 (Blount, Borland, and Lenski 2008). Further study showed that the population was full of Cit+ cells that could grow in media that contained citrate as the only available food source. Despite initial fears of contamination, the Cit+ cells showed a number of traits and mutations peculiar to the Ara–3 population. The conclusion was inescapable: a Cit+ variant had spontaneously evolved. Later investigation showed that the Cit+ trait first evolved sometime between 31,000 and 31,500 generations. Early Cit+ variants grew very weakly on citrate, and so they remained a tiny minority in the population. Natural selection gradually refined the Cit+ trait over the next 2,500 generations until strongly Cit+ variants evolved that were able to rise to high frequency in the population, causing the population expansion that clued us in to the metabolic innovation’s evolution (Blount, Borland, and Lenski 2008; Blount et al. 2012).
The Cit+ trait has been the most significant evolutionary change observed during the LTEE so far, and it has proven to be the proverbial gift that keeps on giving. It is a key adaptation that presents a chance to study the origins of evolutionary novelty, and how bacteria adapt to new niches and resources. A Cit– subpopulation persisted as a small minority in the population after Cit+ became dominant, which provides an opportunity to examine a new ecology as it evolves (Turner et al., In Review). Cit+ also transcends the accepted range of variation for E. coli, and might just be an incipient species that could be used to examine speciation—what Darwin and Herschel called “that mystery of mysteries”—in a highly characterized and easily manipulated system. Finally, Cit+ is a rare instance in which the evolutionary contingency of a novel trait can be empirically assessed. The remainder of this paper will focus on this aspect of Cit+ evolution and its broader implications.

Cit+ IS A HISTORICALLY CONTINGENT TRAIT
Perhaps the most intriguing and important question about the evolution of Cit+ is also the most obvious. The enormous citrate resource had been there from the LTEE’s beginning. So why did the Cit+ trait evolve only once, and then only after such a long time? One plausible explanation is that Cit+ was a historically contingent trait. Historically contingent traits require particular, non-guaranteed antecedent states, which is to say a particular history, to evolve. Their origins are therefore complex, and require multiple mutational steps. Some of these steps may be neutral, not uniquely beneficial[footnoteRef:4], or possibly even mildly detrimental. Because the required steps are not uniquely favored, cumulative selection cannot predictably and rapidly facilitate their accumulation (Dawkins 1996, 45). Instead, the accumulation of the necessary mutations must be an accident of an organism’s history. As a consequence, historically contingent traits should typically display two characteristics. First, they will rarely evolve multiple times independently simply because the necessary historical sequences are unlikely to recur (Vermeij 2006). Second, because natural selection cannot construct them directly, contingent traits will tend to arise long after the ecological opportunity or environmental challenge to which they provide adaptation appears (Foote 1998).  [4:  This is to say that there may be alternate mutations that carry the same adaptive benefit, but that do not simultaneously exist on the pathway leading to the historically contingent trait.] 

Cit+ displays both characteristics expected of historically contingent traits. My colleagues and I therefore hypothesized that the Cit+ trait required multiple mutations to evolve: a final one that immediately caused the switch from Cit– to Cit+, and one or more earlier “potentiating” mutations. Under this hypothesis, Cit+ arose in Ara–3 because the potentiating mutations happened to accumulate during the population’s history, and the long delay was because natural selection did not necessarily favor their accumulation. This hypothesis predicts that the rate at which Cit+ mutants arose should have changed over time in Ara–3, rising from the vanishingly low ancestral rate to that of the final mutation needed for the switch from Cit– to Cit+ upon the accumulation of the necessary potentiating mutations. That is to say that the potential to evolve Cit+ changed over time.
In most cases, a hypothesis that posits that a given evolutionary event was contingent upon a prior event would be difficult, if not impossible, to test without a time machine. Fortunately the LTEE has features that allow historical hypotheses to be tested without pleading with the Doctor for the use of his TARDIS. The experiment’s frozen fossil record means that we have something most evolutionary biologists do not: direct access to the population’s history, and indeed to actual historical organisms. This access allowed us to conduct experiments that directly evaluated how the potential to evolve Cit+ changed over time. In these experiments we isolated a variety of historical clones from Ara–3’s fossil record, used them to found new populations, and then actually replayed the tape of life. If Cit+ had in fact been contingent upon earlier potentiating mutations, then Cit+ re-evolution would tend to occur in populations founded from later generation clones in which those mutations were present. 
