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Evolutionary innovations often arise from complex genetic and ecological interactions, 

which can make it challenging to understand retrospectively how a novel trait arose. In a 

long-term experiment, Escherichia coli gained the ability (Cit
+
) to utilize abundant citrate 

in the growth medium after ~31,500 generations of evolution. Exploiting this previously 

untapped resource was highly beneficial: later Cit
+ 

variants achieve a much higher 

population density in this environment. All Cit
+
 individuals share a mutation that 

activates aerobic expression of the citT citrate:C4-dicarboxylate antiporter, but this 

mutation confers only an extremely weak Cit
+
 phenotype on its own. To determine which 

of the other >70 mutations in early Cit
+
 clones were needed to take full advantage of 

citrate, we developed a Recursive Genome-Wide Recombination and Sequencing 

(REGRES) method and performed genetic backcrosses to purge mutations not required 

for Cit
+
 from an evolved strain. We discovered a mutation that increased expression of 

the dctA C4-dicarboxylate transporter greatly enhanced the Cit
+
 phenotype after it 

evolved, implicating the intracellular supply of succinate or other C4-dicarboxylates to be 

a critical factor for the expression of the phenotype. The activity level of citrate synthase 
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(CS), encoded by the gltA gene, was also found to be important for Cit
+
. A mutation to 

gltA (gltA1) occurred before the evolution of Cit
+
 and led to an increase in CS activity by 

diminishing allosteric inhibition by NADH. This mutation was found to be deleterious for 

high-level citrate utilization, a situation that was remedied shortly after the evolution of 

Cit
+
 by the evolution of compensatory mutations to gltA which decreased CS activity. We 

speculate that the gltA1 mutation may have been important to ‘potentiate’ the evolution 

of a weak Cit
+
 phenotype by increasing succinate production via an upregulated 

glyoxylate pathway but that as cells became able to import succinate by virtue of the dctA 

mutation that this pathway became maladaptive, prompting this evolutionary reversal. 

Overall, our characterization of this metabolic innovation highlights the degree to which 

interactions between alleles shape the evolution of complex traits and emphasizes the 

need for novel whole-genome methods to explore such relationships. 
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CHAPTER 1:  Introduction 

 

MAPPING COMPLEX TRAITS 

 

Complex traits are commonly defined as traits which do not exhibit classical 

“Mendelian” patterns of inheritance; that is, they are not solely attributable to a single 

gene locus. Instead, the expression of these traits is determined by the effects of several 

genes or alleles which may be scattered across the genome. These traits are often 

quantitative in nature with each allele contributing to the expression of the phenotype. 

Numerous methods exist to map these contributing alleles or “quantitative trait loci” 

(QTLs) (reviewed in (1–3)). These methods rely on the principle of linkage between the 

QTL(s) of interest and of known marker loci (Figure 1-1). In these studies, specific 

crosses with strains known to contain defined marker loci are performed and the resulting 

progeny with the desired phenotype are analyzed for the coinheritance of these markers. 

A high level of linkage between the phenotype and a particular marker loci is indicative 

that the QTL resides in proximity to the marker. 
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Figure 1-1: Quantitative trait locus mapping 

a. Quantitative trait locus (QTL) mapping requires parental strains (red and blue plots) 

that differ genetically for the trait, such as lines created by divergent artificial selection. 

b. The parental lines are crossed to produce individuals or strains that contain different 

fractions of the genome of each parental line. The phenotype for each of the recombinant 

individuals or lines is assessed, as is the genotype for multiple markers that are 

polymorphic between the parental strains. Recombinant inbred lines (RIL) are preferred 

over F2 and backcross designs when traits with low heritabilities are the focus of the 

study. Because multiple phenotypic measurements can be obtained for each RIL 

genotype, more accurate estimates of the genotypic values of the lines are possible than 

with the same number of F2 or backcross individuals. Using RIL also facilitates the 

estimation of QTL by sex and QTL by environment interaction effects, because the same 

set of genotypes can be assessed in both sexes, and in different environments. c. 

Composite interval mapping
 
(4) evaluates the probability that a marker or an interval 

between two markers is associated with a QTL affecting the trait, while simultaneously 

controlling for the effects of other markers on the trait. This method considerably 

increases the power to detect QTL, by decreasing the within-marker-class phenotypic 

variation
 
(5). The results of such an analysis are presented as a plot of the likelihood ratio 

test statistic against the chromosomal map position, in recombination units (cM). 

Positions of the markers are shown as triangles. 

Reprinted figure and caption by permission from Macmillan Publishers Ltd: Nature 

Reviews Genetics. (6). Copyright 2001. 
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However these methods have been largely limited to eukaryotic systems where 

sexual reproduction allows for backcrossing in a straightforward manner. The lack of a 

native system for sexual reproduction in bacteria poses a significant challenge to QTL 

mapping in these organisms. Methods for bacterial genome transfer and recombination 

that mimic the effects of sexual reproduction such as phage-mediated transduction and 

conjugation by the F-plasmid “fertility factor” have allowed for limited trait mapping (7, 

8), however these methods are notoriously cumbersome and labor intensive making the 

mapping of multiple QTLs a daunting task. For this reason these methods have been 

primarily used to map loci of single allele traits.  

However, recent advances in DNA sequencing and synthesis have enabled new 

approaches to study the genetics of complex traits in bacteria. The falling cost of whole 

genome sequencing has meant that bacterial genomes can now be routinely sequenced, 

exposing all genetic variation. This complete knowledge of genotype has facilitated the 

study of adaptation at the genetic level (9) and development of new methods that can 

rapidly generate specific genomic mutations and screen for their effects on phenotype in 

an increasingly high-throughput manner. Multiplex automated genome engineering 

(MAGE) (10) is a current state of the art technique for this application. In this method 

targeted mutations are introduced into the E.coli chromosome through repeated rounds of 

oligo-mediated λ-Red recombination (11), resulting in a large diversity of precisely 

modified genomes (Figure 1-2). These strains can then be assayed for a particular 

phenotype and the responsible mutations readily identified by sequencing.   
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Figure 1-2: The MAGE method 

In this method E.coli strains which contain the λ-Red recombination functions (11) are 

made electrocompetent and transformed with libraries of short synthetic oligonucleotides 

encoding mutations to be introduced into the genome.  Recombination of these mutagenic 

oligonucleotides with the E.coli chromosome by the λ-Red proteins generates strains with 

diverse genotypes. This process can be automated and performed recursively to increase 

the likelihood of mutation incorporation (10). 

  

Reprinted by permission from Macmillan Publishers Ltd: Nature, (10) copyright (2009)  

 

 

 This method has been useful in generating improved phenotypes by targeting 

known pathways for mutagenesis (10) as well in creating specific genotypes (12, 13). 

Although not demonstrated as of yet, this method could hold promise as a way to identify 

QTLs from evolved organisms. However, this method and methods like it (14) are 

limited in the kinds of mutations that they can introduce, namely point mutations and 

small insertions or deletions, and thus cannot recapitulate complex chromosomal 
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rearrangements, mobile element insertions, or large genomic duplications, which can be 

common features of evolved strains (15, 16).   

Genome shuffling by protoplast fusion (17) is another method that could be used 

for bacterial QTL mapping and is not limited by the kinds of mutations that it can 

introduce. In this method, cytoplasmic fusion between two or more protoplasts is induced 

(Figure 1-3), leading to large-scale recombination between the fused cell’s 

chromosomes, much like what occurs during meiotic recombination. This method is 

commonly used to combine beneficial alleles for a particular phenotype, accelerating the 

process of strain development (reviewed in (18). However, this method suffers from low 

efficiency in gram-negative organisms because of their outer membrane and periplasm 

which when stripped leads to poor regeneration and viability. Likely for this reason, the 

overwhelming majority of successful genome shuffling reports employ gram-positive 

organisms (18). 
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Figure 1-2: Protoplast fusion between bacterial cells. 

In this method the bacterial cell wall is removed allowing for membrane fusion between 

two or more cells, as shown (19). Genomes of the fused cells are then subject to 

homologous recombination by host factors, leading to resolution of multiple genomes 

into a single unit. Multiple cross-over events during this process result the generation of 

combinatorial libraries of new genotypes (17). 

 

Reproduced with permission from Elsevier, (19). Copyright 2005. 

  

 

EVOLUTION OF CIT+ IN THE LTEE 

 

The evolution of Escherichia coli strains capable of aerobic citrate utilization 

(Cit
+
) which occurred in a “long-term evolution experiment” (LTEE) provides a unique 

opportunity to study the evolution of a complex trait.  The LTEE was started in 1988 with 

the founding of 12 replicate E.coli populations derived from a common ancestral strain, 

REL606. The only initial difference between these populations was that 6 of the 12 
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populations were actually founded from an REL606-derivative, REL607, which was 

selected for its ability to utilize Arabinose (Ara+). This neutral genetic marker allowed 

for the differentiation of the Ara- and Ara+ populations by virtue of the arabinose 

utilization phenotype, a phenotype that could be scored by growth on arabinose as a sole 

carbon source or by colony color when plated on tetrazolium arabinose (TA) plates with 

Ara- strains forming red colonies and Ara+ strains forming white colonies.  

 These populations have been propagated daily in DM25 minimal media which 

contains 25 mg/mL glucose as the limiting resource. This media has been found to 

support a population density of about 5 × 10
7
 cells per milliliter. Daily serial transfers 

have involved a 1:100 dilution, which results in ~6.64 generations per growth cycle. 

Every 500 generations, a sample of each population is saved and frozen away creating a 

living ‘fossil’ record that can be revived for study. Intense study of these populations has 

chronicled the various adaptations that these cells have undergone as they continue to 

evolve for optimal growth and survival in this ‘novel’ environment (20, 21). 

DM25 media also contains an abundance of citrate, a second potential carbon 

source, however this resource is not accessible to E.coli under oxic conditions (22–24), 

such as those of the LTEE. All twelve populations grew exclusively on the supplied 

glucose until after approximately 33,000 generations (~15 years) when the Ara-3 

population exhibited massive a increase in population density which was found to be 

caused by evolution of genetic variants capable of aerobic citrate utilization (Cit
+
) (25) 

(Figure 1-4). 
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Figure 1-4: Evolution of Cit
+
 and resulting population expansion 

After 33,000 generations of growth in the LTEE the Ara-3 experienced a large expansion 

in population density as evidenced by an increase in optical density. This population 

expansion was found to be due to the evolution of genetic variants capable of aerobic 

citrate utilization (25). 

Reproduced from (25), copyright © the National Academy of Sciences 2008. 

 

 The mutation responsible for this innovation has been determined; a tandem 

duplication occurred which placed a copy of the anaerobically-regulated citT citrate 

transporter gene (26) under the control of the aerobically active rnk promoter (27) 

(Figure 1-5). This mutation has been found to result in aerobic expression of the CitT 

transporter and results in a qualitative Cit+ phenotype. Strains containing this mutation 

could be isolated as early as 31,500 generations; however, unlike strains isolated after 

33,000, these early Cit
+
 strains only exhibit a very weak Cit

+
 phenotype; they cannot 

grow on citrate as a sole carbon source and only grow to slightly higher densities in 

DM25 media. This observation suggested that additional ‘refining’ mutations were 

required before cells could robustly utilize citrate and dominate the population. 
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Figure 1-5: Actualizing Cit
+
 mutation. 

The mutation responsible for the Cit
+
 phenotype was tandem duplication of the rnk-citT 

chromosomal region. This mutation resulted in two copies of the rnk-citT locus, one of 

which placed the citT under the control of the aerobically expressed rnk promoter (27). 

 

Reprinted by permission from Macmillan Publishers Ltd: Nature (27), copyright 2012. 

 

Owing to the rarity of this innovation, it was suspected that a particular genetic 

background might have been required for the innovation to occur. To test this hypothesis, 

Ara-3 strains from various time points spanning the history of the population were 

challenged to spontaneously evolve a Cit
+
 phenotype in replay experiments where large 

numbers of cells were plated on minimal citrate plates. These experiments found 

evidence of the development of a “potentiated” genetic background that increased the 

frequency of Cit
+
 evolution with later generation strains tending to have a higher 

likelihood of evolving Cit
+
. However this frequency remained extremely rare, only 

estimated to be ~6.6 × 10
-13

 in potentiated clones (25).  
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Figure 1-6: Phylogenetic tree of the Ara-3 population 

Genome sequencing of clones from the Ara-3 population was used to reconstruct the 

phylogeny of the population. Three genetically distinct clades were found to have co-

existed at the time when Cit
+
 evolved from a Clade 3 progenitor around 31,500 

generations (25, 27). 

Reprinted by permission from Macmillan Publishers Ltd: Nature (27). Copyright 2012. 

 

Further characterization of phylogeny of the population by genome sequencing 

revealed that by the time of Cit
+ 

evolution the population was genotypically diverse, with 

three distinct clades present (Figure 1-6) (27). It was found that Clade 3 had given rise to 

the Cit
+
 population. Furthermore, genotypic analysis of the strains that produced Cit

+
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variants in the replay experiments showed that all three clades could produce Cit
+
 clones; 

however, there was a much higher tendency for later-generation strains from Clade 3 to 

do so. Hence it was concluded that there were likely (at least) two events that potentiated 

Cit
+
, one event happening before the divergence of the three clades around 10,000 

generations, and then another which was specific to Clade 3 which diverged around 

25,000 generations (27) (Figure 1-6). 

 

 

Figure 1-7: Inferred timing of key mutational events in the evolution of Cit
+
 

Reprinted by permission from Macmillan Publishers Ltd: Nature (28). Copyright 2012. 

 

 These initial observations led to proposal of a 3-step model for the evolution of 

complex traits such as Cit
+ 

(Figure 1-7). In the first step, a potentiated genetic 
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background develops which makes the evolution of the trait accessible. An actualization 

step can then proceed, characterized by the evolution of a mutation initially giving rise to 

the trait. Once the trait evolves, refinement mutations can accumulate which strengthen 

the phenotype (27). Although there is strong evidence for potentiating and refinement 

mutations, none have currently been positively identified. 

GOALS OF THIS WORK/OVERVIEW 

As described earlier, it is believed that the evolution of Cit
+
 in the LTEE was a multistep 

process that required other mutations in addition to the actualizing mutation that activated 

expression of the CitT transporter. However, the determining of the identities these 

mutations has been difficult owing to the complexity of the phenotype and of the genetic 

background in which it exists, a challenge which is inherent to many adaptive evolution 

experiments where complex phenotypes tend to arise. The earliest Cit
+
 strains have been 

found to contain upwards of 70 mutations (27), only a fraction of which may actually be 

important for the phenotype. This large quantity of mutations coupled with our 

incomplete understanding of gene function and epistatic interactions that may exist 

between alleles makes it exceedingly difficult to disentangle key mutations using 

conventional genetic mapping procedures available for E.coli. 

 In Chapter 2, I present an improved backcrossing method (REGRES) to help 

overcome the challenges associated with determining the genetic basis of complex 

evolved traits such as Cit
+
. This method was performed using an evolved Cit

+
 strain with 

the expectation that those mutations that potentiated the evolution of Cit
+
 would be 

indispensable for the expression of the phenotype and would be preserved during 

backcrossing. The results of this experiment did not show this to be the case. Instead it 

was found that in addition to the citT mutation, a refinement stage mutation was all that 
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was required to for cells to be strongly Cit
+
. The characterization of this mutation 

exposed a key underlying factor required for the expression of the Cit
+
 phenotype and led 

to a new hypothesis regarding potentiation which is further explored in Chapters 3 and 4.  

The results of the backcrossing experiment were also valuable in that they 

provided a glimpse into process of metabolic pathway optimization which can occur in 

response to shifting carbon source preference. In this case, optimization following the 

Cit
+
 innovation required the complete reversal of a previously evolved metabolic 

program. The characterization of this phenomenon is described in Chapter 3. 
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CHAPTER 2:  Recursive genome-wide recombination and 

sequencing reveals a key refinement step in the evolution of a 

metabolic innovation in Escherichia coli1 

ABSTRACT: 

Evolutionary innovations often arise from complex genetic and ecological 

interactions, which can make it challenging to understand retrospectively how a novel 

trait arose. In a long-term experiment, Escherichia coli gained the ability (Cit
+
) to utilize 

abundant citrate in the growth medium after ~31,500 generations of evolution. Exploiting 

this previously untapped resource was highly beneficial: later Cit
+ 

variants achieve a 

much higher population density in this environment. All Cit
+
 individuals share a mutation 

that activates aerobic expression of the citT citrate transporter, but this mutation confers 

only an extremely weak Cit
+
 phenotype on its own. To determine which of the other >70 

mutations in early Cit
+
 clones were needed to take full advantage of citrate, we developed 

a Recursive Genome-wide Recombination and Sequencing (REGRES) method and 

performed genetic backcrosses to purge mutations not required for Cit
+
 from an evolved 

strain. We discovered a mutation that increased expression of the dctA C4-dicarboxylate 

transporter greatly enhanced the Cit
+
 phenotype after it evolved. Surprisingly, strains 

containing just the citT and dctA mutations fully utilize citrate, indicating that earlier 

mutations thought to have potentiated the initial evolution of Cit
+
 are not required for 

expression of the refined version of this trait. Instead, this metabolic innovation may be 

                                                 
1 This chapter is reproduced (with minor modifications) from its initial publication: 

 

Quandt EM, Deatherage DE, Ellington AD, Georgiou G, Barrick JE (2014) Recursive 

genomewide recombination and sequencing reveals a key refinement step in the 

evolution of a metabolic innovation in Escherichia coli. Proc Natl Acad Sci U S A 

111:2217–22. 
 



 15 

contingent on a genetic background, and possibly ecological context, that enabled citT 

mutants to persist amongst competitors long enough to obtain dctA or equivalent 

mutations that conferred an overwhelming advantage. More generally, refinement of an 

emergent trait from a rudimentary form may be crucial to its evolutionary success. 

 

INTRODUCTION: 

 

Key innovations in the history of life are often caused by the acquisition of a 

qualitatively new trait that is "an evolutionary novelty which allows the exploitation of 

new resources or habitats and thus triggers an adaptive radiation" (29). Such innovations 

are typically rare and difficult to predict because they result from complex non-additive 

(i.e., epistatic) genetic interactions or ecological interactions, within or between species, 

that develop only over the course of long evolutionary trajectories (30). Evolution of a 

new trait can be conceptually divided into three steps: potentiation, actualization, and 

refinement (27). First, one or more "potentiating" events may be necessary to generate a 

genetic background or environmental conditions that make a new trait accessible to 

evolution. Genetic potentiation, for example, may involve a period of non-adaptive 

genetic drift wherein a phenotype stays constant or the accumulation of mutations that are 

immediately advantageous for reasons unrelated to the new trait (31, 32). Then, a 

keystone "actualizing" mutation or environmental shift may lead to expression of the new 

trait, possibly by co-opting latent changes in a cellular network or physical structure for a 

new use (33–35). Finally, there may be many subsequent opportunities for further 
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"refinement" mutations that improve an emergent trait so that a newly colonized niche 

can be fully exploited (29). 