We performed two types of replay experiments (Blount, Borland, and Lenski 2008). In the first, we isolated Cit– clones from twelve points in the population’s history between 0 and 32,500 generations, and used them to found 72 new populations that we evolved for 3,700 generations under LTEE conditions. I think of this as the “elegant way” of replaying the tape because it more or less replicated the conditions under which Cit+ initially evolved. Consistent with our hypothesis, Cit+ re-evolved four times, each time in a population founded from generation 30,500 or later. 
The first replay experiment took more than two years to perform. (While relatively fast, evolution experiments can still take a solid chunk of time.) During this time, we also replayed the tape a second way that involved plating massive numbers of cells on petri plates on which only rare Cit+ mutants would form colonies. This “brute force” approach allowed us to quickly examine more clones more extensively than the design of the first experiment permitted. In all, we examined more than 4.0  1013 cells. As in the first experiment, we found that clones from later generations have a much higher propensity to produce Cit+ mutants. Indeed, Cit+ never re-evolved from any clone isolated from earlier than 20,000 generations.
Consistent with the historical contingency hypothesis, the replay experiments showed that the potential to evolve the Cit+ trait increased markedly over Ara-3’s history. To quantify this “potentiation” effect, we used fluctuation tests to compare the rate of mutation to Cit+ for the ancestral clone, REL606, with that of the clones that had yielded Cit+ mutants during the replay experiments (Luria and Delbrück 1943). In all, we tested around 8.4  1012 ancestral cells, and observed no Cit+ mutants. This result corresponds to an estimated upper bound of less than about 3.6  10-13 mutations to Cit+ per cell per generation, which is among the lowest mutation rates ever empirically estimated. By contrast, we measured the rate of mutation to Cit+ in a potentiated genetic background to be approximately 6.6  10-13 per cell per generation. This is still a remarkably low rate that is about three orders of magnitude below the typical mutation rate in E. coli (Drake 1991). The potentiating mutations therefore boosted the rate of mutation to Cit+ from an inaccessibly low ancestral rate of “approximately never” to a still very low, but accessible rate of “approximately almost never.”

GENOMIC ANALYSIS OF Cit+
The Cit+ trait was contingent upon the prior evolutionary history of the Ara–3 population, but what was this history? What mutations and evolutionary paths led to the Cit+ trait and its eventual evolutionary success? As I will discuss below, answering these questions is a bit more difficult than it might seem, but the first step in doing so is to consult the single relevant historical record: the evolving population’s genomic annals, in which genetic changes were recorded in the organisms’ DNA. We took advantage of the recent revolution in DNA sequencing technology to obtain the complete sequences of the genomes of twenty-nine clones isolated from various points in Ara-3’s history, and identified almost all of the mutations that had accumulated in each (Blount et al. 2012). 
We first used these genomic data to reconstruct the population’s phylogeny, which showed that Ara-3 had been diverse over most of its history (Fig. 3). At least three clades, or related lineages, called Clades 1, 2, and 3, had evolved by generation 20,000, and then co-existed until after Cit+ became dominant some 14,000 generations later. The Cit+ lineage itself diverged from Clade 3 after 31,000 generations. The phylogeny also provided guidance in our search for mutations involved in Cit+ evolution. These mutations seem to have accumulated in three distinct phases. The first to accumulate were those that potentiated Cit+ evolution by making the trait mutationally reachable. A final mutation then actualized the trait, causing a qualitative switch from Cit– to weakly Cit+. Finally, mutations that refined the weak Cit+ trait into a stronger form accumulated through the action of natural selection. 
	Actualization was the most straightforward of the phases to figure out. All Cit+ genomes have a genetic duplication that contains the citT gene, which encodes the CitT citrate transporter protein that pumps citrate into the cell during anaerobic growth on citrate, as shown in figure 4 (Pos, Dimroth, and Bott 1998). This duplication is what immediately caused the Cit+ trait. To understand how, it is first important to know that DNA sequences called promoters regulate when a cell turns genes on and off. For the most part, which promoter controls which gene is determined by their spatial relationship. The citT gene is normally controlled by a promoter that only turns the gene on when no oxygen is present. The duplication changes this regulation by placing a new copy of citT next to and under the control of a promoter that normally turns the rnk gene on when oxygen is present (Shankar, Schlictman, and Chakrabarty 1995). We call this new combination the rnk-citT module, and it is what causes expression of the citT gene when oxygen is present, leading to the synthesis of the CitT transporter, and granting access to the citrate (Pos, Dimroth, and Bott 1998; Blount et al. 2012).[footnoteRef:5] This sort of genetic rewiring, in which a previously silent gene comes under the control of a new promoter, is called “promoter capture”, and is one of the ways in which evolution innovates new traits (Adam, Dimitrijevic, and Schartle 1993; Usakin et al. 2005).  [5:  The Cit+ mutants recovered during the replay experiments show that there were actually many possible actualizing mutations. All of them have mutations that involve citT, and most clearly place copies of citT under the control of new promoters, but the actual mutations vary considerably. Many are tandem duplications similar to that found in the original Cit+ variant, and more of these form are variants of the rnk-citT module, but several place citT under the control of other promoters. Could these alternate actualizing mutations have changed what evolutionary paths Cit+ evolution might have taken? Good question. I don’t know. (Yet.)] 

	The rnk-citT module is not a perfect solution to the problem of accessing the citrate resource because CitT does not just import citrate. Instead, CitT is an antiporter that ties citrate importation to the export of succinate and a few other related substances, chiefly malate and fumarate (Lutgens and Gottschalk 1980, Pos et al 1998). (CitT can also, strangely enough, import citrate while exporting citrate. As I said, it is not a perfect solution.) During fermentation this works perfectly well, because succinate is a principal waste product of citrate fermentation. However, succinate is not a waste product of aerobic citrate metabolism. Rather, it, malate, and fumarate are metabolic intermediates from which energy may still be derived. This is to say that it is still “food”. And so Cit+ cells growing on citrate are a bit like a toddler learning to eat on its own. Cit+ cells take a bite of citrate and chew it a bit, only to have most fall out of their mouths while taking the next bite of citrate. This has some interesting consequences. First, it means that Cit+ cells do not derive as much benefit from growing on citrate as they might. Second, during growth on citrate, Cit+ cells spill substantial amounts of succinate, malate, and fumarate into the medium, creating a new ecological opportunity ripe for evolutionary exploitation. Indeed, my colleague Caroline Turner determined that the Cit– cells that persisted in the population did so largely because they evolved the capacity to exploit this opportunity (Turner et al., In review). 
	Unlike Athena from Zeus’s brow, new biological functions do not spring forth fully formed. Instead, they generally first arise in a barely functional form. Once a beneficial trait exists, mutations that improve it can be accumulated by natural selection. This “refinement” phase continues as long as the novel trait remains beneficial and new refining mutations arise. Unsurprisingly, early Cit+ clones were very poor at growing on citrate, but the function improved substantially over time. We know that the evolution of Cit+ cells to grow strongly on citrate first involved an increase in the number of rnk-citT modules present per genome, which in turn increased CitT production. We have yet to fully investigate the refinement that took place after Cit+ cells became dominant. Almost certainly refinement will have involved mutations that improved usage of citrate. It also stands to reason that refinement will also involve the accumulation of mutations that permit Cit+ cells to recover succinate, malate, and fumarate they spill into the medium during growth on citrate, and at least one refining mutation has already been discovered to do this (Quandt et al. 2014). Refinement will likely go on for thousands of generations, and involve many mutations, some of which may improve growth on citrate while reducing fitness on glucose. This would be a particularly interesting finding that would be consistent with ecological specialization driving incipient speciation in Ara–3 (Cohan and Perry 2007).