 The appearance of citrate utilization in a >25-year long-term evolution experiment 

(LTEE) with E. coli provides an opportunity to study a deep historical record leading to a 

key metabolic innovation (20, 25, 27). E. coli cannot ordinarily grow on citrate as a sole 

carbon source under aerobic conditions (22, 24), a phenotype that has been used to define 

it as a species (36). Just one of twelve replicate LTEE populations gained the ability to 

aerobically utilize citrate (Cit
+
), and this rare innovation happened only after ~31,500 

generations of growth in glucose-limited media, despite the presence of an excess of 

citrate as an untapped carbon source all along (25). The actualizing event for the Cit
+
 trait 

is known: tandem amplifications of a chromosomal region that place a copy of an 

aerobically active promoter upstream of a citrate transporter (citT) are present in all Cit
+
 

isolates from this population (27). 

 However, the Cit
+
 trait was surprisingly weak when it first appeared. The earliest 

individuals with the citT mutation exhibit little or no growth on citrate as a sole carbon 

source and appear to have derived only a small benefit from this mutation under the 

conditions of the LTEE (27). In fact, a majority of the population remained Cit
–
 for at 

least 1,500 generations (225 days) after the citT mutation evolved, and these initial Cit
+
 

individuals were only detected retrospectively in historical samples of the population by 

using a sensitive indicator agar test for citrate utilization and allowing days to weeks for a 

positive result (25). Adding a high-copy plasmid with a module containing the new 

promoter configuration and citT gene to the ancestral strain of the LTEE leads to a 
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phenotype similar to that of the early Cit
+
 clones, indicating that this mutation is, at least 

qualitatively, sufficient on its own for this rudimentary version of the new trait (27).  

 Shortly after ~33,000 generations, this LTEE population experienced a massive 

increase in the final cell density it reached at the end of each daily growth cycle (25). 

This population expansion was due to the evolution of new Cit
+
 variants that fully utilize 

the abundant citrate in the media after glucose depletion. We call this strong phenotype 

Cit
++

, to differentiate it from the weak Cit
+
 phenotype of earlier isolates with just the citT 

mutation. Cit
++

 cells contain one or more additional refinement mutations that make 

robust growth on citrate as a sole carbon source possible. Strains with the Cit
++

 trait can 

be readily distinguished from Cit
+
 strains by their ability to form colonies within 48 hours 

on minimal agar containing citrate as the only carbon source. 

 Experiments that replayed the evolution of a Cit
++

 phenotype many times from 

Cit
–
 isolates, taken at different generational time points from the focal LTEE population, 

found evidence that one or more as-yet-unknown potentiating mutations accumulated in 

the lineage leading to Cit
+
 that made later strains more likely to access this metabolic 

innovation (25). Determining what evolved alleles are required for efficient citrate 

utilization would shed light on the evolutionary pathway that led to the appearance and 

refinement of this trait.  However, identifying these mutations is confounded by the 

presence of >70 evolved alleles in the earliest strains that have the Cit
++ 

phenotype, most 

of which likely improved growth on glucose by mechanisms that were not relevant for 

the emergence of efficient citrate utilization.  
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 Finding the minimal set of mutations required for
 
Cit

++
, as well as many other 

complex evolved phenotypes, is currently a daunting task in asexual microbes. Methods 

such as genome shuffling (37), multiplex automated genome engineering (MAGE) (38), 

and array-based discovery of adaptive mutations (ADAM) (39) can be used to create and 

test of libraries consisting of many genetic variants to dissect complex traits. However, 

no current technique is suitable in a bacterium like E. coli for concurrently: (i) capturing 

the structure of epistatic networks involving multiple alleles spread across the entire 

chromosome, (ii) introducing point mutations without associated genetic markers, (iii) 

broad compatibility with different strain backgrounds, and (iv) reconstructing complex 

chromosomal rearrangements, mobile element insertions, or large genomic duplications, 

which are common features of these evolved strains (15, 16). To overcome these 

limitations we developed Recursive Genome-Wide Recombination and Sequencing 

(REGRES), a method that uses conjugative chromosomal transfer, phenotypic selection, 

and whole-genome sequencing to identify the alleles required for an evolved trait.  

 Qualitative traits, including evolutionary innovations, may be the result of all-or-

none epistatic interactions, where no subset of mutations is sufficient for expression of a 

new phenotype (32). This absolute genetic interdependence will lead to a sudden and 

discrete change in a trait when an actualizing or refinement mutation occurs, as observed 

with the two steps in the evolution of citrate utilization in the LTEE. In accordance with 

this model, we expected REGRES with selection for the Cit
++

 phenotype to preserve the 

citT amplification and some combination of unknown potentiation and refinement 

mutations. We found that a single refinement mutation affecting the dctA gene was the 
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only evolved allele other than citT conserved across REGRES genomes. These two 

mutations were sufficient for qualitatively reproducing full utilization of citrate, 

suggesting a physiological mechanism for refinement that involved activation of a second 

transporter that makes citrate import by the CitT independent of the production of a co-

substrate by central metabolism. Finally, we discuss an alternative to the all-or-none 

epistasis hypothesis for how mutations could potentiate the evolution of the strong Cit
++

 

trait without being strictly required for its expression. 

RESULTS 

 

REGRES method.  

 

In the REGRES procedure (Figure 2-1), one first constructs a collection of Hfr (High 

frequency of recombination) donor strains (40, 41) from one or more recA
+
 pir

–
 parent 

strains by introducing suicide F plasmids for homology-targeted integration at different 

genomic locations (42). Each of these unique Hfr strains is capable of initiating genome 

transfer at a specific locus determined by the orientation of the oriT site in its 

chromosomally integrated F plasmid. The population of Hfr donor strains is then mated 

with an F
–
 recipient. At this point, donor cells are eliminated to isolate transconjugants by 

selecting for an antibiotic resistance marker carried only by the recipient strain. 

 The genomes of the resulting pool of transconjugants comprise segments from 

both donor and recipient parental strains, arising from: (i) random crossover events 

during homologous recombination of the donor DNA with that of the recipient; (ii) the 
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low efficiency of complete chromosome transfer during mating; and (iii) the possibility 

of transconjugants serving as recipients for multiple conjugative transfer events from 

different members of the population of donor Hfr strains. Finally, transconjugant clones 

with a phenotype of interest are isolated and screened for specific alleles to determine the 

degree of genetic mosaicism. Clones displaying a desired genotype may be subjected to 

whole-genome re-sequencing to fully characterize the alleles present and then used as 

donors or recipients in subsequent rounds of REGRES.   

 

 

Figure 2-1: Recursive Genome-Wide Recombination and Sequencing (REGRES) 

1. Suicide F plasmids are transferred to the donor strain by conjugation, and multiple F 

plasmid integrant Hfr strains are selected. 2. Isolated Hfr strains are mated with an F
–
 

recipient strain, permitting genome transfer and homologous recombination with the 

genomes of recipient cells. 3. A suitable selection or screening procedure for individual 

transconjugants displaying the phenotype of interest is applied. 4. Isolated strains are 
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genotyped against a panel of known alleles. 5. Strains of interest, usually with the fewest 

donor alleles, are selected for whole-genome sequencing and can be used as donors for 

another round of REGRES, if desired. 

 

Cit
++ 

REGRES backcross.  

 

Citrate could not be used by E. coli cells in the LTEE population before the evolution of 

the rnk–citG duplication that activated aerobic expression of the citT transporter (27). For 

this reason, the vast majority of mutations that accumulated earlier are thought to be 

unrelated to the Cit
+
 phenotype, and most probably improved growth on glucose (21). 

Therefore, we hypothesized that nearly all of the evolved alleles in an evolved Cit
++

 clone 

should be dispensable for citrate utilization, except possibly for specific mutations that 

potentiated the evolution of Cit
+ 

or refined its functionality to Cit
++

. To remove irrelevant 

mutations while maintaining a Cit
++

 phenotype, we used REGRES with selection for 

growth on citrate-only media to backcross the Cit
++

 donor strain CZB154 with the 

ancestral
 
recipient strain REL607. CZB154 is a 33,000-generation Cit

++ 
clone that 

accumulated a total of 79 mutations relative to its ancestor during the evolution 

experiment and can fully utilize citrate. It contains three copies of the tandem head-to-tail 

amplification of 2.9-kb spanning the rnk–citG region found in all Cit
+
 strains, as well as a 

subsequent 14.9-kb dsbG–insA-9 duplication that encompasses the entire rnk–citG region 

(27). Together, these two mutations result in four copies of the activated rnk-citT 

promoter configuration.   
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 To begin REGRES, suicide F plasmids targeting the galS and rhaM loci were 

introduced into CZB154 by conjugative transfer with subsequent antibiotic selection for 

chromosomal integration (42). The resulting library of CZB154 Hfr donor strains was 

then mated to REL607 cells containing a plasmid-encoded kanamycin resistance marker. 

REL607 transconjugants that had obtained alleles necessary for citrate utilization were 

selected on minimal agar plates containing citrate as the sole carbon source, and 

kanamycin to eliminate the donor strains. After incubation for up to 4 days, several 

colonies were picked and genotyped by Sanger sequencing for the presence or absence of 

CZB154-specific alleles. Strain R1 was found to contain a mixture of 50 CZB154-

derived and 29 REL607-derived alleles by whole-genome sequencing, indicating 

successful genome transfer and recombination.   

 Three additional rounds of REGRES were performed in this manner, each time 

using REL607 as the recipient strain but alternating the use of either a kanamycin or 

tetracycline resistance marker to differentiate new recipients from the previous round’s 

recipients. After each round, resulting Cit
+
 clones were genotyped (Figure 2-2) and the 

genomes of selected clones were sequenced to monitor the loss of CZB154-specific 

alleles (Figure 2-3).  



 23 

 

Figure 2-2: Mutational analysis of backrossed Cit
+
 strains. 

Strains resulting from the REGRES backcross were genotyped by PCR amplification and 

Sanger sequencing of known allelic differences between the ancestral (REL607) and 

evolved Cit
+
 strain (CZB154). (A) round 1 strains, (B) round 2 strains, (C) round 3 

strains, (D) round 4 strains.  

k
a

n
-1

k
a

n
-2

k
a

n
-3

k
a

n
-4

k
a

n
-2

5

k
a

n
-6

Mutation

yaaH/yaaW

pykF

setA

nadR

rnk-citG

iclR

yaaH

gltA

arcB

dctA/yhjK

R1

Strain

Allele present: REL607CZB154

Allele present: REL607CZB154 Not determined

9
1
b

1
.1

9
1
b

3
.5

9
1
b

3
.6

9
1
b

3
.7

9
1
b

3
.8

9
1
b

3
.1

1

9
1
b

5
.1

9
1
b

7
.1

9
1
b

3
.1

5

9
1
b

3
.1

6

9
1
b

3
.1

7

9
1
b

3
.1

8

9
1
b

3
.1

9

9
1
b

3
.2

0

9
1
b

3
.2

1

9
1
b

3
.2

2

9
1
b

3
.1

9
1
b

3
.2

9
1
b

3
.3

9
1
b

3
.4

9
1
b

3
.9

9
1
b

3
.1

2

9
1
b

3
.1

3

Mutation

tilS/rof
fadE
ybaL

ECB_00512
mrdB
gltA
glpR

dctA/yhjK
yifB/ilvL
hslU

ECB_03822
yjaH

R3

Strain

Allele present: REL607CZB154

9
3

b
2

.1

9
3

b
2

.2

9
3

b
2

.4

9
3

b
2

.6

9
3

b
2

.7

9
3

b
2

.8

9
3

b
3

.1

9
3

b
3

.2

9
3

b
3

.3

9
3

b
3

.4

9
3

b
3

.5

9
3

b
3

.6

Mutation

lon/hupB

ybaL

ECB_00512

infA

fis

yjeM

R4

Strain

A

B

C

D

Allele present: REL607CZB154

8
8

d
1

.1

8
8

d
1

.2

8
8

d
1

.5

8
8

d
2

.1

8
8

d
2

.3

8
8

d
2

.4

8
8

d
2

.5

8
8

d
2

.7

8
8

d
2

.8

8
8

d
2

.9

8
8

d
2

.1
0

8
8

d
2

.1
1

8
8

d
2

.1
2

8
8

d
2

.1
3

8
8

d
3

.1

8
8

d
1

.6

8
8

d
2

.6

R2.1 R2.2 R2.3 R2.4

Strain

Mutation

yaaH

amiC

setA

rnk-citG

gltA

dctA/yhjK

iclR

cycA



 24 

 

Figure 2-3: Evolved mutations present in Cit
+
 REGRES strains. 
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Whole-genome sequencing was used to determine the CZB154 alleles and other genetic 

changes present in seven REGRES clones chosen on the basis of genotyping results 

(Figure 2-2). Selected alleles are shown here, ordered by position in the ancestral 

chromosome and named for the genes they impact (e.g., yaaH), for the flanking genes if 

an allele is intergenic (e.g., dctA/yhjK), or for a range of genes for alleles that represent 

large chromosomal duplications or deletions (e.g., rbsD–yieO).  

 

Interestingly, a great degree of genomic chimerism was observed after each 

REGRES round, likely due to multiple genome transfers and/or recombination events. 

We concluded the REGRES procedure with the isolation of strain R4, which was found 

to contain only 7 out of the 79 alleles originally present in CZB154. It and all other 

sequenced REGRES strains still displayed high levels of citrate utilization similar to 

CZB154, as determined by growth curves that reached final cell densities that were 

significantly higher than that supported by glucose-only growth (Figure 2-4).  

 

 

Figure 2-4: REGRES clones lacking evolved alleles maintain robust citrate 

utilization. 
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Average growth curves in DM25 media which contains 0.0025% (w/v) glucose and 

0.032% (w/v) citrate were measured for each of the seven isolates with re-sequenced 

genomes. Error bars are the s.d. of at least 3 replicates. 

 

dctA* and citT mutations are sufficient for Cit
++

 

Analysis of all sequenced genomes revealed that only the nested dsbG–insA-9 and rnk–

citG amplifications related to citT, and a mutation in the promoter region of the dctA C4-

dicarboxylate transporter gene (dctA/yhjK) were common to all sequenced REGRES 

strains (Figure 2-3). It has previously been established that the rnk–citG tandem 

duplication was the mutation that first enabled the rudimentary Cit
+
 phenotype (27), and 

duplications like the dsbG–insA-9 mutation likely serve only to further increase the copy 

number of the key rnk–citT promoter configuration. Based on its occurrence after the citT 

mutation in the lineage leading to CZB154, the dctA allele was previously identified as a 

candidate refinement mutation, which could have played a role in strengthening an 

initially weak Cit
+
 phenotype (27). Given the evidence that a potentiated genetic 

background made evolution of the Cit
++

 phenotype more likely (25, 27), we were 

surprised that no mutation that occurred in the LTEE before the Cit
+
 trait evolved was 

conserved in the REGRES genomes. 

 In order to prove that the evolved dctA allele was able to support the strong Cit
++

 

phenotype in the absence of any other mutations aside from citT, we introduced it into the 

genome of REL607 by allelic replacement to create strain REL607(dctA*). On its own, 

the dctA* mutation did not confer growth on citrate. However, when REL607(dctA*) 

cells were transformed with a low copy plasmid encoding the rnk-citT activated promoter 
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arrangement (pCitT) — which was used in lieu of the evolved citT allele due to the 

inherent instability of chromosomal amplifications — we observed robust growth on 

citrate (Figure 2-5A). Therefore, in the absence of any potentiating mutations or other 

refinement mutations, strains minimally containing the dctA* and citT mutations are able 

to fully utilize citrate in the media
 
upon glucose depletion (that is, they are qualitatively 

Cit
++

). To further investigate the contribution of the dctA* mutation to aerobic citrate 

utilization, we reverted the dctA* mutation in strain CZB154 to the ancestral state to 

create strain CZB154(dctA
wt

). Growth experiments with this strain showed that removal 

of the dctA* mutation eliminated the high level of citrate utilization upon glucose 

depletion normally observed in strain CZB154 and instead resulted in a limited Cit
+
 

phenotype (Figure 2-5B). 

 

 

Figure 2-5: Evolved dctA* mutation enables utilization of succinate and is sufficient 

for Cit
++

 in conjuction with CitT activation. 

(A) Average growth curves of strains with either the ancestral (REL607) or evolved dctA 

allele (REL607(dctA*) and CZB154) grown in DM25 media as in the evolution 
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experiment. Certain strains also carry a multicopy plasmid with the activated rnk–citT 

promoter configuration (pCitT). DM25 media contains 0.0025% (w/v) glucose and 

0.032% (w/v) citrate. Error bars are the s.d. of at least 3 replicates. (B) Average growth 

curves in DM25 of strains containing either the ancestral or evolved dctA allele, or with a 

reversion of the evolved allele to the ancestral state (dctA
wt

). Error bars are the s.d. of at 

least 3 replicates. 

 

dctA* mutation enables transport of C4-dicarboxylates.  

The location of the dctA* mutation, 20 bases upstream of the dctA start codon, suggested 

that it altered regulation of this gene. To investigate this possibility, RT-qPCR was used 

to compare dctA transcript levels in strains with the ancestral and evolved dctA alleles 

(Figure 2-6). We find that the dctA* mutation increases dctA transcript levels when 

introduced into strain REL607 and that dctA transcript levels are also elevated in 

CZB154. Furthermore, reversion of the evolved dctA* mutation in strain CZB154(dctA
wt

) 

reduced dctA transcription to the level seen in the REL607 ancestral strain. Therefore, we 

conclude that the dctA* mutation increases expression of the messenger RNA encoding 

the DctA protein. 
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Figure 2-6: mRNA expression of dctA gene determined by RT-qPCR for strains 

containing either the ancestral or evolved dctA allele. 

Transcript levels are shown relative to strain REL607. Error bars are the s.e.m. for 

biological triplicate samples. 

 

 DctA is a C4-dicarboxylate transporter (43), so we next investigated whether this 

process had been altered in strains with the dctA* mutation by testing growth with 

succinate as the sole carbon source (Figure 2-7A). REL607 displays severe growth 

defects on succinate, as noted previously in a comparison of E. coli B and K12 strains 

(44). CZB154 does, however, show growth on succinate, and addition of the dctA* 

mutation to REL607 enables it to grow on succinate. As before, we find that strain 

CZB154(dctA
wt

) loses all ability to grow on succinate due to the reverted dctA allele, 

ruling out the existence of any additional C4-dicarboxylate transport mechanisms in this 

evolved strain. Identical results were obtained in media supplemented with fumarate or 

aspartate, other C4-dicarboxylates known to be transported by DctA (Figure 2-7 C-F). 
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Figure 2-7: Growth of strains with and without the dctA* mutation on C4-

dicarboxylic acids. 