	Potentiation has so far proven to very difficult to unravel even now that we know what mutations occurred during the population’s history. (This is akin to a historian knowing what events occurred, but not knowing their impacts or relationships.) One problem is that the only phenotype that we know the potentiating mutations produce is the increased rate of mutation to Cit+, which gives us few practical means of linking particular mutations to potentiation. Further complicating matters, potentiation involved at least two mutations. During the replay experiments, clones from all three major clades in the population yielded Cit+ mutants, but clones from Clade 3 were significantly more likely to do so. This pattern suggests that at least one potentiating mutation occurred before the clades diverged, and then at least one more occurred in Clade 3 (Blount et al. 2012). This is illustrated in Figure 3. 
Another important question with which we are still struggling is that of how the potentiating mutations altered the potential to evolve Cit+. One possibility is that they physically promoted the occurrence of the actualizing mutation. Alternatively, the potentiating mutations were not needed for the actualizing mutation to occur, but had to be in place for it to produce the Cit+ function (Blount, Borland, and Lenski 2008; Blount et al. 2012; Quandt et al. 2014). We call this second possibility “functional epistasis.” Either mechanism would shed light on how evolutionary potential is altered by history. Physical promotion would relate to how mutations can change the range of possible future mutations. Functional epistasis, on the other hand, would speak not only to the role that epistasis plays in altering the effects of mutations, but it might also tell us something of how ecological interactions can alter evolutionary trajectories and potential. How so? The three clades in Ara–3 most likely coexisted by occupying different niches in the population’s ecosystem. For instance, Clade 1 might have grown primarily on glucose, spilling a byproduct into the medium as it did so. Clade 2 might have subsisted on a combination of glucose and the byproduct, in the process releasing a second byproduct that Clade 3 used. Such specialization and cross-feeding has sustained diversity in other evolving microbial populations, including Ara-2 (Treves, Manning, and Adams 1998; Rozen, Schneider, and Lenski 2005). 
Despite these problems, we have been making progress in unraveling the mysteries of potentiation. While we are still searching for the potentiating mutation common to Clades 1, 2, and 3, we have likely identified the potentiating mutation unique to Clade 3, and, as expected, it tells an interesting story (Quandt et al. 2015). The mutation is in the gltA gene that encodes citrate synthase, which links glycolysis, the pathway by which glucose is metabolized, to the Krebs cycle through which citrate is metabolized. This gltA mutation modified metabolism in a way that improved growth on acetate produced as a byproduct of growth on glucose by members of another clade, and upon which Clade 3 seems to have evolved to specialize. Coincidentally, the gltA mutation also made the rnk-citT module beneficial when it evolved. The second potentiating mutation therefore facilitated Cit+ evolution via functional epistasis, and, consistent with my speculation above, was beneficial to Clade 3 in the niche it occupied in the pre-Cit+ Ara-3 ecosystem. This means that Cit+ evolution was also contingent in part upon the evolution of particular ecological conditions in the population.