Average growth curves were measured for the ancestral strain (REL607) with and 

without the evolved dctA* mutation and for an evolved strain (CZB154), which has the 

evolved dctA allele, and strain reverted to the ancestral state (dctA
wt

). For each growth 

condition DM media lacking glucose and citrate was supplemented with 0.032% (w/v) 

citrate and/or 0.01% (w/v) of other C4-dicarboxylates, as indicated: (A) fumarate, (B) 

aspartate, (C) succinate and citrate, (D) fumarate and citrate, (E) aspartate and citrate. 

Error bars are the s.d. of at least 3 replicates. 
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DISCUSSION 

 
 By using REGRES in genetic backcrosses with selection for growth on citrate as a 

sole carbon source, we discovered that mutations affecting the citT and dctA genes were 

sufficient for the refined version of the Cit
+
 innovation (the Cit

++
 phenotype) that evolved 

in a long-term evolution experiment with E. coli. A reconstructed strain with just these 

two evolved alleles is able to utilize citrate upon glucose depletion, which greatly 

increases its population density in this environment, the hallmark of Cit
++

 clones isolated 

from the LTEE population after 33,000 generations. The rnk–citG mutation affecting the 

citT transporter had previously been identified as the mutation responsible for the 

emergence of the initially very weak Cit
+ 

phenotype (27). The dctA* mutation occurred 

chronologically after citT during the LTEE, implying that it was important for improving 

this rudimentary trait to enable full citrate utilization (Figure 2-8A).  

 There is evidence that one or more mutations in the history of this E. coli 

population contributed to a potentiated genetic background in which the Cit
–
 to Cit

++
 

evolutionary transition was more likely to occur (25). This observation was thought to 

result from all-or-none epistatic interactions involving potentiation mutations. According 

to this hypothesis the evolution of Cit
++

 in replay evolution experiments, in which 

multiple new mutations accumulated, was made statistically more likely because one or 

more of the necessary mutational steps were already present in potentiated genotypes. We 

were surprised to find that the citT actualizing mutation and the dctA* refinement 

mutation are sufficient for a strong Cit
++

 phenotype, demonstrating that potentiating 

alleles are not strictly required for expression of this trait (Figure 2-8B).  
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Figure 2-8: Model for the evolution of citrate utilization in the E.coli long-term 

evolution experiment. 

 (A) There were three major epochs in the evolution of this metabolic innovation: 

potentiation, actualization, and refinement. Weakly Cit
+
 cells were first isolated from the 

population after the rnk–citG actualizing mutation that amplified and activated the CitT 

transporter (shown as the citT allele). There was not an appreciable increase in the final 

cell density at the end of each growth cycle in the evolution experiment at this point 

(upper panel). After the dctA* refinement mutation, there was a substantial increase in 

population size because cells were able to fully utilize citrate, which we distinguish from 

the rudimentary Cit
+
 phenotype as the strong Cit

++
 phenotype (center panel). The 

evolution of Cit
++

 is statistically more likely from certain Cit
–
 genetic backgrounds that 

arose later in this population, presumably because they accumulated one or more 

potentiating mutations relative to the ancestor (25, 27). Key mutations are shown with 

their approximate timings relative to these evolutionary epochs and one another (lower 

panel). (B) Cit
++ 

phenotype is not the product of all-or-none epistasis with potentiating 

mutations. The upper panel shows the progression of citrate utilization phenotypes as 

they evolved in the LTEE in strains that contained key mutations in the context of earlier 

evolved alleles. The lower panel shows the qualitative phenotypes of reconstructed 

strains containing only key evolved alleles in the ancestral genetic background. The 

evolved citT mutation alone is sufficient for detectable but extremely limited citrate 

utilization, as observed in early Cit
+
 isolates (27). The citT and dctA* mutations together 

are sufficient for full citrate utilization characteristic of the Cit
++

 phenotype, even in the 

absence of potentiating mutations. 

 

 Further characterization of the evolved dctA* mutation revealed that it increases 

the mRNA expression level of the dctA C4-dicarboxylate transporter gene and enables the 
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utilization of C4-dicarboxylates. Unlike most strains of E. coli K-12, the ancestral strain 

of E.coli B used in the LTEE cannot utilize C4-dicarboxylates (44). This difference has 

been attributed an inactivating mutation in the gene for the DcuS (44), the sensor kinase 

in the DcuSR two-component system that regulates genes involved in C4-dicarboxylate 

transport and utilization (45, 46). The dctA* promoter mutation apparently enables this 

gene to be expressed in the absence of activation by DcuSR, permitting transport of C4-

dicarboxylates. Interestingly, other Cit
++ 

strains isolated from the LTEE, such as strain 

CZB152, have been found to contain mutations in the dcuS gene (27). It is possible that 

these isolates achieve some level of dctA expression by dcuS reactivation, and that these 

variants may represent alternative mutational pathways to refinement of the Cit
+
 trait that 

transiently co-existed with the ultimately successful dctA allele. 

 DctA allows import of succinate to be powered by the proton-motive force. 

Therefore, increased expression of DctA is expected to be beneficial for aerobic citrate 

utilization because it makes it possible to re-uptake succinate or other C4-dicarboxylates 

that are exported in exchange for citrate import by the CitT antiporter (26). This activity 

completes a cycle that permits sustained citrate transport and utilization without an 

unbalanced loss of intracellular C4-dicarboxylate substrates due to efflux (Figure 2-9). 

Strains with the dctA* mutation are able to extend their citrate-related growth phase and 

reach significantly higher cell densities on mixtures of glucose and citrate, like that used 

in the LTEE, indicating that this refinement mutation was the major driver of the 

population expansion that was observed after 33,000 generations (25). The dctA* and citT 

mutations do not completely recapitulate the improved growth rate, reduced lag phase, 
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and higher final cell density exhibited by the evolved CZB154 clone, indicating that other 

evolved alleles contribute to improving the competitive fitness of these strains, even 

though they are not qualitatively necessary for the strong Cit
++

 trait. 

 

 

Figure 2-9: Mechanism of Cit
++

 refinement 

When both the CitT and DctA transporters are expressed, due to the citT and the dctA* 

mutations, their activities can be coupled so that the proton-motive force (H
+
) powers re-

uptake of succinate or other C4-dicarboxylate substrates for continued citrate import, 

yielding the Cit
++

 phenotype. It is possible that the unknown potentiating mutations make 

sufficient succinate available from glucose metabolism to power limited citrate import 

through CitT, but that this does not result in a sustainable cycle. 

 

 The question remains: how did the potentiating mutations make the highly 

advantageous Cit
++

 phenotype more accessible to evolution in this particular LTEE 

population? In light of our results that argue against the all-or-none epistasis hypothesis, 

we propose that the potentiating mutations have a quantitative epistatic effect that makes 
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the two-step mutational path required for evolution of the complex Cit
++

 phenotype from 

Cit
–
 cells more likely to be realized in the context of an evolving population. Both the 

evolved citT and dctA alleles may have deleterious or nearly neutral effects on fitness 

when they are added alone to the ancestral strain or most genetic backgrounds that 

existed in the LTEE. In this case, weakly Cit
+
 variants with the citT mutation would 

rapidly be lost from the population after they arose due to competition with other alleles 

that are beneficial for glucose utilization (21). In fact, however, genotypes with the citT 

mutation persisted in the population for >1,500 generations (27), and a small, but 

significant, fitness benefit was found when the citT allele was added to a Cit
–
 isolate 

believed to have the potentiating mutations (25).   

 Therefore, on the basis of our results with dctA*, we hypothesize that potentiation 

may have altered central metabolism in some way that was directly beneficial for growth 

on glucose but fortuitously increased the supply of C4-dicarboxylates available to power 

citrate import by the CitT transporter, such that the activating citT mutation became 

slightly beneficial, rather than neutral or deleterious. This change could have enabled 

weakly Cit
+
 lineages to persist in the population long enough to pick up dctA* or other 

refinement mutations that that yielded the highly beneficial, self-sufficient Cit
++

 

phenotype. Assessment of the fitness effect of the citT mutation at various points along 

the lineage that achieved Cit
++

 in the future may provide insight into the identity of the 

potentiating mutations. Finally, it is also possible that the initially very subtle benefit of 

the Cit
+
 phenotype depended to some extent on the ecological interactions involving 



 36 

differential uptake and secretion of nutrients by cells in this genetically diverse 

population (27). 

   In addition to backcrossing to determine the genetic basis of complex traits, the 

REGRES procedure may also be useful for a variety of other bacterial strain 

improvement applications, including purging deleterious mutations introduced during 

mutagenesis and combining desirable traits between multiple, separately evolved strains. 

Alternative species-specific or broad host-range conjugative systems, such as those from 

IncP plasmids (47), could also be used to generalize the REGRES method so that an 

equivalent procedure could be used in other bacterial species. Overall, our discovery of 

the mechanism of a key refinement step in the evolution of a metabolic innovation 

highlights the degree to which interactions between alleles shape the evolution of 

complex traits and emphasizes the need for novel whole-genome methods to explore such 

relationships.  

 

MATERIALS AND METHODS 

 

Strains and culture conditions. 

   

E. coli strain REL607 is an Ara
+
 derivative of strain REL606 (48). E. coli strain CZB154 

is a 33,000 generation clone from the Ara–3 LTEE population that was initiated from the 

Ara
–
 strain REL606 (27). Strains CAG60452 and CAG60453 are: BW38029 rrnB3 φ 

(lacZp4105(UV5)-lacY)638 ΔlacZ hsdR514Δ(araBAD)567 rph+, ΔdapA::pir,  containing 
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pMNT3 (42) suicide F plasmids CIP8 (pMNT3:galS) and CIP16 (pMNT3:rhaM), 

respectively. When appropriate, antibiotics were added as follows: kanamycin 30 μg/mL, 

carbenicillin 100 μg/mL, tetracycline 10 μg/mL, spectinomycin 30 μg/mL, 

chloramphenicol 34 μg/mL, gentamicin 15 μg/mL.  

Hfr strain generation.  

  

To create Cit
+
 Hfr strains, Cit

+
 strains were grown overnight in LB media plus 

appropriate antibiotic to select for strains harboring plasmid: pBR322 (carbenicillin), 

pET30 (Novagen) (kanamycin), pROlar.A122 (Clontech) (kanamycin) or pEQ367 

(tetracycline). Additionally, CAG60452 and CAG60453 were grown in LB broth 

supplemented with spectinomycin and 0.3 mM 2,6-diaminopimelic acid (DAP). Saturated 

overnight cultures were diluted 1:100 into LB broth plus 0.3 mM DAP and grown to an 

OD600 ~ 0.6. Equal volumes of the Cit
+
 strain and either CAG60452 or CAG60453 were 

mixed and incubated without shaking at 37 °C for 4 hours. The conjugation mixture was 

spun down and the cell pellet was washed in an equal volume of LB broth and then plated 

onto LB agar plates containing spectinomycin plus appropriate antibiotic to select for the 

Cit
+
 strain. Single colonies were picked and regrown in selective media to confirm the 

identity of the integrant. 

 

Hfr matings.   
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For round 1 matings, Cit
+
 Hfr donor strains CZB154:CIP8 and CZB154:CIP16 each 

containing plasmid pBR322 were grown overnight to saturation in LB broth 

supplemented carbenicillin and spectinomycin. The Cit
-
 recipient strain, REL607 

containing plasmid pET30 was grown overnight in LB broth plus kanamycin. These 

cultures were diluted 1:100 into LB broth without antibiotics and grown to an OD600~0.6. 

100 μL of each of the donor and recipient strains were added to 40 mL of fresh LB broth. 

The conjugation mixture was shaken at 140 rpm overnight at 37°C. 1 mL of the overnight 

culture was spun down and washed twice in Davis-Minimal (DM) salts (49) and plated 

onto Minimal Citrate (DM salts + 4.5 g/L sodium citrate) (MC) agar plates supplemented 

with kanamycin. Plates were incubated aerobically at 37°C for 4 days. Additionally, a 

1:100 dilution of the conjugation mixture was transferred into fresh LB media and the 

procedure was repeated for 4 consecutive days. After 4 days, candidate Cit
+
 clones were 

picked and restreaked to single colonies on MC agar plates plus kanamycin for 

confirmation of the phenotype.   

 Round 2 was performed as in round 1 except that E. coli strain R1 was used as the 

Cit
+
 donor and E. coli strain REL607 containing plasmid pEQ367 was used as the Cit

-
 

recipient. Round 3 was performed as in round 1 except that E. coli strains R2.1, R2.2, 

R2.3 and R2.4 were equally mixed and used as Cit
+
 donors and REL607 containing 

plasmid pROlar.A122 was used as the Cit
-
 recipient. Round 4 was performed as in round 

1 except that E. coli strain R3 was used as the Cit
+
 donor and REL607 containing plasmid 

pEQ367 was used as the Cit
-
 recipient.   
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Mutation analysis.   

 

Saturated cultures of selected round 1 Cit
+
 REGRES clones were used as templates for 

PCR and Sanger sequencing of the yaaH/yaaW, pykF, setA, nadR, iclR, yaaH, gltA, arcB 

and dctA/yhjK alleles. Strains were screened for the presence of the rnk–citG mutation 

using primers to amplify the rnk–citG junction. Round 2 mutation analysis was 

performed as in round 1 except alleles: setA, iclR, yaaH, gltA, amiC, dctA/yhjK and rnk–

citG were used. Round 3 mutation analysis was performed as in round 1 except alleles:  

tilS/rof, fadE, ybaL, ECB_00512, mrdB, gltA, glpR, dctA/yhjK, yifB/ilvL, hslU, 

ECB_03822, and yjaH were used. Round 4 mutation analysis was performed as in round 

1 except alleles: lon/hupB, ybaL, ECB_00512, infA, fis, and yjeM were used. All primers 

used in this study are listed in Table 2-1. 

Whole-genome sequencing and mutation detection.  

 

Genomic DNA was purified using the GenElute Bacterial Genomic DNA kit (Sigma) and 

sequenced on Illumina HiSeq and MiSeq instruments by the University of Texas at 

Austin Genome Sequencing and Analysis Facility (UT GSAF). Read data has been 

deposited in the NCBI Sequence Read Archive (SRP018688). Reads were mapped to the 

reference genome of REL606 (50), the Ara
–
 progenitor of strain REL607 used in the 

REGRES experiments, and mutations were predicted using the breseq computational 

pipeline (version 0.22) available from http://code.google.com/p/breseq. 
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Strain and plasmid construction.   

 

Isogenic strains containing dctA alleles were constructed using the pKO3 allelic 

replacement method (51).  Plasmid pCitT was constructed by PCR amplification and 

cloning of the rnk–citT allele from strain CZB154 into the pSB3K3 vector (52).  Plasmid 

pEQ367 was constructed by amplifying the gentamicin resistance gene from plasmid 

pAH143 (53). This PCR product was purified and used for overlap extension PCR 

cloning (54) into plasmid pACYC184. Plasmid pCitT was constructed by amplifying the 

rnk–citT allele from genomic DNA isolated from E.coli strain CZB154 with subsequent 

digestion with XbaI (New England BioLabs) and PstI-HF (New England BioLabs) 

followed by ligation into similarly digested pSB3K3 vector (52). Sanger sequencing was 

performed to sequence verify the rnk–citT insert.  

Growth trajectories.  

  

Strains of interest were revived from frozen stocks and grown in LB broth overnight 

followed by acclimation to DM25 media over two successive 24 hour culture cycles, 

Media was supplemented with kanamycin for strains containing the pCitT plasmid. 

Culture densities were then normalized to OD420 = 0.04 in DM media and diluted 1:100 

into the assay media. 100 μL of each culture was then aliquoted into a 96-well flat-

bottom culture plate (Corning). The plate was incubated at 37°C in a plate reader (BioTek 

Synergy HT). OD420 readings were taken every 15 minutes with continuous shaking 

between readings. Cultures containing succinate, fumarate or aspartate as carbon sources 
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were supplemented at 0.01% (w/v) in DM media containing or lacking 0.032% (w/v) 

citrate as indicated. 

RNA extraction and RT-qPCR.   