IMPLICATIONS OF THE Cit+ STORY FOR THE ROLE OF HISTORICAL CONTINGENCY IN EVOLUTION
That is the story of Cit+ so far. Does it in and of itself resolve the controversy over the role of historical contingency in the grand pageant of evolution? Of course not. The very notion is silly. The LTEE is a highly simplified model system in which the environment never changes, the populations are insulated from the outside world, and evolution occurs strictly via the core evolutionary processes of mutation, drift, and natural selection. It does not involve many phenomena relevant to the issue of evolutionary contingency, including gene flow, complex ecology, climate change, mass extinction, or cataclysm[footnoteRef:6]. (We have avoided any asteroid strikes in the lab so far. Knock on wood.) Nonetheless, the story of the historically contingent evolution of Cit+ holds some interesting implications for the role of contingency in evolution. Perhaps the foremost is that, despite the LTEE’s simplicity, the chanciness inherent to mutation and drift was sufficient to permit small but important differences to arise in the evolutionary and ecological histories of the populations along their broadly parallel trajectories. In the case of Ara–3, these differences shifted the population’s evolutionary potential sufficiently that it eventually went down a path that has been wildly different from that of its brethren.[footnoteRef:7] If the chance and stochastic elements at the core of the evolutionary process can produce meaningful differences over the course of an evolutionary history under such strict conditions, then it would seem likely that contingency can play a significant role in determining the repeatability of evolutionary outcomes.  [6:  Or perhaps it has experienced a small one. The Cit– lineage that persisted in the Ara-3 population after Cit+ became dominant went extinct between 43,500 and 44,000 generations. Careful study by Turner et al. (2015) showed that the extinction was not a deterministic matter of competitive exclusion of Cit– subsequent to niche invasion by a Cit+ subpopulation. Cit– clones from just prior to extinction were able to reinvade the population even thousands of generations later, showing that the Cit– niche was still open. Moreover, when replicates of the population started from samples taken prior to Cit– extinction were evolved for five hundred generations, no instances of extinction were observed. These findings led to the conclusion that the extinction was caused by an unknown environmental perturbation to which the Cit– subpopulation was more sensitive, the LTEE version of a chance cataclysm. Not only does this represent another instance in which contingency has played a role in the Cit+ story, its impact is ongoing. Cit+ evolution in Ara-3 after the extinction takes place in an ecosystem substantially altered by loss of Cit–. How contingent might its subsequent evolutionary trajectory be upon the extinction event? This is a question we will be able to assess in the future. One of the extinction replay experiments, founded from a population sample frozen at 43,000 generations, was chosen to be continued indefinitely as the thirteenth LTEE population, Ara-7. It will permit comparison of how Cit+ has evolved under conditions in which the Cit– extinction did or did not take place. Stay tuned.    ]  [7:  What if the Cit+ function were to evolve in another of the LTEE populations? Would this mean that Cit+ is not a contingent trait? I don’t think so. My work pretty well demonstrates that the trait’s evolution was dependent upon the occurrence of the potentiating mutations, which in turn means that it was contingent upon the occurrence of an evolutionary history that included such mutations. The recurrence of such a history in another population would not negate the trait’s contingency. Speaking in terms of path dependence, such a recurrence would still argue that Cit+ is path dependent, but that there was not a single path upon which it was dependent. This is an important point—evolutionary path dependence, and thereby historical contingency, exists on a continuum ranging from those outcomes that may be reached via one or a few paths, to those that are path-insensitive and guaranteed.] 

The evolution of the Cit+ trait also suggests that evolutionary potential, also called “evolvability,” or the capacity of a genotype to produce new heritable variation, is likely to be a more important factor in evolutionary contingency than has been considered so far (Pigliucci 2008). In the absence of gene flow, natural selection must act on variation that arises by mutation of an existing genotype, which may be envisioned as residing at a point in what could be called “variation space.” The variation space surrounding a genotype is composed of variant genotypes that can arise from it by mutation.[footnoteRef:8] For any given genotype there exists a range of single, double, triple, or higher-tuple mutations that can occur at frequencies that range from very high to vanishingly, absurdly low. Those variant genotypes closest to the central genotype are those reachable by high frequency mutations, with progressively more distant variants being reachable only by the seven-league boots of progressively rarer mutations.  [8:  This concept is similar that of the “genetic neighborhood,” which deals with a genotype and the local region of genotypic space that contains genotypes one or two steps removed from it (Lewontin 1974; Wilke et al. 2001; Covert et al. 2013). The two concepts are related, but my idea with variation space is that is that all points in the genotypic landscape are reachable at a certain probability determined by the frequency of the necessary mutation or mutations. Variation space thus deals with how the accessibility of different points in genotypic space varies.] 