 

DM25 shake flask cultures were grown to mid exponential phase (OD420 0.03 – 0.04) at 

37°C and 120 rpm. RNA was extracted and purified using the Qiagen RNeasy Mini Kit 

with on-column DNase treatment. First-strand cDNA synthesis was performed using the 

Invitrogen M-MLV reverse transcription system using gene-specific reverse primers for 

dctA as well as for the ihfB reference gene (Table 2-1) using 0.5 μg of total RNA. 1.25 ng 

of total cDNA was used for qPCR using the Applied Biosystems Power SYBR Green 

PCR master mix. SYBR green fluorescence was monitored using the Roche LightCycler 

96 system. Cycle quantification (Cq) values were calculated by the Roche LightCycler 96 

software package. Relative expression values to the ancestor strain, REL607, were 

calculated as 2
-ΔCq

. 
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Primer name Sequence 

citT_pSB3K3_for GCTTTCGCTAAGGATGATTTCTGGAATTCGCGGCCGCTTCTAGAGGG

GCAGCAACCGATTTAGGCAATCCTGG 

citT_pSB3K3_rev CACCTTGCCCGTTTTTTTGCCGGACTGCAGCGGCCGCTACTAGTAAA

CGCTCCGCTTTCTGCAAACTCATTCTTGC 

CYC_GenR_3 CAGCATCACCCGACGCACTTTGCGGAATTCCACGAACCCAGTTGAC

ATAAGCCTGTTCGG 

CYC_GenR_4 GCGGCTATTTAACGACCCTGCCCTGGAATTCGCCTTGAACGAATTGT

TAGGTGGCGG 

yaaH/yaw _for GCCCATGGCAAGAATAATACCGTCCAGAG 

yaaH/yaw _rev GCATTTGCTTTCCAGCCAATTGACCCGC 

pykF_for GCGTCTGAACTTCTCTCATGGTGACTATGC 

pykF_rev CACGGATTTCGATAACGTCAGAACGCTTAC 

setA_for GCTGGCGTTGAATTACGGCTTTACGG 

setA_rev CCTGAATAACGCCAGCCAGAATTACCC 

nadR_for GCCAATATCTTCAATACCACCAGTGCGTGGG 

nadR_rev CTGTCATAATCGTCCTCTTCAACCCGCACG 

iclR_for CTTCCTTCGCCGCTTTAATCACCATTGC 

iclR_rev CGGTGCTTGATCAAAGCGATCACGAAGC 

yaaH_for CTGGAAGGTGTGAAGGACGCTGC 

yaaH_rev GACCGATGCGCCAAATGCACAGTTCC 

gltA_for GCCACTTCCAGCAGGTCATCCTTCG 

gltA_rev CCGACCATGGCAGCGATGTGTTACAAG 

arcB_for CGGGTGAAGCATCAAGGAAGGAACG 

arcB_rev GCTGGCGCTGGCCCTCGTCGTTC 

dctA/yhjK_for CCGGTACGACCGACCGCCTTCATG 

dctA/yhjK_rev GGCGTTGGTATTGCCCAGGGCTTCC 

citTout_for GTCCTGGGGTGATTATTTACGGCT 

citTout_rev CAATAACGCAAATAGTAACCGCAA 

gltA_for GCCACTTCCAGCAGGTCATCCTTCG 

gltA_rev CCGACCATGGCAGCGATGTGTTACAAG 

amiC_for GGTTGAGAGCGCAAACACAGAGG 

amiC_rev GCAGCTGTTTGCCCTTGCGCC 

Table 2-1: Primers used in this study 
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Primer name Sequence 

tilS/rof_for GGAAGTGTACAGCTTACTGCGGGAGTCG 

tilS/rof rev GCATACGCTGCGGCAAACTTACTGGTGAG 

fadE for GCTTGCCCTGGAACAAGTCGCCCTC 

fadE rev CAAAATGCAGTGTACCGGATACCGCC 

ybaL_for ACCACCGTTTACCCCGTCACCACCTC 

ybaL_rev CTGGCAGGGGCGATCCTGTCGATTATGC 

ECB512_for GACGGCGTGAAGGTGAAAGTGAGCCG 

ECB512_rev GTGTCAGCTCAATCTGCGACGGCGCTG 

mrdB_for CAGACCGGAAAGCGCAACGAGGATTGATG 

mrdB_rev GCCGCAGCGGAGGACCATTAATCATGACGG 

glpR for GCGGATCGGCTACGCAAATACCTGG 

glpR_rev GAGCAAATCCCCAATGGCTCGACACTGT 

yifB/ilvL_for GCGCATTTACTCCCAGGGCTGCG 

yifB/ilvL_rev GGTCTTAGTTCGTTAAGGCTTGATCTCTAAGCC 

hslU_for GGATAAAACGGCTCAGATCTTCATCTGCCAC 

hslU_rev GTAAGCGCGGCGAGTCTTCCGGTCC 

ECB_3822_for CTGACAATCGTTAAGGCATTGCGCTTATCACAC 

ECB_3822_rev ACCTTTCCGCAAGCTGTCGCTCCGG 

yjaH_for ATTGATGTAATTGCAGAGAAAGCAGAACTGTCC 

yjaH_rev GGTTTGCTGTAAACATTGATATTGATGAGCGTGAG 

lon/hupB_for CTCTGCGTGGTCAGGTACTGCCGATC 

lon/hupB_rev CATCCCCTTCTTTCAGAGATTCAGTTACGGAAG 

infA_for GTGCAGTATATCTACATCGAGACAAGTTACGGAC 

infA_rev CCCAGAGTGTTATAATTGCGGTCGCAGAGTTGG 

fis_for GGTATCTCCAGGAACACGCTCCAAATG 

fis_rev CCGGGTCGGTTCACATCCTGTTCTCATG 

yjeM_for GTGGGCGGTATTGCAGTAATGTGTCTGA 

yjeM_rev GTTCCGGCCACAACGCTTTCGGC 

pKO3_gib_for GAATGGCGAATGGGACGCGCCCTG 

pKO3_gib_rev GCAATAGACATAAGCGGCTATTTAACGACCCTGC 

 

Table 2-1 (continued): Primers used in this study 
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Primer name Sequence 

pKO3_dctA_gib_for GGTCGTTAAATAGCCGCTTATGTCTATTGCTGAAGATGACC

TGCGAGAAACTTTCGATGACG 

dctA_pKO3_gib_rev GCCGCTACAGGGCGCGTCCCATTCGCCATTCCTCATGCTGC

GGTGGCAATCCTCCGT 

EQ_ihfB_RT_for GCCAAGACGGTTGAAGATGC 

EQ_ihfB_RT_rev GAGAAACTGCCGAAACCGC 

EQ_dctA_RT_for TGCCGAAGATGACCTGCGAG 

EQ_dctA_RT_rev GCTGTTTGCCGTACTGTTTGGTTTT 

 

Table 2-1 (continued): Primers used in this study 
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CHAPTER 3:  Fine-tuning citrate synthase flux facilitates the 

evolution of aerobic citrate utilization in a long-term experiment 

with Escherichia coli 

 

INTRODUCTION 

 

The Cit
+
 phenotype evolved after approximately 31,000 generations of growth in a long-

term evolution experiment under glucose-limiting conditions (25). However, this initial 

phenotype was extremely weak and the Cit
+
 subpopulation remained a minority of the 

population until the evolution of refining mutations greatly strengthened the phenotype 

and produced clones that could utilize citrate more rapidly and completely, a phenotype 

we differentiate as Cit
++

. The evolution of these clones, driven primarily by the evolution 

of the dctA* mutation (discussed in Chapter 2), ultimately led to a dramatic expansion of 

the population after approximately 33,000 generations (25, 55).  

Genome sequencing and phylogenetic analysis of clones from the Ara–3 LTEE 

population has shed light upon mutations that might have contributed to the evolution and 

subsequent refinement of the Cit
+
 phenotype (27). One striking finding of this analysis 

was that the gltA gene, which encodes the E.coli Citrate Synthase (CS), is a common 

target of mutation in this lineage, with mutations seen to accumulate both before and after 

the evolution of Cit
+
. The citrate synthase reaction is the first irreversible step in the 

tricarboxylic acid (TCA) cycle; this enzyme catalyzes the aldol condensation of 

oxaloacetate (OAA) and acetyl-CoA to form citrate (Figure 3-1). 
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Figure 3-1: The citrate synthase reaction 

 

One mutation, gltA1, which results in an A258T substitution in the protein coding 

sequence is present in all Cit
+
 clones and has been observed in clones from this lineage 

isolated as early as 25,000 generations (27). Due to the conspicuous function of this gene 

and uniqueness to the Cit
+
 lineage, it has been previously hypothesized that it might have 

played a role in potentiating the evolution of this trait (27). Additionally, Cit
+
 clones 

picked from later generation time points have been found to contain a diversity of 

different secondary mutations affecting the gltA gene (‘gltA2’-series), in addition to the 

gltA1 mutation. 

These findings suggest that mutations to gltA could be especially relevant to the 

evolution of the Cit
+
 phenotype, and may represent an important diversification event 

leading to niche discovery and exploitation. To investigate this possibility we further 

analyzed the timing and diversity of these mutations from the Ara–3 population and 

further demonstrate the strong selection pressures for gltA2 mutation in Cit
+ 

clones as 

evidenced by the de novo evolution of a gltA2 mutation observed in a separate 

experiment. 
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Analysis of the phenotypic consequences of these mutations revealed that the 

gltA2 mutations were compensatory for a fitness defect induced by the gltA1 mutation for 

growth on citrate. Characterization of the molecular effects of the gltA1 and gltA2 

mutations showed that they had opposite effects on enzyme activity, with the gltA1 

mutation leading to an increase in cellular CS activity due to a partial loss of allosteric 

regulation. The gltA2 mutation led to a decrease in enzyme activity and, in some cases, a 

restoration of allosteric control. The directions of these changes were found to correlate 

with predicted optimal CS fluxes for the utilization of acetate (gltA1) and citrate (gltA2). 

Our results lead us to propose a ‘three-epoch’ model for the evolution of the Cit
+
 

phenotype, whereby the precise optimization of CS flux, and more broadly flux through 

the glyoxylate pathway, by virtue of the gltA alleles selected during each epoch played an 

instrumental role in both potentiating the evolution of Cit
+
 as well as refining and 

strengthening the phenotype once the innovation occurred.   

RESULTS 

Citrate Synthase Mutations Occur Before and After Citrate Utilization Evolves 

 

In a previous study, genome sequencing and phylogenetic analysis of clones isolated 

from the Ara–3 LTEE population revealed multiple mutations in the gene for citrate 

synthase (gltA) (27). The earliest evolved allele (gltA1) is a single-base change that 

causes an amino acid substitution (A258T) in this enzyme (Table 3-1, Figure 3-2A). 

This mutation was present in every Cit
+
 strain and in earlier Cit

–
 clones from the clade 

that gave rise to Cit
+
. Therefore, we conclude that the gltA1 mutation arose before the 
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Cit
+
 phenotype evolved. Three secondary gltA mutations (gltA2 alleles) were also found, 

separately, in the genomes of several Cit
+
 clones (gltA2-4, gltA2-6, or gltA2-7). Each of 

these base substitutions causes an additional single amino acid change in the citrate 

synthase protein sequence (A124T, V152A, or A162V, respectively). 

 

 

 

Table 3-1: Mutations identified from clonal and metagenomic sequencing of the 

Ara–3 LTEE strains, populations, and backcrossing experiments. 

 

Position Mutation Effect Gene Designation Clone / Population 

 734,488  C→T A258T (GCT→ACT) gltA gltA1 Cit+; 25K, 33K–40K 

 735,273  A→G intergenic (-14/-695) gltA/sdhC gltA2-1 33K–33.5K 

 735,109  C→T A51T (GCA→ACA) gltA gltA2-2 36K 

 734,938  C→T V108M (GTG→ATG) gltA gltA2-3 36K 

 734,890  C→T A124T (GCT→ACT) gltA gltA2-4 
ZDB107, REL10979; 

38K–40K 

 734,833  C→T A143T (GCG→ACG) gltA gltA2-5 34K 

 734,805  A→G V152A (GTT→GCT) gltA gltA2-6 ZDB96 

 734,775  G→A A162V (GCG→GTG) gltA gltA2-7 ZDB83; 34K 

 734,533  C→T G243S (GGC→AGC) gltA gltA2-8 36K 

 734,514  G→A P249L (CCG→CTG) gltA gltA2-9 33.5K 

735,441 T→G intergenic (-182/-527) gltA/sdhC gltA2-R R1 
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Figure 3-2: Diversity and dynamics of gltA mutations in the E. coli population that 

evolved citrate utilization during the Lenski long-term experiment 

(A) Mutations observed in the citrate synthase protein-coding sequence or upstream 

intergenic region. The gltA1 mutation evolved first in the LTEE. Many secondary gltA 

mutations later evolved independently in the LTEE (numbered gltA2 alleles) or in a 

previous backcrossing study (gltA2-R) (55). All gltA2 mutations occurred in genetic 

backgrounds that included gltA1 and the citT and dctA* mutations that confer robust 

citrate utilization (55). Starred gltA mutations were experimentally characterized in this 

study. Transcription start sites are labeled gltAp1 and gltAp2 (56). Table 3-1 has full 

details for the genome sequence changes caused by all gltA mutations. (B) Muller plot of 

evolved allele frequencies over time constructed by using metagenomic DNA sequencing 

to profile archived samples of the focal LTEE population. Shaded regions correspond to 

the frequencies of genetically diverged subpopulations distinguished by different evolved 

alleles. When a colored region arises within another region, then it is a descendant of that 

genotype which includes at least one new mutation and all mutations present in the earlier 

genotype because these populations are strictly asexual. Clades 1–3 correspond to a 

phylogenetic tree previously constructed by sequencing the genomes of clonal isolates 

(27), which also constrains the order of certain mutations (e.g., gltA1 > citT  > dctA > 

gltA2-4). Sequencing was performed on samples from the times indicated with tick 
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marks, and allele dynamics were interpolated between these points. The cell density of 

the entire LTEE population increased just prior to 33,500 generations (25), when refined 

Cit
++

 genotypes containing citT and dctA* mutations nearly completely took over the 

population (27). Although barely visible, the diverged Cit
–
 clade 2 subpopulation 

coexisted with the dominant Cit
++

 types until at least 40,000 generations (27). 

 

  To better understand the timing and diversity of gltA mutations in the LTEE, we 

performed metagenomic sequencing on archived Ara–3 population samples spanning a 

period from 2,000 to 45,000 generations (Figure 3-2B). The earliest we detected the 

gltA1 mutation was at 25,000 generations. Curiously, this allele dropped to a frequency 

within the population below the level of detection (roughly 1-5%) in the next sample 

analyzed at 30,000 generations. Then, it emerged again at 33,000 generations and reached 

nearly 100% frequency by 33,500 generations in conjunction with the rise of the newly 

evolved Cit
++

 subpopulation with the characteristic citT and dctA mutations (25). 

Interestingly, the gltA1 allele dynamics suggest that the clade that gave rise to Cit
+
 was 

rare within the population for several thousand generations prior to evolving the 

metabolic innovation that enabled it to achieve to numerical dominance. As expected, the 

frequencies of mutations characteristic of genetically diverged clades that never evolved 

Cit
+
 proportionally increased at this time.  

Coincident with, and after the expansion of the Cit
++

 subpopulation, a great 

diversity of secondary gltA alleles appeared in the LTEE (Figure 3-2 A-B and Table 3-

1). Two of the three gltA2 alleles found in the sequenced clones and six other gltA2 

alleles were present in >5% of the population at some point. All of these additional gltA2 

alleles encode nonsynonymous mutations, except for one, gltA2-1, which is a single base 
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change 14 base pairs upstream of the gltA start codon. The first of these gltA2 mutations, 

gltA2-1, was detected at 33,000 generations. This mutation was apparently completely 

displaced within ~1000 generations by competition with various other genetically 

diverged subpopulations, some of which had other gltA2 alleles. This period of clonal 

interference lasted ~5,000 generations with the gltA2-3 and gltA2-5 alleles each 

dominating for a time. By 38,000 generations, the gltA2-4 mutation swept to fixation 

within the population, and no new gltA mutations were observed at 40,000 generations. 

 In a second experiment, a 33,000-generation LTEE clone with the gltA1 mutation, 

but no gltA2 mutation, was genetically backcrossed with the LTEE ancestor strain using 

the REGRES method in order to determine what subset of evolved alleles was necessary 

for the strong Cit
++

 phenotype (55). This procedure involved several rounds of selecting 

for colony growth on agar containing citrate as the only carbon source. A de novo point 

mutation 182 bp upstream of the gltA start codon (gltA2-R allele) was found in every one 

of the resulting REGRES clones that also retained the gltA1 mutation present in the initial 

Cit
++

 clone (55). 

Citrate Synthase Mutations Improve Growth Rate and Competitive Fitness 

 

The prevalence of gltA mutations, particularly secondary mutations in the Cit
++

 genetic 

background, suggested that altering citrate synthase activity was beneficial in this 

population during the LTEE. To directly test the effects of the evolved gltA alleles on 

growth, we created isogenic strains where we introduced only the gltA1 mutation or both 

the gltA1 and gltA2-R mutations into the genome of strain EQ1. This strain was created 
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by reconstructing the dctA* Cit
++

 refinement mutation in the LTEE ancestor strain 

REL607. EQ1 is not able to utilize citrate, but it becomes capable of robust growth on 

citrate when supplied with the activated configuration of the citT promoter on a low copy 

plasmid (pCitT) (55). 

 We compared growth of these strains in DM25, the citrate-containing glucose 

minimal media used throughout the LTEE. Without the pCitT plasmid, when these strains 

can utilize only glucose, cells containing the gltA1 mutation grew indistinguishably from 

EQ1 cells with a fully wild-type citrate synthase sequence (gltA
wt

 allele) (Figure 3-3A). 

However, cells with both the gltA1 and gltA2-R mutations had somewhat slower growth 

rates and reduced final cell densities compared to the strain with only the gltA1 mutation, 

indicating that the gltA2-R mutation is deleterious in genetic backgrounds that cannot 

access citrate as a nutrient.  

When made Cit
++

 via transformation with the pCitT plasmid, EQ1 cells with the 

gltA1 mutation grew noticeably worse than those with the gltA
wt

 allele, with both a longer 

lag phase and a slower exponential growth rate (Figure 3-3B). Addition of the gltA2-R 

mutation relieved the defect caused by gltA1 and even resulted in improved growth 

characteristics compared to cells containing a wild-type citrate synthase gene. Therefore, 

the gltA1 mutation, while seemingly neutral for growth on glucose, was strongly 

deleterious in cells that could utilize citrate. Secondary mutations like gltA2-R are able to 

suppress the gltA1-mediated growth defect and even further optimize the cell’s ability to 

utilize citrate. These results suggest that gltA2 mutations were specifically beneficial for 

growth on citrate when they evolved.  
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Figure 3-3: Effects of gltA mutations on cell growth 

(A) Growth curves of strain EQ1 containing the evolved dctA* mutation and EQ1-

derived strains reconstructed with different evolved gltA alleles were compared in the 

DM25 medium used in the LTEE, which contains 0.0025% glucose (w/v) and 0.032% 

citrate (w/v). Error bars are the S.D. of at least 3 replicate cultures. (B) Growth curves of 

EQ1-derived strains reconstructed with different evolved gltA alleles and transformed 

with plasmid pCitT were measured in DM25 medium. pCitT contains the activated rnk-

citT promoter configuration that evolved in the LTEE, and it enables strains like EQ1 

with the dctA* mutation to fully utilize citrate (55). Error bars are the S.D. of at least 3 

replicate cultures. 

 

 

Most mutations that accumulate during the LTEE are known to do so because 

they improve competitive fitness in the context in which they evolve (21). Therefore, it 

was unexpected that the gltA1 mutation had no significant effect on growth with glucose 

as the carbon source (Figure 3-3A). We postulated that the gltA1 mutation would also 

prove to be beneficial if it was tested using a more sensitive assay in a more relevant 

genetic background or ecological context. Therefore, we performed co-culture 

competition experiments that pitted Cit
–
 clones isolated from the LTEE with the evolved 

gltA1 allele against their isogenic derivatives with their gltA sequences reverted to the 

ancestral wild-type sequence. We tested strains ZDB478 and ZDB483, two 25,000-
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generation clones that are the earliest isolates recovered from the population containing 

the gltA1 mutation. The genome of strain ZDB478 was sequenced as part of this work 

and was found to contain 60 mutations relative to its ancestor. Strain ZDB483 had been 

sequenced previously (27) and found to contain 58 mutations. Analysis of the phylogeny 

of these strains indicates that strain ZDB483 contains more mutations that were 

eventually fixed in the Cit+ population. When cultured in DM25, we found that the 

addition of gltA1 had no effect on the fitness of ZDB478 but that it was beneficial when 

added to ZDB483 (Figure 3-4). The estimated 3.5% improvement in fitness in ZDB483 

is similar to that predicted for mutations driving adaptation late in LTEE populations as 

the rate of fitness increase slows over time (57).  

E. coli excretes acetate as an overflow metabolite during growth on glucose and 

then switches to utilizing acetate after glucose is depleted (58). Thus, improving growth 

on acetate can be an important contributor to fitness in the LTEE. We measured the effect 

of gltA1 on the fitness of ZDB478 and ZDB483 in DM25 medium supplemented with 

acetate to simulate these situations. We found that addition of the gltA1 allele increased 

fitness in both strains under these conditions. Overall, the competition results suggest that 

gltA1 was a beneficial mutation when it evolved in the LTEE and that its effect on fitness 

may be related to improved acetate utilization. 
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Figure 3-4: Effect of gltA1 mutation on fitness 

The fitness of strains with the gltA1 mutation isolated from the LTEE population at 

25,000 generations and isogenic strains with the gltA1 mutation reverted to the wild-type 

sequence were compared in co-culture competition assays. The first set of competitions 

was performed in DM25 media under the LTEE conditions. The second set was 

performed in DM25 media supplemented with 0.0025% acetate (v/v) to test whether the 

gltA1 mutation was related to improved utilization of this byproduct of E. coli growth on 

glucose. Error bars are 95% confidence limits of 6 replicate experiments. 

 

 

This result led us to look for other mutations in these strains that may have 

evolved as part of larger adaptive network for acetate utilization. Two such mutations 

were identified in this search: a mutation to the iclR gene (L201R) as well as a mutation 

to the arcB gene (Q79L). The iclR gene product is the primary regulator of the aceBAK 

operon (59, 60) which makes up the bypass segment of the glyoxylate pathway for 

acetate assimilation in E.coli (61). The arcB gene encodes for the sensor kinase of the 

ArcAB two-component system which is known to regulate many genes of the TCA cycle, 

including gltA and the aceBAK operon (62, 63). Inactivating mutations to these regulatory 

systems have previously been shown to improve acetate utilization due to pathway 
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derepression (63, 64). To test if these mutations were in fact beneficial for acetate 

utilization we introduced these mutations into the REL607 ancestral strain background 

and compared the growth curves of these strains when grown on DM25 media 

supplemented with acetate (Figure 3-5). In these growth curves we see two distinct 

growth phases, rapid growth on the glucose resource occurring first, followed by a 

delayed and slower growth phase as the cells switch to the acetate resource. We find that 

on their own, both the arcB and iclR mutations lead to an increase in the growth rate and 

decrease in the time required to switch from growth on glucose to growth on acetate and 

that when combined an additive effect is observed.  

 

Figure 3-5: Average growth curves of strains constructed to contain LTEE-evolved 

mutations predicted to affect acetate utilization. 

Strains were grown in DM25 media supplemented with 0.01% sodium acetate (w/v). 

Curves are shown as the average of at least 3 replicates. 
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In addition, we looked to see if the expression of the components of the acetate 

assimilation pathway was altered in various evolved strains containing or lacking the iclR 

and arcB mutations. qRT-PCR analysis of gene expression was performed to analyze the 

expression of the aceA, aceB, and acs genes in the ancestral strain and in 20,000, 25,000, 

and 31,500 generation isolates: REL607, ZDB467, ZDB483, and ZDB564, respectively 

(Figure 3-6). The aceA and aceB genes make up the glyoxylate shunt as described above, 

and acs encodes acetyl-CoA synthase which is responsible for the conversion of acetate 

to acetyl-CoA. This data revealed that the aceA and aceB genes were highly upregulated 

in strains as early as 20,000 generations, with further, but less dramatic increases seen in 

the 25,000 generation strain, the 31,500 generation strain displayed a slight reduction in 

expression as compared to the 25,000 generation strain. The iclR mutation is known to 

have evolved some time around 15,000 generations and is therefore likely responsible for 

the large shift in expression seen in the 20,000 generation strain. The arcB mutation 

evolved sometime around 25,000 generations, and thus may be responsible for the small 

increase in the expression of these genes in the 25,000 generation strain. Expression of 

the acs gene was seen to increase modestly in the 25,000 and 31,500 generation samples. 

Taken together, results show that prior to the evolution of Cit
+
, strains of this lineage 

were in fact evolving for improved utilization of acetate and support the hypothesis that 

the gltA1 mutation may have been a component of this evolved pathway. 
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Figure 3-6: Expression levels of genes involved in the acetate assimilatory pathway 

in ancestral and evolved Ara-3 strains 

mRNA expression of genes involved in the acetate assimilatory pathway as determined 

by qRT-PCR. Assays were performed on ancestral (REL607) or evolved strains 

(ZDB467, ZDB483, ZDB564). Relative transcript levels calculated by normalizing to 

gene expression in the ancestral strain. Error was as calculated by the Roche LightCycler 

software package of biological triplicate samples. 

 

Secondary Citrate Synthase Mutation in the Promoter Reduces mRNA Expression 

Levels 

 

In order to understand the molecular effects of the gltA mutations in relation to citrate 

utilization, we examined whether the gltA1 mutation or the gltA2-R mutation which 

occurs in the upstream intergenic region, altered citrate synthase gene expression. qRT-

PCR for gltA mRNA was performed on EQ1 cells with the ancestral gltA
wt

 allele, as well 
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(Figure 3-7). While gltA1 had no effect on gltA transcript level, addition of the gltA2-R 
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promoter and that the fitness effects of this mutation likely result from reduced gene 

expression. 

 

 

Figure 3-7: Effect of gltA mutations on gltA mRNA expression 

mRNA expression of gltA in EQ1 cells containing the ancestral allele or combinations of 

evolved alleles as determined by qRT-PCR. Transcript levels were normalized to gltA 

expression in strain EQ1 with wild-type gltA sequence. Error bars are the S.E.M. of 

biological triplicate samples. 
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the gltA1 (A258T) mutation to the wild-type enzyme did not significantly alter its kinetic 

parameters (Table 3-2). However, the further addition of the gltA2-7 (A162V) or gltA2-4 

(A124T) amino acid substitutions resulted in less active enzymes. The A162V mutation 

increased the Km values for both CS substrates: oxaloacetate (OAA) and acetyl-CoA. The 

A124T mutation increased the Km for acetyl-CoA and also led to a decrease in kcat. 

Collectively, these results reveal that the gltA2 family of mutations confer decreased CS 

activity either by reducing gltA transcription or by directly affecting the kinetic properties 

of the enzyme. 

 

Evolved alleles Substitutions kcat (s
-1

) Km OAA (μM) Km AcCoA (μM) 

wild-type none 51.1 ± 2.48 84.2 ± 10.44 138.55 ± 17.61 

gltA1 A258T 49.09  ± 5.27 90.28 ± 22.48 147.99 ± 41.06 

gltA1 gltA2-4 A258T, A162V 54.98 ± 3.0 143.42 ± 11.05 374.13 ± 41.17 

gltA1 gltA2-7 A258T, A124T 33.86 ± 2.74 88.09 ± 12.78 295.14 ± 52.63 

 

Table 3-2: Kinetic parameters of GltA variants 

Errors shown are S.E. of fits to kinetic models. 

Initial Citrate Synthase Mutation Diminishes Allosteric Inhibition by NADH  

 

E. coli GltA is a type II citrate synthase that is allosterically inhibited by NADH, the 

reduced cofactor that is the primary product of the TCA cycle (65–67) (Figure 3-8). The 

fact that the gltA1 mutation did not significantly alter citrate synthase mRNA levels or 

enzyme properties led us to examine whether it might affect allosteric regulation of the 
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enzyme. We examined whether the gltA1 mutation, alone, or in combination with gltA2 

mutations affects NADH binding and the allosteric regulation of the enzyme. In good 

agreement with previous studies (68–70), we found that the wild-type CS enzyme 

displays Kd and Ki values for NADH of  1.23 ± 0.29 and 1.00 ± 0.3, respectively (Table 

3-3). The A258T mutation encoded by the gltA1 allele was shown to greatly diminish 

NADH binding and no saturation could be observed within the linear range of the binding 

assay which extends to ~10 uM (71). Likewise, this mutant had a Ki for NADH inhibition 

that was approximately 30 times higher than the wild-type enzyme. In both cases, the 

further addition of gltA2 mutations had a restorative effect on the Kd and Ki for NADH, 

with the CS variant containing both the gltA1 and gltA2-7 mutations (A258T, A162V) 

displaying near wild-type values for these parameters.  

 

 

 

Figure 3-8: Feedback inhibition of E.coli CS by NADH produced by TCA cycle  
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Evolved 

alleles 
Substitutions Kd (μM) Ki (μM) 

Maximum 

% 

inhibition 

Docking 

energy 

(kcal/mol) 

wild-type none 1.23 ± 0.29 1.00 ± 0.3 85.3 ± 4.0 –80.3 

gltA1 A258T N.D. 30.15 ± 4.68 83.2 ± 3.1 –28.8 

gltA1 gltA2-4 
A258T, 

A162V 
1.47 ± 0.43 1.91 ± 0.1 65.7 ± 0.8 –63.8 

gltA1 gltA2-7 
A258T, 

A124T 
9.45 ± 1.72 18.07 ± 6.2 64.6 ± 5.1 –47.8 

 

Table 3-3: NADH binding and allosteric inhibition of evolved citrate synthase 

variants 

 

NADH binding and associated allosteric inhibition of citrate synthase activity was 

measured for the wild-type citrate synthase and for enzymes containing the gltA1 or gltA2 

mutations. Error bars are S.E.M. of three replicates. Docking energies were predicted 

using the MOE software package.  

 

 The results of these assays reveal that the gltA1 mutation greatly diminishes 

allosteric inhibition by NADH, resulting in a CS enzyme that remains active even when 

cellular NADH levels are high. In the gltA1 mutant background, the coding gltA2 

mutations from the LTEE restore NADH-dependent inhibition of CS toward wild-type 

levels. This change is expected to decrease citrate synthase activity in cells when NADH 

levels are high, which would likely compound the effects that these gltA2 mutations 

already have on kcat and Km, to result in a further reduction in flux through the CS 

reaction. 
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 To gain further insight into how these mutations affected allosteric inhibition by 

NADH, we performed molecular dynamics simulations based on the structure of the E. 

coli enzyme (72). After energy minimization and refinement of mutant CS structures, we 

observed subtle differences in the predicted conformation of the enzyme, primarily 

around the NADH binding site. The most pronounced changes were in the orientation of 

histidine-110 (Figure 3-9), even though this amino acid is distant from every gltA 

mutation. In the wild-type enzyme, histidine-110 adopts a productive, upward 

conformation that leaves room for NADH in the binding pocket. The A258T gltA1 

mutation is predicted to reorient the histidine side chain toward the binding pocket, 

presumably creating an unfavorable steric barrier to NADH binding. Addition of 

secondary gltA2 mutations (A162V or A124T) results in structures with histidine-110 

oriented between these two extremes. Computational docking of NADH to these mutant 

CS structures predicted relative binding energies that were correlated with the 

experimentally determined NADH binding affinities (Table 3-3). 
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Figure 3-9: Molecular modeling of evolved gltA mutations. 

 

Molecular modeling predicts that changes in allosteric regulation evolved gltA sequences 

are primarily caused by how mutations affect the orientation of histidine-110 in the 

NADH binding pocket. The gltA1 mutation is predicted to move this side chain into the 

binding pocket where it would sterically clash with NADH. The two characterized 

variants of citrate synthase with an additional gltA2 mutation are predicted to reorient 

histidine-110  toward the wild-type conformation. The degree of this predicted structural 

change correlates with their relative levels of NADH inhibition (Table 3-3). 

 

Metabolic Modeling of Optimal Fluxes for Growth on Different Carbon Sources 

Predicts the Evolutionary Reversal in Citrate Synthase Activity 

 

 To understand how gltA mutations affected growth during the LTEE before and 

after the Cit
+
 innovation, we examined how changes in citrate synthase activity affect the 

rate of biomass accumulation using flux balance analysis (FBA) (73). First, the metabolic 
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model for the LTEE ancestor strain REL606 (74) was used to predict cellular fluxes 

through metabolism for optimal growth on glucose, citrate, and acetate (Figure 3-10A). 

As cells utilize some mixture of these nutrients in the LTEE during each daily growth 

cycle in DM25, their environment can be thought of (roughly) as some time-averaged 

mixture of these carbon sources. The native regulatory pathways of bacteria often cannot 

achieve the optimal fluxes predicted by FBA for growth on poor substrates, so mutations 

may be necessary to optimize fluxes through key enzymes (75–81). Therefore, we also 

predicted how mutations that modulated CS activity to various levels might affect the 

overall growth rate of cells on each these three carbon substrates (Figure 3-10B). 
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Figure 3-10: Optimal reaction fluxes on carbon sources present in the E. coli LTEE 
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Figure 3-10 (continued): Optimal reaction fluxes on carbon sources present in the E. 

coli LTEE 

 

(A) Flux balance analysis was used to predict the reaction fluxes in the E. coli B REL606 

ancestral strain of the LTEE that optimize the rate of biomass accumulation when 

utilizing glucose, acetate, and citrate as sole carbon sources. Flux through key reactions 

in central metabolism under each condition are shown for comparison. Glucose and 

acetate, which is a metabolic overflow product initially secreted during growth on 

glucose, can both be utilized by the ancestral strain (44). Citrate can only be utilized 

under the aerobic conditions of the LTEE after the Cit
+
 innovation (25, 27). The fitness of 

E. coli mutants that evolve during the LTEE has components related to how effectively 

these three substrates can be utilized during different phases of each daily cycle of 

dilution and regrowth. Mutations, like the evolved gltA alleles in this study, that affect the 

activities of specific enzymes may be required to achieve optimal fluxes, particularly for 

acetate and citrate where the ancestral strain does not grow optimally. Gene names for the 

proteins responsible for each flux are displayed. (B) Relative rates of biomass 

accumulation on different substrates were calculated by using FBA to optimize metabolic 

fluxes subject to a constraint on citrate synthase flux. Relative flux through the citrate 

synthase reaction was normalized to the activity that resulted in maximum biomass 

accumulation rate for glucose growth. Glucose/citrate represents a growth condition with 

the molar ratio of those two nutrients that is present in the DM25 medium used in the 

LTEE. Curves for other carbon sources are colored as in (A). Relative biomass 

accumulation rates were normalized for each curve to the maximum value achieved on 

the specified substrate or substrate mixture.  

 

 FBA shows that during growth on glucose as the sole carbon source the CS flux is 

rate limiting for biomass accumulation rate. This observation agrees with what is known 

about CS function being essential for growth on glucose minimal media, as it is required 

for the biosynthesis of glutamate (82), an essential metabolite. However, with citrate as 

the sole carbon source, optimal biomass accumulation is predicted to occur with no flux 

through CS, which is possible because glutamate can be made directly from imported 

citrate. FBA predicts that any added flux through CS is expected to have a detrimental 
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effect on biomass accumulation rate. This result likely reflects a need for the cell to 

prevent excessive TCA carbon cycling, and instead divert the CS substrate, oxaloacetate 

(OAA), into gluconeogenesis for the production of glycolytic intermediates (83), this 

prediction is reflected in the model by a near proportional increase in the combined flux 

through the phosphoenolpyruvate (PEP) carboxykinase  (catalyzed by the pck gene 

product) and malic enzyme reactions (catalyzed by the maeA and maeB gene products) 

which are responsible for the gluconeogenic conversion of OAA to PEP and malate to 

pyruvate respectively (84). This strategy also preserves the other CS substrate, acetyl-

CoA, such that it can be used for other processes, rather than used in a futile cycle to 

produce citrate. 

 Finally, biomass accumulation rate was modeled for growth on acetate. Since 

acetate is initially excreted during glucose growth then subsequently utilized after 

glucose is depleted, it can represent a separate resource niche in the LTEE, as described 

above. Optimal biomass accumulation rate occurs when the flux through CS is 

approximately 30% higher compared to growth on glucose, consistent with earlier 

experimental reports (85). This is likely because the CS reaction is needed for the 

glyoxylate cycle, which is the major pathway for acetate assimilation in E.coli (61).  

 The predictions of FBA motivated us to examine what other mutations affecting 

the relevant metabolic pathways might have been present at high frequency shortly after 

the population expansion. Interestingly, we found that a nonsense mutation 

(C43→STOP) in isocitrate lyase (aceA), appeared at ~15% frequency in 33,500-
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generation population sample and was present at a frequency ~97% in the next 34,000-

generation sample. Thus, nearly all Cit
+
 cells had either the aceA, gltA2-1, or gltA2-9 

allele at 33,500 generations. Then, at 34,000 generations the aceA mutation swept within 

the Cit
+
 population and all subsequent gltA2 alleles occurred in the evolved genetic 

background with the aceA mutation. This complete loss of function mutation in isocitrate 

lyase is predicted to be beneficial because it eliminates unnecessary input of acetyl-CoA 

into the citric acid cycle when citrate is being utilized, much like the effect of the gltA 

knockdown mutations. The aceA mutation may be especially necessary to adjust 

isocitrate lyase flux because, as discussed earlier, these strains contain a mutation to iclR, 

the transcriptional regulator of this pathway. 

 To test the effect of the aceA mutation on the utilization of the various carbon 

sources available in the LTEE we disrupted the aceA gene in the ancestral REL607 strain 

background. This strain, along with its parent, were then transformed either with an 

empty plasmid vector or the pCit plasmid to enable the Cit
+
 phenotype and grown in 

DM25 media supplemented with acetate so that growth characteristics on all three carbon 

sources present in the LTEE could be analyzed  (Figure 3-11). From this data we see that 

the Cit
-
 strain containing the aceA disruption still displays growth on glucose but that it 

does not utilize the acetate in the growth media as indicated by a lack of a second growth 

phase once glucose is depleted. Likewise the growth of the Cit
+
 version of this strain on 

citrate is severely retarded compared to its isogenic parent, showing only very limited 

citrate-related growth phase.  
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Figure 3-11: Growth curves of strains constructed to contain an aceA gene 

disruption. 

Indicated strains were grown in DM25 media supplemented with 0.01% sodium acetate 

(w/v) and 30 µg/mL kanamycin for maintenance of either the pCitT plasmid which 

contains the evolved rnk-citT module to confer a Cit
+
 phenotype, or the pSB3K3 empty 

vector. Error bars are the s.d. of 6 replicates. 

 

 These results confirm that mutations that disrupt the aceA gene like the one seen 

in later generation Cit
+
 clones prevent the input of acetyl-CoA into the TCA cycle and as 

a consequence prevent cells from being able to utilize acetate as a carbon source. Without 

this ability we find that utilization of citrate is also severely affected, this is likely due to 

the fact that disruption of the glyoxylate shunt in this manner results in an inability to 

generate sufficient succinate that would be required for citrate exchange by the CitT 

transporter (26). It is therefore likely that this mutation could only be beneficial in strains 

that already contain the dctA* mutation which can re-import the succinate and other C4-

dicarboxylates needed for citrate exchange (55). 
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DISCUSSION 

The evolution of the Cit
+
 phenotype in the LTEE provides a unique opportunity in which 

to study a long pathway of adaptive mutations before and after a niche-altering key 

evolutionary innovation. The newfound ability to utilize citric acid was very beneficial in 

that it enabled Cit
+
 strains to access to a private resource that allowed them to grow to 

significantly higher densities compared to their competitors. However, the nascent 

version of this trait was exceptionally weak and required significant refinement before the 

citrate-niche could be fully exploited. A major step in this refinement process was the 

activation of the dctA transporter by the dctA* mutation which enabled sustained 

utilization of citrate upon glucose depletion and resulted in a massive expansion of the 

population (25, 55). Almost immediately after this event, sequencing data from LTEE 

clones and populations indicates that there was strong selection pressure for secondary 

mutations (gltA2) to the gltA gene, which already contained a mutation (gltA1) acquired 

when glucose was the only carbon source available. 