As a genotype evolves, so too does the structure of the surrounding variation space, and the rates of the mutations necessary to reach different variants. Different variant genotypes encode different phenotypes, some of which will include novel traits. As the rates of the range of mutations from a genotype determine what variant genotypes are likely to occur, they likewise determine what novel traits may reasonably be evolvable. As with Cit+, a trait cannot evolve if the necessary variation does not arise. The prior evolutionary path taken by a lineage to which a genotype belongs determines where that genotype falls in variation space, and so determines what variation and what novel traits are evolvable from that genotype. In other words, the evolutionary path followed by a lineage over its history sets the “variation on what” side of the evolutionary equation, and not all variation is equally reachable from all genotypes. Prior history therefore plays a major role in determining what traits are accessible. Given the importance of novel traits in evolution, history can play a great role indeed in what future paths evolution is likely to take.
The actualization of the Cit+ trait via the novel rnk-citT element points to another way in which history impacts evolutionary potential. François Jacob (1977) once observed that evolution innovates by making the new from the old, concluding that “to create is to recombine.” The rnk-citT element is illustrative of how the modularity of the genome, together with the possibility for localized genetic duplication, allows pre-existing genetic elements to be recombined and exapted for new functions (Ohno 1970; Gould and Vrba 1982; Whoriskey et al. 1987; Zhang 2003; Taylor and Raes 2004). These new combinations can produce new traits, not only by the shuffling of regulatory elements to alter gene expression, but also by rearranging parts of genes to create new proteins with novel functional combinations (Patthy 1999; True and Carroll 2002). However, the range of new variation and traits that can be evolved in this manner, together with their consequences and the range of evolutionary trajectories they permit, depends critically upon the complement of recombinable genetic elements in a genome. That complement in turn depends on the prior evolutionary history that shaped and assembled the genome. 
In the end, I think that my work on the evolution of the Cit+ function in the LTEE shows that historical contingency arising from the core processes of evolution can impact evolutionary outcomes, and that there does seem to be a significant degree of path dependence to evolution, at least as pertains to novel traits. However, I again stress that the LTEE is a highly simplified system. The broader biological world is much more complex. In particular, the redundancy introduced by the astronomical number of evolving lineages and the incidence of gene transfer between them, at least at the microbial level, may mitigate the effect of contingency to a significant degree. Or it might not. The fact is that empirical investigation of evolutionary contingency has only just begun. Full resolution of the importance of contingency in evolution will require much more empirical, hypothesis-driven research, but this must not be a narrow program. It must instead be interdisciplinary and synthetic, involving collaboration between experimental evolutionists, systems, molecular, and field biologists, paleontologists, and, certainly not least, philosophers of science who can help parse tricky concepts, sharpen definitions, suggest questions, and help to design better research. Until such a concerted program of research has been carried out, I think it is far too premature to come to a solid conclusion. This may not be a satisfying note on which to end, but I think it is the proper one for now.
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Figure 1. The E. coli Long-Term Evolution Experiment (LTEE). 
The LTEE involves a simple serial transfer regime (top). 1% of each population is transferred to a fresh volume of growth medium DM25 every 24 hours, after which the populations are incubated for another 24 hours. Each population experiences approximately 6.6 generations per day. The experiment includes twelve, initially identical populations that have been evolved in parallel, with viable samples of each frozen every 500 generations (bottom).
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Figure 2. Expansion of the Ara–3 Population. 
As Cit+ variants rose to high frequency, the size of the Ara–3 population expanded several-fold due to the high concentration of citrate in the DM25 growth medium. The expansion caused the population to become much more turbid after twenty-four hours of incubation. (Figure adapted from Blount et al. 2012)
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Figure 3. Phylogeny of the Ara–3 Population. 
Population phylogeny based on sequenced clonal genomes. Colored lines and shaded areas correspond to major identified clades. (Figure adapted from Blount et al. 2012)
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Figure 4. Cit+ Actualization. 
[bookmark: _GoBack]In the Cit– ancestor (top), the citT gene is silent when oxygen is present. In Cit+ genomes (bottom), a tandem duplication places a new copy of citT adjacent to and under the control of the promoter that normally controls the aerobically expressed rnk gene. The new rnk-citT module supports the expression of the CitT citrate-succinate transporter protein when oxygen is present, providing access to the citrate resource. (Figure adapted from Blount et al. 2012.)
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