 We find that these secondary gltA mutations were adaptive for growth on citrate 

and share a common overall effect; they result in decreased citrate synthase activity 

within the cell. The rational for this shift in enzyme activity can be justified by metabolic 

flux balance analysis which predicts optimal growth on citrate as a carbon source only 

when CS activity is absent. In E.coli, flux through CS is highly regulated, observed both 

at the level of transcription in response to carbon source availability and aerobosis (62, 

86, 87), as well as by allosteric feedback inhibition by NADH (65, 66); a highly-
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conserved feature which only evolved in gram-negative bacteria (67, 72). Thus, an 

optimal CS flux for growth on citrate, a TCA product which when metabolized leads to 

the production of NADH, should be achievable under this mechanism of allosteric 

feedback inhibition by NADH. Under this program, the cell can disable CS activity when 

growing aerobically on imported citrate which is beneficial because the CS reaction is 

metabolically costly in that it consumes acetyl-CoA, a potential energy source, and 

because it interferes with gluconeogenic fluxes by diverting OAA back into TCA, 

resulting in excessive futile-cycling and suboptimal production of essential glucogenic 

metabolites. 

 However, this allosteric regulatory system was found to be disrupted in early Cit
+
 

cells due to the gltA1 mutation, resulting in an enzyme that remains active even when 

cellular NADH levels are high and would otherwise inhibit the enzyme, a situation which 

would be expected to be severely detrimental for citrate metabolism. This kind of 

mutation may have been beneficial as part of a strategy to more efficiently utilize the 

acetate produced and ordinarily excreted during rapid growth on glucose as a higher level 

of flux through the CS reaction, and glyoxylate cycle as a whole, is predicted to be 

favorable for growth on this carbon source. Previous studies have shown that E. coli’s 

metabolism is not optimally adapted for growth on acetate and that selection for growth 

in the presence of this substrate is rapid and tends to generate specialized ecotypes (88, 

89). The presence of other mutations to the components that regulate the glyoxylate 
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pathway such as iclR and arcB lend further evidence that deregulation of GltA may have 

been part of a larger evolved pathway for improved acetate utilization. 

 The fact that the allosteric properties of the enzyme were targeted in this way as 

opposed to upregulation of expression or direct improvements to catalytic efficiency 

makes sense in that much larger changes would need to be made in order to counter the 

dominant effect of allostery. Therefore, single mutations that directly affect allosteric 

control would be expected to have the largest and most significant effect.  

 The partial loss of NADH binding and allosteric control seen as a result of the 

gltA1 mutation can be interpreted as a first step towards vestigalization of this evolved 

function. A similar process has been found to have occurred in a family of modern steroid 

hormone receptors which evolved away from an allosterically controlled ancestral state to 

a constitutively active state, a process which required several mutations (90). Unlike this 

example, the allosteric function of the GltA in this experiment was not completely and 

irreversibly vestigalized, a process that may have continued had the Cit
+
 innovation not 

evolved and changed the metabolic requirements of the cell. This metabolic shift in 

lifestyle prompted the return to a more ancestrally regulated state in which allosteric 

control of GltA is more optimal for the metabolism of citrate. For at least two of the 

many mutations seen to evolve in the gltA gene after the evolution of Cit
+
, including the 

one that managed to fix in the population after a long period of clonal interference, a 

return to a more allosterically regulated protein was indeed still possible. These mutations 

were found to restore allosteric control to varying degrees but also weakened the kinetic 
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parameters of the enzyme. This finding indicates that the allosteric and kinetic 

characteristics of the ancestral protein may not have been optimal for citrate utilization 

and that the selection for mutations which fine-tune CS enzyme activity may have 

similarly evolved in the absence of the gltA1 mutation. 

 With this framework and knowledge of the effects of the successive gltA 

mutations before and after the innovation that enabled citrate utilization, we can now 

explain why there was an evolutionary reversal in citrate synthase activity and can 

speculate on its larger implication in a “three epoch” model for the evolution of this 

phenotype. When introduced into the glucose-limited environment of the LTEE, the 

ancestral strain’s previously engrained metabolic programming dictated the primary 

utilization of the glucose prior to accessing other potential carbon sources. Thus, those 

organisms that could best utilize glucose during the ‘first epoch’ would have a growth 

advantage over their peers, and this may explain many of the earliest mutations in the 

lineage.  

 However, fast growth by E. coli on glucose leads to the production of acetate, an 

“overflow” product that can also be utilized for cell growth, but by default is excreted 

while glucose is still available (91). It is only upon glucose depletion that the cell will 

normally turn its attention back to this resource for a continued period of diauxic growth 

(58). This mode of metabolism, while seemingly adept for rapid growth when glucose is 

abundant, presents a potential tradeoff for long-term growth in an environment where 

carbon sources are scarce and efficient utilization of all carbon sources available can also 
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be an important component for survival. Therefore, mutations which affect the cell’s 

ability to efficiently balance the selective pressures for rapid growth on glucose with the 

need to minimize the loss of potential carbon sources by excretion may be advantageous. 

Alternatively, specialization for these excreted byproducts at the cost of glucose 

utilization proficiency may also present itself as a viable strategy (88, 89). The mutations 

identified here which affect the glyoxylate pathway are telltale signatures that this lineage 

was indeed evolving to better utilize the acetate produced during growth on glucose. This 

strategy for improved acetate utilization may therefore be seen to represent the ‘second 

epoch’ in the evolution of this lineage. 

  However, in learning to better utilize acetate, these cells inadvertently discovered 

a new carbon source in its environment: citrate. The presence of higher cellular 

concentrations of succinate (due to increased acetate utilization and associated flux 

through the glyoxylate pathway), may have enabled a functionalized CitT transporter to 

import a limited amount of citrate in a way that was beneficial in the context of the 

competitive pressures of the LTEE (Figure 3-12). This import was further buttressed by 

improvements in the succinate transporter, DctA which later allowed for succinate 

recapture via the proton motive force (55) (Chapter 2). Paradoxically, the discovery of 

the new carbon source supersedes the previous metabolic improvements, actually 

rendering the upregulation of the glyoxylate pathway a detriment to the metabolism of 

the environmentally abundant citrate. Thus, secondary gltA mutations that reduced flux 
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through specific portions the glyoxylate cycle accumulated during the ‘third epoch’ of 

citrate utilization. 

 

Figure 3-12: Model for functionalization of CitT via upregulated flux through the 

glyoxylate pathway 

Increased succinate production due to an upregulated glyoxylate pathway (green arrows) 

may have enabled an increased amount of transport by CitT (blue arrows). Gene names 
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are labeled in grey, mutations thought to increase the expression or activity of these 

enzymes are labeled in magenta. 

 

This model presents a framework in which the evolution towards a fitness 

maxima for a seemingly unrelated carbon source can yield a fortuitous path to metabolic 

innovation. Future studies to further define the genetic, metabolic, and ecological factors 

which may have played a role in the evolution of the Cit
+
 phenotype are clearly 

warranted. 

MATERIALS AND METHODS 

Strains and culture conditions 

 

E.coli strain REL607 is an Ara
+ 

derivative of strain REL606 (48). E.coli strains ZDB483, 

CZB154, ZDB83, and ZDB107 were isolated from the Ara–3 LTEE population from 

generations 25,000, 33,000, 34,000, and 38,000 respectively and their genome sequences 

have been previously determined (27). Strain ZDB478 was previously isolated from the 

25,000 Ara–3 generation LTEE population (27) and its genome was sequenced as part of 

this work. Strain EQ1 is an isogenic derivative of strain REL607 which was previously 

constructed to contain the dctA* mutation (55). Davis Minimal (DM) broth has been 

described elsewhere (49), DM25 media additionally contains 0.0025% glucose (w/v), 

acetic acid was supplemented at 0.0025% (v/v) where indicated. Lysogeny Broth (LB) 

was of the Lennox variety. When appropriate, antibiotics were added as follows: 

kanamycin, 30 μg/mL; chloramphenicol, 34 μg/mL.  
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Metagenomic Sequencing 

 

Genomic DNA was isolated from whole-population samples from the LTEE that had 

been archived in 15–20% glycerol (v/v) using Qiagen. Samples of these populations 

containing populations were re-cultured in DM medium with 0.1% glucose and total 

genomic DNA was harvested using a Qiagen genomic DNA kit. 36-base pair reads were 

mapped to the genome of the REL606 ancestral strain (50) using the breseq 

computational pipeline (version 0.24).  

Plasmid Construction 

 

gltA variants were cloned into the pET-28b(+) expression vector (Novagen) to create N-

terminal His6 gene fusions using the Gibson isothermal assembly method (92). PCR 

primers EQ_gltA_pET28_for and EQ_gltA_pET28_rev were used to amplify the gltA 

gene from strains; REL607 for gltA
wt

, CZB154 for gltA1, ZDB83 for gltA2-7, and 

ZDB107 for gltA2-4. gltA PCR amplifications were assembled with pET28b(+) vector 

which had been PCR amplified with primers EQ_gltA_pET28_for and 

EQ_gltA_pET28_rev. Primer sequences are listed in Table 3-4. Construction of plasmid 

pCitT has been described elsewhere (55). 

Isogenic Strain Construction 
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Isogenic strains containing evolved alleles were constructed using the pKO3 allelic 

replacement method (51). To create the pKO3 plasmids for allelic replacement, a 1-kb 

fragment comprising of ~500 bp flanking each side of the desired allele was PCR 

amplified from cells encoding the desired allele; strain REL607 (50) for gltA
wt

, CZB154 

(27) for gltA1, iclR, arcB, strain R1 (55) for gltA2-R. This fragment was combined with 

pKO3 vector that had been PCR amplified and digested with DpnI (New England 

Biolabs) and assembled using the Gibson isothermal assembly method (92). Primer 

sequences are listed in Table 3-4. pKO3 plasmids containing the allele of interest were 

integrated into the chromosome of desired recipient strains by electroporation and 

subsequent selection for chloramphenicol resistant colonies on LB agar plates after 

incubation at 43°C.  Excision of the pKO3 plasmid backbone was selected for by 

subsequent plating on LB agar plates lacking sodium chloride and supplemented with 6% 

D-Sucrose followed by incubation at 30°C. Sucrose resistant clones were screened for 

successful allelic replacement by PCR amplification of genomic DNA and Sanger 

sequencing. 

 Deletion of the aceA gene was achieved using the λ red gene disruption method 

followed by removal of the introduced antibiotic-resistance cassette via expression of the 

FLP recombinase (93). 

Growth Curves 
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Strains of interest were revived from frozen stocks and grown in LB broth overnight.  

Saturated overnight cultures were diluted 1:100 into saline followed by a 1:100 dilution 

into DM25 preconditioning media and grown overnight. Media was supplemented with 

kanamycin for strains containing the pCitT plasmid. Preconditioned cultures were 

normalized to an OD420 of 0.04 in saline and subsequently diluted 1:100 into the DM25 

assay media. 100 μL of each culture was then aliquoted into a 96-well flat-bottom culture 

plate (Corning) and the culture media was overlayed with 2 drops of heavy mineral oil 

from a transfer pipette. The plate was incubated at 37°C in a plate reader (BioTek 

Synergy HT). OD420 readings were taken every 17 minutes with continuous shaking 

between readings.  

Competition Experiments 

 

Relative fitness was measured by competitive growth during co-culture assays. The 

competitors were distinguished on the basis of a neutral marker affecting arabinose 

utilization which permits differentiation by colony color; Ara
- 

cells form red colonies 

while Ara
+
 cells from white colonies when plated on tetrazolium agar (TA) media. 

Strains from the Ara–3 population are all Ara- due to an inactivating mutation in the araA 

gene (48). Spontaneous Ara
+
 revertants of one strain of the pair to be competed were 

selected on minimal media plates supplemented with arabinose. Resulting Ara
+
 strains 

were first competed against their Ara- parent to check for fitness neutrality. For each 

fitness assay, strains to be competed were first revived by overnight growth in LB liquid 
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media. Saturated LB cultures were diluted 1:100 into saline and then diluted 1:100 into 

DM25 media and grown for 24 hours for preconditioning under the same conditions of 

the LTEE (48). Preconditioned cultures were diluted equally (50 μL of each strain) into 

the competition media and a dilution was immediately plated on a TA plate to enumerate 

the initial density of each competitor. The cultures were then grown for 24 hours 

followed by a 1:100 dilution into fresh media over the course of 3 days. After 3 days, 

dilutions were plated on TA plates for final enumeration of the density of each 

competitor.  

mRNA Expression Levels 

 

DM25 shake flask cultures were grown to mid exponential phase (OD420 0.03 – 0.04) at 

37°C and 120 rpm over a diameter of one inch. RNA was extracted and purified using the 

Qiagen RNeasy Mini kit with on-column DNase treatment. First-strand cDNA synthesis 

was performed using the Invitrogen M-MLV reverse transcription system using gene-

specific reverse primers for gltA, aceA, aceB, and acs as well as for the ihfB reference 

gene (Table 3-4) using 0.5 μg of total RNA. 1.25 ng of total cDNA was used for qPCR 

using the Applied Biosystems Power SYBR Green PCR master mix. SYBR green 

fluorescence was monitored using the Roche LightCycler 96 system. Cycle quantification 

(Cq) values were calculated by the Roche LightCycler 96 software package. Expression 

values were calculated relative to gene expression in strain EQ1 for gltA expression 
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assays or strain REL607 in aceA, aceB, and acs expression assays. The 2
-ΔΔCq

 method 

was used to calculate relative gene expression (94). 

Protein Purification 

 

E.coli strain BL21(DE3) containing His6-tagged GltA variants were cultivated in 500 mL 

LB media at 37ᵒC and 250 rpm over a diameter of one inch. Cultures were induced with 

0.5 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Fisher) when OD600 readings 

reached ~0.6 and placed back on the shaker for 3 hours. Cultures were spun down and 

cell pellets where resuspended in 6 mL CS Lysis buffer (50 mM Tris base pH 8.0, 300 

mM NaCl, 20 mM Imidazole). Cells were lysed by two passes through a French press. 

The lysate was spun down and clarified through a 0.2 μm Supor
®

 membrane (Pall).  The 

clarified lysate was passed through a column packed with 1 mL Ni-NTA resin (Qiagen) 

which was pre-equilibrated with CS Lysis Buffer, followed washing with 6 column 

volumes of CS Lysis Buffer and 6 column volumes of CS Wash Buffer (50 mM Tris base 

pH 8.0, 300 mM NaCl, 50 mM Imidazole). Proteins were eluted in 3 mL of CS Elution 

Buffer (50 mM Tris base pH 8.0, 250 mM Imidazole) and exhaustively dialyzed against 

CS Dialysis Buffer (20 mM Tris-base pH 7.8, 1 mM Ethylenediaminetetraacetic acid 

(EDTA)). Protein concentrations were calculated by A280 measurements using a 

Nanodrop (Thermo Scientific) using an extinction coefficient of 40,715 M
-1

 cm
-1

 as 

calculated by the ExPASy ProtParam tool (http://web.expasy.org/protparam/). 
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Enzyme Activity Measurements 

 

Citrate synthase activity of purified His6-tagged GltA variants was measured using the 

5′,5′-dithiobis-(2-nitrobenzoate) (DTNB) colormetric assay developed by Srere (95). 

Assays were performed in 96-well plate format at 25°C using a Synergy HT plate reader 

(BioTek) with readings taken at 412 nm. The standard enzyme assay buffer consisted of 

20 mM Tris-base, pH 7.8 and 1 mM EDTA, substrates Acetyl-CoA and OAA were added 

at a final concentration of 100 μM.  For kinetic measurements 100 mM of KCl was added 

to the assay buffer unless specified. Under these conditions, E.coli CS has been shown to 

conform to the Ordered Bisubstrate mechanism (68). Kinetic data was fit using the 

Ordered Bi Bi equation using the SigmaPlot software package (Systat Software, San Jose, 

CA). 

NADH binding and inhibition measurements 

 

NADH equilibrium binding assays were performed as previously described in standard 

assay buffer (96) . Briefly, enzymes were equilibrated with varying concentrations of 

NADH (0 – 6.4 µM) for 1 h at 25°C in standard assay buffer lacking KCl. Fluorescent 

measurements were performed in the presence and absence of enzyme with excitation at 

a wavelength of 340 nm and emission reading at 425 nm. ΔF was calculated at plotted 

against NADH concentration. Data were fit to a hyperbolic ligand binding curve using 

SigmaPlot 10. 
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 Inhibition assays were performed essentially as described elsewhere in standard 

buffer lacking KCl (70). Varying concentrations of NADH were equilibrated with 

enzyme at 25°C for 1 h. Upon addition of substrate, reaction rates were monitored using 

the DTNB assay described above. Activities were normalized to wild-type in the absence 

of NADH. The percent inhibition was plotted versus NADH concentration and fit to a 

hyperbolic model in SigmaPlot 10. 

Molecular Modeling 

 

Dimeric models of the wild-type and variants were created using Molecular Operating 

Environment (MOE2013.08). Crystal structures of NADH bound and unbound variants 

were obtained from the protein data bank (PDBs: 1NXG and 1NXE) (72). The wild-type 

structure was prepared by mutating A383 back to phenylalanine. Structural issues were 

detected and corrected using the Structure Preparation application within MOE. The 

system was protonated (310K, pH 7.4, 0.1 salt) using Protonate3D. In preparation of 

QM/MM analyses non-bridging solvent molecules were removed, and the system was 

then solvated in a droplet with a 6 Å solvent sphere. Charges were neutralized by the 

addition of KCl. Mutations were added sequentially and minimized to an RMS gradient 

of 10
-3

 kcal/mol/Å
2
 using the Amber12 forcefield with Extended Hückel Theory and R-

field solvation electrostatics. Binding energies of NADH were calculated by the Ligand 

Interactions subroutine. 
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Flux Balance Analysis 

 

Flux balance analysis was performed using the COBRA Toolbox v2.0 (97) and 

MATLAB v7.10.0 (The MathWorks, Inc., Natick, MA) using the glpk solver. The 

genome-scale model of E.coli strain REL606 metabolism, iECB_1328 (74), was used for 

this analysis. The model incorporates 2,750 reactions and 1,954 metabolites. Default 

media conditions and reaction bounds were used. Carbon source uptake fluxes were set at 

10 unless otherwise stated. To simulate co-utilization of citrate and glucose as present in 

DM25 media, the uptake fluxes for each carbon source were adjusted to match the molar 

ratio that they are present in DM25, 10:1. 
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Table 3-4: Primers used in this study. 

 

Research contributions: 

 

E Quandt performed all experiments except for metagenomic sequencing which was 

performed by Z Blount and molecular modeling which was performed by J Gollihar.  

 

Primer Name Purpose Sequence

EQ_gltA_pET28_for  gltA expression 
GCGGCCTGGTGCCGCGCGGCAGCCAT 

ATGGCTGATACAAAAGCAAAACTCACCCTCAACGG

EQ_gltA_pET28_rev  gltA expression 
CCTTTCGGGCTTTGTTAGCAGCCGGATCTCTTAACGCTTGATATCGCTTTTA

AAGTCGCGTTTTTCA

EQ_pET28_for  gltA expression GAGATCCGGCTGCTAACAAAGCCCGAAAGG

EQ_pET28_rev  gltA expression ATGGCTGCCGCGCGGCACCA

EQ_pKO3_gib_for allelic replacement GAATGGCGAATGGGACGCGCCCTG

EQ_pKO3_gib_rev allelic replacement GCAATAGACATAAGCGGCTATTTAACGACCCTGC

EQ_pKO3_iclR_gib_for iclR allelic replacement
GGTCGTTAAATAGCCGCTTATGTCTATTGCT 

GGGTTTGGTGTTCATTTGTCTGGGCTG

EQ_iclR_pKO3_gib_rev iclR allelic replacement
GCCGCTACAGGGCGCGTCCCATTCGCCATTCCAGGTTCAGTCTTTAACGC

GTGGCCTG

EQ_pKO3_gltA_gib_for gltA1 allelic replacement
GGTCGTTAAATAGCCGCTTATGTCTATTGCTGGGTCCGGAAAGTAAACGG

CTTAGCAATC

EQ_gltA_pKO3_gib_rev gltA1 allelic replacement
GCCGCTACAGGGCGCGTCCCATTCGCCATTCGGTATTTTGCTGCACCGCG

GTTTCCCG

EQ_pKO3_arcB_gib_for arcB allelic replacement
GGTCGTTAAATAGCCGCTTATGTCTATTGCTCGTTTACCCACGCGGTCGTA

GTACGGCA

EQ_arcB_pKO3_gib_rev arcB allelic replacement
GCCGCTACAGGGCGCGTCCCATTCGCCATTCGCTCACTGCCGGAGAAATG

ATTCGCCATAC

EQ_pKO3_pGltA_gib_for gltA2-R allelic replacement
GGTCGTTAAATAGCCGCTTATGTCTATTGCTCTGCTCGTGGATCATGGTAT

GACGGG

EQ_pGltA_gib_rev gltA2-R allelic replacement
GCCGCTACAGGGCGCGTCCCATTCGCCATTCGACTACGGGCACAGAGGT

TAACTTTCTGTTACC

EQ_ihfB_RT_for ihfB qRT-PCR GCCAAGACGGTTGAAGATGC

EQ_ihfB_RT_rev ihfB qRT-PCR GAGAAACTGCCGAAACCGC

EQ_gltAa_RT gltA qRT-PCR AGGCACGCTGGGTCAAGAT

EQ_gltAb_RT gltA qRT-PCR TAGATTCGCAGGATGCGGTT

EQ_aceA_RT_for aceA qRT-PCR ACATGGGCGGCAAAGTTTTA

EQ_aceA_RT_rev aceA qRT-PCR AACCAGCAGGGTTGGAACG

EQ_aceB_RT_for aceB qRT-PCR GAACTGGCTTTCACAAGGCC

EQ_aceB_RT_rev aceB qRT-PCR TGTGGCGTAAAATGCGTCAC

EQ_acs_RT_for acs qRT-PCR CAGCTCGAGCAGGGTATTGG

EQ_acs_RT_rev acs qRT-PCR CCATCATCTGGGAAGGCGACG

EQ_aceA_KO_for aceA knockout
TACCGCCTGTTAGCGTAAACCACCACATAACTATGGAGCATCTGCACATG

ATTCCGGGGATCCGTC

EQ_aceA_KO_rev aceA knockout
GGCCTACAGTCAGCAACGGTTGTTGTTGCT 

TAGAACTGCGATTCTTCGGTGTGTAGGCTGGAGCTGCTTCG
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CHAPTER 4:  Defining the genetic and ecological factors that 

potentiated the evolution of Cit
+
 

 

INTRODUCTION 

The evolution of Cit
+
 in the LTEE is thought to be the result of a three-step process 

involving stages of potentiation, actualization, and refinement (27). Potentiation refers to 

the development of a specific genetic background which made the evolution of Cit
+
 

possible. Actualization was the evolution of the Cit
+
-conferring mutation that activated 

expression of the CitT transporter. Finally, refinement refers to the open-ended 

accumulation of mutations which strengthen the phenotype. As stated, the actualizating 

mutation has been determined and previous chapters have largely focused on the 

discovery and characterization of key refining mutations which occurred early after the 

actualization of Cit
+
. However, very little is still known about the process of potentiation. 

 Potentiation has been difficult to characterize, in part, because it does not have a 

phenotype that can be readily studied. The existence of a potentiated background has 

been previously defined as the ability of a strain to spontaneously evolve a Cit
+
 

phenotype in the culture conditions of the LTEE or under aggressive plate-based 

selections (25). In these experiments the frequency of Cit
+
 evolution in potentiated strains 

is still extremely rare, estimated to be 6.6 × 10
-13

 (25). Additionally, early Cit
+
 strains 

from the LTEE show a very weak Cit
+
 phenotype; they cannot grow on citrate as a sole 

carbon source and grow to only slightly higher densities in media containing glucose and 

citrate. Finally, the determination of the mutations responsible for the phenotype is 

difficult due to the fact that even the earliest Cit
+
 strains contain upwards of 70 mutations, 

making it unwieldy to sort out the subset that may be related to Cit
+
. This is especially 
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problematic due to the fact that unpredictable epistatic relationships between mutations 

may have developed over this long course of evolution. 

 The goal of this chapter is to overcome some of these challenges by finding new 

ways to characterize and differentiate potentiated from non-potentiated strains. These 

new approaches are guided by the findings and hypotheses put forward in previous 

chapters, primarily that the expression of the Cit
+
 phenotype is critically linked to the 

availability of intracellular C4-dicarboxylate substrates. By extension, we hypothesize 

that the potentiated cell had altered its metabolism and lifestyle in such a way as to 

generate more of these substrates. We suspect these alterations primarily involved 

improvements made to the cell’s ability to assimilate acetate through the glyoxylate 

pathway, a pathway which leads to the production of succinate as an intermediate. This 

increased supply of succinate could have made citrate transport more effective and thus 

beneficial once the actualizing mutation evolved and that this enabled weakly Cit
+
 cells 

to persist in the population long enough to develop the key refining mutations needed to 

fully exploit citrate and take over the population. To test this hypothesis, we used genome 

sequencing of archived Ara-3 strains to establish the timing of key mutations related to 

Cit
+
 and to reconstruct the phylogeny of the population. With these genotypes in hand, 

we sought to correlate the genetic changes that occurred over time with changes in 

metabolic flux profiles and fitness effects caused by an engineered Cit
+
 mutation. 

Alternatively, it is also possible that potentiation involved the generation of a 

genetic background that allowed for refinement mutations that enabled C4-dicarboxylate 

utilization, such as dctA*, to evolve and function synergistically with CitT to produce the 

Cit
++

 phenotype. To evaluate this hypothesis, a survey of C4-dicarboxylate utilization 

phenotypes and evolvability was performed across Ara-3 strains and populations. 
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Although ongoing, these experiments have revealed some features that may serve as 

differentiators between potentiated and non-potentiated cells. 

RESULTS & DISCUSSION 

Phylogeny of the Ara-3 population 

In order to reconstruct the phylogeny of the Ara-3 population and to better understand the 

timing and diversity of important mutations that may have accumulated during its history 

we sequenced the genomes of 20 strains that had been previously isolated from the 

population at various time points (27). Strains were selected from a 10,000 – 31,500 

generation interval, with an emphasis on strains known to fall into ‘Clade 3’ which 

diverged around 25,000 generations and is the clade known to have given rise to Cit
+
 

(27). Genome sequences were analyzed with Breseq (version 0.24) for mutation 

detection. This data was then used to construct a phylogenetic tree (Figure 4-1) using 

DNAPARS which is part of the PHYLIP program package. DNAPARS estimates 

phylogenies using the maximum parsimony method, which assumes phylogeny based on 

the minimum number of changes between DNA sequences.  
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Figure 4-1: Phylogenic tree of the Ara-3 population. 
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Figure 4-1 (Continued): Phylogenic tree of the Ara-3 population. 

 

Genome sequences of newly sequenced strains (colored in red) and previously sequenced 

strains (in black) (27) were used to reconstruct the phylogeny of the Ara-3 population.  

Key mutations thought to be important for the diversification of the population are 

labeled on branches where they are inferred to have evolved. The results of phenotypic 

studies which assayed the effect of Cit
+
 transformation are displayed, as are the results of 

a previous study which looked for the ability of Cit- strains to evolve a  Cit
+
 phenotype 

under selection (25). 

 

Measurement of the phenotypic effects of Cit
+
 in potentiated and non-potentiated 

strain backgrounds. 

Our current hypothesis to explain why Cit
+
 only evolved in the Ara-3 population and in 

particular Clade 3 is that there was something genetically unique about strains in this 

clade that enabled them to functionalize and benefit from the Cit
+
 mutation until 

refinement mutations could accumulate and confer a decisive selective advantage. To test 

this hypothesis and help determine which mutations may be responsible for this effect, 

we developed a strategy to test the phenotypic effects of an actualizing Cit+ mutation in 

Cit
-
 strain backgrounds. To do this, the evolved rnk-citT module, which consists of the 

citT gene under transcriptional control of the rnk promoter (27) was inserted into the lac 

locus of strains spanning the history of Ara-3. This was achieved by PCR amplifying the 

rnk-citT module, as well as a linked kanamycin resistance gene (KanR) and inserting this 

fragment into the genome of a desired strain by λ Red recombination (93) (Figure 4-2). 

Using this strategy, successful integrants could be selected be virtue of abolished β–

galactosidase activity as judged by white colony formation when plated on plates 

containing 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). As a control to 

establish if there is any fitness effect derived from lac operon disruption or from the 

expression of kanamycin resistance, an insertion containing only the KanR gene was also 
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created using this method. Once a strain was constructed using this method subsequent 

transfer of this module to other desired strains was achieve via transduction by the P1 

bacteriaphage (7, 98). 

 

Figure 4-2: Cit
+
 strain engineering approach. 

A module consisting of the activated citT gene (rnk-citT) linked to a kanamycin 

resistance cassette (KanR) was inserted into the lac operon via λ Red recombination. 

 

 Using this methodology, various Ara-3 strains spanning 0 to 31,500 generations 

were made Cit
+
 and their growth was compared to that of their isogenic Cit

-
 parent in 

growth curves using media containing glucose and citrate (Figure 4-3). In these curves a 

citrate growth phase proceeds after the glucose-related growth phase. As expected, these 

growth curves showed citrate utilization ability to be very weak in strains taken from 

generations prior to the evolution of C4-dicarboxylate utilization, just like for the earliest 

known Cit
+
 strains taken from the LTEE (27). For all the strains tested here, only a small 

phase of growth corresponding to utilization of the abundant citrate in the media was 

observed. However, there were a few general trends and instances where subtle 

differences in growth characteristics between the Cit
-
 and Cit

+
 strain may be significant 

and indicative of a genetic background effect on the phenotype.  

KanR citT	

rnk		

lacI lacZ lacY lacA 
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Figure 4-3: Growth curve comparison of Cit- parental and engineered Cit
+
 strains. 

Strains were grown in DM250 media which contains 0.025% glucose (w/v) and 0.032% 

citrate (w/v). Error bars are the S.D. of at least 3 replicates. 
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Figure 4-3 (continued): Growth curve comparison of Cit- parental and engineered 

Cit
+
 strains 

 

Strains were grown in DM250 media which contains 0.025% glucose (w/v) and 0.032% 

citrate (w/v). Error bars are the S.D. of at least 3 replicates. 
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The first conclusion gained from this data is that citrate utilization of the Cit
+
 

version of the REL607 ancestral strain is exceptionally poor, a citrate-related growth 

phase was not even apparent. The next strain tested from 2,000 generations, REL1166a, 

does display a very small and delayed citrate growth phase, different from the ancestor. 

This citrate growth phase improved slightly in strains taken from 10,000 and 15,000 

generations, but in general remained very weak. Curiously, Cit
+
 strains analyzed from 

20,000 and 25,000 generations, ZDB467 and ZDB483 respectively, displayed a 

significant lag in growth before consuming glucose and citrate in one continuous growth 

phase. Another 25,000 generation strain, ZDB488, was found to be completely 

incompatible with Cit
+
; all attempts to make this strain Cit

+
, even by plasmid 

transformation, failed. With the exception of strain ZDB14 from 29,000 generations 

which showed a very large lag before growing on glucose, this lag/incompatibility was 

not present in later generation strains and a characteristic diauxic growth pattern was 

again observed. Analysis of the mutations present in strain ZDB14 revealed that it 

contains a frameshift mutation in the maeA gene which encodes the NAD-dependent 

malic enzyme. Disruption of this gene may be detrimental for growth on carbon sources 

such as citrate for which the cell heavily depends on gluconeogenic fluxes for the 

production of essential glycolytic metabolites needed for cellular maintenance (83). 

Further work will be required to determine the genetic nature of the incompatibility of 

Cit
+
 seen in strains from 20,000 – 25,000 generations, and if its resolution was an 

important step in the potentiation of this clade.  

Overall these growth experiments did not provide conclusive evidence that a 

major ‘potentiating’ event occurred in the evolution of this lineage which greatly 

improved the ability to utilize citrate. The use of a more sensitive method to measure 
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subtle fitness effects, such as with a co-culture competition experiment, may therefore be 

required to determine if there was the evolution of a genetic background which may have 

increased the fitness benefit derived from the Cit
+
 mutation and if this played a role in the 

evolution of Cit
+
. Additionally it is possible that the fitness effect conferred by the Cit

+
 

mutation varies with some undefined environmental condition related to the ecology of 

the mixed population, such as metabolite cross-feeding.  

Given the hypothesis laid forth in Chapter 3; that improvements in acetate 

utilization by virtue of increased flux through the glyoxylate pathway resulted in 

increased succinate production, it is possible that the fitness benefit of the Cit
+
 mutation 

could be dependent on an elevated input of acetate into this pathway. A potential source 

of this acetate could be from an acetate-excreting subpopulation that co-existed at the 

time of Cit
+
 evolution. This hypothesis is supported by finding that Clade 3 (the clade 

that gave rise to Cit
+
), as well as the early Cit

+
 population, remained a tiny minority of the 

population right up to the evolution of C4-dicarboxylate utilization which resulted in the 

evolution of the strong Cit
++

 phenotype (Figure 4-4). During this interval (~31,500 

generations to ~33,000 generations) the frequency of Clade 1 is seen to dramatically 

increase, and then retract completely with the expansion of Cit
++

. This pattern could 

therefore support a frequency-dependent selection model whereby the level of acetate or 

other metabolite excreted by Clade 1 increased the fitness of Cit
+
 and that this situation 

allowed the Cit
+
 subpopulation to persist long enough to refine the Cit

+
 phenotype in 

order to produce a decisive fitness advantage. 
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Figure 4-4: Clade frequencies of the Ara-3 population as judged by metagenomic 

sequencing 

 This hypothesis can be readily tested using the Cit
+
 strain engineering 

methodology already established. By inserting the Cit
+ 

mutation into lac and disrupting 

cellular β–galactosidase activity, we have generated a marker by which to differentiate 

Cit
+
 cells from the rest of the population which retains β–galactosidase activity. This 

enables us to measure the fitness effect of the Cit
+
 mutation within the context of a mixed 

population. The marked Cit
+
 strain can be seeded into the mixed population at varying 

frequencies and relative fitness can be judged by post-competition by scoring the 

numbers of Lac- and Lac+ colonies formed on X-gal indicator plates. It would also be of 

interest to directly measure the consumption and excretion of glucose, acetate, and any 

other metabolite that may be produced by these cells. 

 

Investigations into C4-dicarboxylate utilization and its role in potentiation of Cit
+
 

As we have previously established, the evolution of C4-dicarboxylate utilization was a 

major event which led to robust citrate utilization (the Cit
++

 phenotype) and resulted in 
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the dramatic expansion of the population seen at ~33,000 generations (25, 55). Mixed 

population sequencing data shows that in the interim between the evolution of Cit
+
 at 

~31,500 generations and the evolution of the dctA* mutation responsible for the C4-

dicarboxylate utilization at ~33,000 generations that the Cit
+
 population represented a 

very small minority of the population (Figure 4-4). This finding strongly suggests that 

the initial activation of the CitT transporter did not provide a significant fitness benefit. 

Had the dctA* mutation (or other mutation which similarly conferred C4-dicarboxylate 

transport) not arisen or functioned in such a way that worked synergistically with CitT, 

the Cit
+
 population may have remained a minority or have been lost completely. For this 

reason, the ability to evolve a proper C4-dicarboxylate utilization phenotype could have 

been critical for the success of Cit
+
, and perhaps this ability is what set this particular 

subpopulation apart. 

 As we found in Chapter 2, the REL606 ancestor strain used to found the LTEE 

populations cannot grow on C4-dicarboxylates as a sole carbon source, and this defect is 

known to be the result of an inactivating mutation in the dcuS gene (46, 50, 99). The 

mutation responsible for this inactivation is an expansion of a 5 base pair short tandem 

repeat (STR) resulting in a tripartite repeat of this pentanucleotide sequence (Figure 4-5). 

It has been shown that STRs exhibit highly elevated rates of mutation (100, 101) and that 

mutation of these elements can be drivers of adaptation (102–104). It is therefore rather 

unsurprising that we observe the acquisition of mutations which lead to the restoration of 

the dcuS reading frame and presumably C4-dicarboxylate utilization by virtue of deletion 

of one of these STRs, a phenomenon seen both in Cit
+
 and Cit

-
 strains once the Cit

+
 

phenotype evolves and C4-dicarboxylates are excreted at high levels into the media 

(Figure 4-1). 
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Figure 4-5: Inactivating tandem repeat in the dcuS gene of strain REL606 

In order to see when C4-dicarboxylate utilization first evolved or if there are 

members of the population that can readily evolve this phenotype, an experiment was 

designed to select for cells possessing a C4-dicarboxylate utilization phenotype. Frozen 

Ara-3 population samples from generations 20,000 to 32,000 were revived in DM1000 

media to saturation and then plated on DM agar plates supplemented with 0.1% succinate 

(w/v) followed by incubation for 3 days at 37° C. After this time, colony forming units 

were readily seen on all plates, but at varying frequencies (Figure 4-6). 
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Figure 4-6: Selection frequencies of Suc
+
 clones from Ara-3 populations. 

The results of this experiment revealed several interesting findings about C4-

dicarboxylate utilization in Ara-3. The first conclusion gained is that succinate utilizing 

(Suc
+
) clones could be selected quite readily from all populations tested. Colony growth 

AATCTCTTCGGCGCGGCGCGGCGCGGGGTACCGTCGC
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was rapid with colonies visible after only 2 days of incubation; this observation likely 

implies that these clones already possessed the mutation prior to plating. Second, the 

frequency of colony formation varied significantly between generation samples. Between 

20,000 and 29,000 generations the frequency of Suc
+
 was in the order of 10

-4
 with some 

gradual fluctuation within this range. Starting at 30,000 generations there was a dramatic 

decrease in the frequency of Suc
+
 clone selection and then a further decrease seen at 

31,000 generations, falling approximately 100-fold compared to the 29,000 generation 

sample. At 32,000 generations the selection frequency suddenly rebounds, rising more 

than 1,000-fold. The sudden increase in Suc
+
 clones during this period could be due to 

the fact that the Cit
+
 population was rising in frequency at this time (Figure 4-4), and as a 

result, significant amounts C4-dicarboxylates were being excreted into the media, 

providing an opportunity for innovation for cells within the population. 

In order to determine if there was a clade bias to Suc
+
 evolution, four randomly 

selected Suc
+
 colonies from each generation were genotyped for placement into a specific 

clade (Table 4-1). These results show that Clades 2 and 3 produced significantly more 

Suc
+
 colonies as compared to Clade 1. From 20,000 generations to 26,000 generations all 

clones tested were found to be from these clades. After 27,000 generations a few Suc
+
 

Clade 1 clones were detected but their succinate utilization phenotypes were weak, taking 

three days for colony regrowth, instead of two days for Clade 2 or Clade 3 clones. 

Another significant finding was that by 30,000 generations Clade 3 Suc
+
 clones could 

still be readily isolated. It is known that the frequency of clade 3 within the population at 

this time point is very small, approximately 5% or less (Figure 4-4), therefore the fact 

that 50% of the clones genotyped at this time turned out to be from Clade 3 means that 
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Clade 3 is producing a disproportionate frequency of Suc
+
 clones compared to the other 

clades. By 32,000 generations every clone tested was genotyped to Clade 3.  

 

Table 4-1: Genotypic analysis of selected Suc
+
 clones from Ara-3 populations. 

Clades were assigned through the sequencing of yaaH and gltA1 alleles. The presence of 

the yaaH mutation is a positive indicator that a clone resides in clade 2/3. The presence of 

both yaaH and gltA1 mutations is a positive indicator that a clone resides in clade 3. 

Clade 3 diverged from clade 2 around 25,000 generations, therefore after this time clones 

were assigned to a single clade based on these results. Clones lacking either mutation 

were assigned to clade 1. 

With this knowledge that Suc
+
 phenotypes are readily selectable from Ara-3 

populations from 20,000 to 32,000 generations, it was next of interest to determine the 

frequency of Suc
+
 evolution in individual Suc

-
 strains isolated from the population. By 

performing this experiment on strains known to be Suc
-
 a more accurate measurement of 

the rate of spontaneous Suc
+
 mutation can be determined. This is as opposed to the 

population selections where it is impossible to determine if the mutation occurred 

spontaneously just prior to plating or if there were strains in the population which had 

evolved this phenotype during the LTEE.    

For this experiment twenty Ara-3 strains were chosen for plate-based selection of 

a Suc
+
 phenotype. Strains were chosen from various time points spanning the history of 

Generation 1 2 2/3 3

20K 0/4 0/4 4/4 0/4

21K 0/4 0/4 4/4 0/4

22K 0/4 0/4 4/4 0/4

23K 0/4 0/4 4/4 0/4

24K 0/4 0/4 4/4 0/4

25K 0/24 23/24 0/24 1/24

26K 0/4 0/4 0/4 4/4

27K 1/4 1/4 0/4 2/4

28K 1/4 3/4 0/4 0/4

29K 0/4 4/4 0/4 0/4

30K 0/4 2/4 0/4 2/4

31K 2/4 1/4 0/4 1/4

32K 0/4 0/4 0/4 4/4

Clade
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the population from the ancestor to generation 31,500. An emphasis was placed on 

selecting strains from each clade known to be present at each given time point so that the 

frequency of Suc
+
 evolution could be estimated for each clade. Strains were grown to 

saturation in DM1000 media and then dilutions were spotted onto DM agar plates 

containing 0.1% succinate (w/v) , with dilutions also spotted onto plates containing 0.2% 

glucose (w/v) for the determination of total cell density. Plates were incubated at 37° C 

for two days at which time colonies were counted and the frequency of Suc
+
 evolution 

was determined (Table 4-2). 

 

 

Table 4-2: Selection frequencies of Suc
+
 clones from Ara-3 strains. 

Strain Generation Clade Suc
+
 frequency

REL606 0k 1,2,3 >10
-9

ZDB425 10k 1,2,3 1 x 10
-6

ZDB445 15k 2,3 1.59 x 10
-6

ZDB6 20k 1 2 x 10
-7

ZDB464 20k 2,3 6.47 x 10
-7

ZDB467 20k 2,3 8.75 x 10
-7

ZDB9 25k 1 6 x 10
-7

ZDB474 25k 2 1.67 x 10
-6

ZDB478 25k 3 4.35 x 10
-6

ZDB483 25k 3 1.68 x 10
-6

ZDB303 27k 1 2.14 x 10
-7

ZDB304 27k 2 9.29 x 10
-7

ZDB310 27k 3 2.44 x 10
-6

ZDB342 29k 1 1.37 x 10
-6

ZDB353 29k 2 7.39 x 10
-7

ZDB13 29k 3 2.40 x 10
-7

ZDB18 30k 3 1.20 x 10
-6

ZDB199 31.5k 1 4 x 10
-7

ZDB200 31.5k 2 5.56 x 10
-8

ZDB25 31.5k 3 1.10 x 10
-6
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 This data revealed that, with the exception of the ancestor, all strains tested could 

produce Suc
+
 colonies after only two days of incubation. The frequency of Suc

+
 evolution 

in these strains tended to be in the order of 10
-6

 – 10
-8

, again with Clades 2 and 3 showing 

faster colony growth as compared to Clade 1. This relatively high frequency of Suc
+
 

evolution seen in all evolved clades suggests that the mutational change required for the 

evolution of a Suc
+
 phenotype occurs readily and is likely the result of a single mutation, 

with the reversion of the dcuS mutation (Figure 4-5) being a possible candidate. Future 

experiments aimed at determining the genetic nature of the Suc
+
 phenotypes seen here as 

well as the fitness effect of this phenotype in various strain backgrounds would be of 

interest as they would help explain why this mutation (and phenotype) is not seen to 

evolve prior to Cit
+
 even though it would be expected to be highly potentiating for Cit

+
.  

Further, it would be of interest to see if Cit
+
 strains could be readily selected from 

the Suc+ strains generated in these experiments. With the Suc
+
 phenotype already in 

place, our hypothesis holds that cells expressing the CitT transporter should be fully 

equipped to grow vigorously on citrate. Therefore a single mutation that activates 

expression of citT should be sufficient for colony growth on citrate. If Cit
+
 clones could 

be readily selected in this manner it could explain why it previously was so difficult to 

select for Cit
+
 directly from Ara-3 strains (27), the implication being that in these 

experiments two mutations were actually being selected for: one to become Suc+ and 

another to become Cit
+
, as only this combination would result in colony growth on citrate 

plates. Indeed, in a pilot study it was possible to select for a Cit
+
 clone directly from an 

ancestral strain engineered to contain the dctA* mutation (which is known to confer Suc
+
 

(55)). The frequency of this occurrence was in the order of 10
-9

, far higher than the ~10
-13

 

frequency seen in potentiated clones not known to have a Suc
+
 phenotype (25). Genome 
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sequencing of this strain (Table 4-3) revealed that it had accumulated two mutations 

during the selection: a 2,959 base pair deletion to the waaV-waaY locus and a 209,351 

base pair tandem duplication of the region between the cyoB and citG genes that 

presumably puts citT under transcriptional control of the cyoB promoter. 

 

 

 
 

Table 4-3: Genomic mutations present in a Cit
+
 strain directly selected from a Suc

+
 

parent. 

 

Mutations detected from genome sequencing of a selected Cit
+
 strain. The parental 

REL607 strain background is known to contain mutations to araA and recD which differ 

from the reference genome of strain REL606 used here. The parent was additionally 

constructed to contain gltA mutations A258T (gltA1) and gltA2-R (T → G, -182/-527), as 

well as the dctA* mutation (C → T, -20/+163) which confers a Suc
+
 phenotype (55). The 

putative Cit+ actualizing mutation is highlighted in orange. 

 

C4-dicarboxylate co-utilization and the evolution of Cit
+
 

As we have seen, the ancestral strain lacks all ability to grow on succinate and other C4-

dicarboxylates as a sole carbon source but that this phenotype is readily accessible by 

mutation. It has not been established however if the ancestral or evolved strains can 

utilize C4-dicarboxylates if provided a co-substrate, a situation possibly analogous to how 

E.coli can only utilize citrate anaerobically if a oxidizable co-substrate is available (24). 

Position Mutation Annotation Gene In Parent?

70,867 T→C D92G (GAC→GGC)  araA ← L‑arabinose isomerase Y

734,488 C→T A258T (GCT→ACT)  gltA ← type II citrate synthase Y

735,441 T→G intergenic (‑182/‑527) gltA ← / → sdhC type II citrate synthase promoter Y

2,847,052 A→G V10A (GTT→GCT)  recD ← exonuclease V subunit alpha Y

3,612,959 C→T intergenic (‑20/+163) dctA ← / ← yhjK C4‑dicarboxylate transporter DctA promoter Y

3,738,239 Δ2,959 bp IS1‑mediated [waaV]–waaY [waaV], waaW, waaY N

419367 - coding (1978/1992 nt) cyoB - cytochrome o ubiquinol oxidase subunit I

 628718 coding (843/879 nt) citG triphosphoribosyl‑dephospho‑CoA synthase
duplication N

Description
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The presence of such a phenotype could have been a way for cells to increase their ability 

to utilize small amounts citrate enough to generate a requisite fitness benefit from the 

Cit+ mutation before the evolution of a full-blown Suc
+
/Cit

++
 phenotype could occur. To 

test for this ability, the growth of the ancestral and several evolved Cit- Ara-3 strains 

were compared in DM media containing only glucose or succinate, or a mixture of the 

two (Figure 4-7). 

 

 

Figure 4-7: Growth curve assays for succinate utilization in the presence of a co-

substrate. 

Indicated (Cit
-
) strains were grown in DM media supplemented with either 0.025% 

glucose (w/v) (DM250) or 0.01% succinate (w/v) (DM Succ) or a combination of these 

carbon sources (DM250 + Succ). 

 

 From these growth curves it is apparent that some succinate can in fact be utilized 

if glucose is present as a co-substrate. There did not appear to be major differences in this 
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ability between the ancestral and evolved strains tested, they all experienced similar 

levels of growth and only subtle differences in carbon source switching characteristics. 

The carrier protein responsible for this activity is currently unknown, aside from DctA 

which does not appear to be functional in this strain, E.coli has been found to possess two 

other aerobic C4-dicarboxylate transporters, DauA (105) and SatP (106). The 

functionality of DauA has been found to be constrained to growth in media of pH 5.0 and 

so is likely not active in DM media which has an approximate pH of 7.0. The transport 

function of SatP (formerly YaaH) has only recently been described. This transporter was 

found to transport succinate as well as acetate and had a pH optima of 6.0 (106). This 

finding is curious since the satP gene is seen to develop two mutations prior to the 

evolution of Cit
+
 (Figure 4-1). The first mutation evolved sometime between 10,000 and 

15,000 generations in Clade 2/3 and resulted in a N174T change to the protein sequence. 

The second mutation is unique to Clade 3 and is seen to have evolved around 30,000 

generations (Figure 4-1). This mutation results in a G→A change, 71 base pairs 

upstream of the satP coding region. It is possible that the mutations to this gene may 

improve the functionality of this transport system for the conditions of the LTEE, for 

example by altering pH preference or other factors which affect its expression or activity 

under these conditions. These sorts of adaptations would make sense given that we 

suspect that Clade 3 cells were optimizing metabolic pathways involved in acetate and 

succinate utilization (Chapter 3); improvements in substrate transport may therefore have 

been part of this kind of adaptive network (Figure 4-9). 
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Figure 4-9: Model for SatP (YaaH) function in the potentiated cell 
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Figure 4-9 (continued): Model for SatP (YaaH) function in the potentiated cell 

 

Increased succinate production due to an upregulated glyoxylate pathway (green arrows) 

may have enabled an increased amount of transport by CitT (blue arrows). Increased SatP 

function may have aided this process by re-importing excreted succinate and acetate. 

Gene names are labeled in grey, mutations thought to increase the expression or activity 

of these enzymes are labeled in magenta. 

 

 In the future in may be useful to determine if in fact the succinate co-utilization 

phenotype can be attributed to SatP. This can be done by knocking out the satP gene in 

the ancestral strain and seeing whether or not the succinate co-utilization is abolished. If 

it is determined to contribute to the phenotype it would be interesting to examine how the 

evolved mutations affect transporter functionality and gene expression, and ultimately if 

cells containing these mutation exhibit an enhanced Cit
+
 phenotype when made Cit

+
 due 

to improved succinate/acetate recapture.  

Investigations into the metabolism of the potentiated cell  

The development of a specific metabolism which could support the demands of citrate 

transport and utilization is central to our hypothesis regarding the evolution of Cit
+
.  In 

order to directly test this hypothesis and define the key metabolic parameters responsible 

for potentiation it would be helpful to compare the metabolic pathway flux profiles 

between potentiated and non-potentiated cells. One way to probe metabolic pathway 

fluxes is through the use of 
13

C-based analysis of protein bound amino acids (107). We 

therefore performed a pilot study to see if any differences to the flux ratios able to be 
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determined by this analysis were altered in potentiated cells, in particular we were 

interested to see if alterations of flux through the glyoxylate shunt would be apparent. 

Metabolic flux ratios of various Ara-3 strains were determined using 
13

C NMR 

analysis of cell growth on 
13

C labeled glucose (107)  (Figure 4-10). Despite the fact that 

the strains chosen for this experiment represented a large generational interval (0 to 

33,000 generations), their flux ratios were remarkably similar. The only significant 

difference seen between strains was in the pyruvate to malate flux (PYR from MAL) 

which was higher in all the evolved strains as compared to the ancestor. This result is 

most likely due to a mutation to the pykF gene which encodes for the major isoform of 

pyruvate kinase, knockouts of pykF have previously been shown to cause an increase in 

this flux value (108, 109). The pykF mutation occurred early in the Ara-3 population 

(Figure 4-1) and likewise this gene is seen to be mutated in all of the other 11 

populations by 20,000 generations (110). The presence of IS element insertions and 

frame shifting mutations in the pykF gene of these other populations likely indicates that 

loss-of-function mutations are beneficial under these conditions and that the mutation in 

Ara-3 (D127N) similarly results in loss of function. Upregulation of this flux in situations 

of pyruvate kinase deficiency can be justified as the cell attempts to redirect flux from 

PEP to pyruvate through this reaction (108). 

  

 



 

 

110 

 

Figure 4-10: Survey of relative metabolic fluxes across strains spanning the history 

of the Ara-3 population. 

Unfortunately, attempts to determine glyoxylate pathway fluxes were 

unsuccessful for unknown reasons, this flux value should be obtainable using this kind of 

analysis by analyzing the labeling pattern of isocitrate molecules as they occur in 2-

oxoglutarate, which is a measure of isocitrate lyase activity (108). Further analysis of this 

data or repetition of the experiment using higher cell densities may help resolve this key 

flux ratio. Additionally it may be informative to grow cells on labeled citrate, succinate, 

or acetate to see if there are any changes to the way these substrates are metabolized. 
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CONCLUSIONS & FUTURE DIRECTIONS 

While a definitive signature of potentiation was not readily apparent from the 

experiments performed in this chapter, these results provide many new starting points for 

further study. Future experiments described here to examine the metabolism and fitness 

effects of Cit
+
 transformation in potentiated and non-potentiated cells should help to test 

our major hypotheses about potentiation. As stated, our current hypothesis holds that an 

upregulated glyoxylate pathway and increased succinate production was crucial for the 

functionalization of citrate transport. Future studies aimed at precise measurement of 

glyoxylate pathway flux would be useful in testing this hypothesis. By comparing fluxes 

between potentiated and non-potentiated strains (including cells from the other 

populations) it may be possible to validate this prediction. For these experiments it will 

be important to consider the potential effects of metabolite cross-feeding between strains 

as this may alter cellular metabolism. For this reason it would be a good idea to directly 

measure what metabolites are being excreted by strains of each clade and how they are 

being re-utilized. If our hypothesis is correct we would expect acetate excretion by one of 

the other clades to benefit the potentiated cell which we think can better assimilate 

acetate through an upregulated glyoxylate pathway (Chapter 3). This pathway flux should 

in turn lead to an increased production of succinate, and consequently, better citrate 

transport. Direct measurement of the succinate produced by these cells under conditions 

of acetate supplementation could also be explored as measure of potentiation. 

 Finally, the experiments performed here to probe the evolution and expression of 

a Suc
+
 phenotype raises several new questions about the role of this ability and the 

evolution of Cit
+
. As we have found in Chapter 2, evolution of a Suc

+
 phenotype was 

critical for the uprising and eventual domination of the Cit
+
 population. The preliminary 
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experiments performed here have shown that this phenotype can evolve quite readily in 

these evolved strains, but the strength of the phenotype varies between clades. In the 

future it would be interesting to characterize these Suc
+
 phenotypes in more detail. An 

attractive alternate hypothesis for potentiation could be that the evolution of Cit
+
 depends 

on the ability to evolve an appropriate Suc
+
 phenotype, or perhaps being able to do so 

when the rest of the population cannot, thus ensuring that the majority of excreted 

succinate can be reused by and benefit the Cit
+
 population. 
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Appendix A:  Decaffeination and measurement of caffeine content 

by addicted Escherichia coli with a refactored N-demethylation 

operon from Pseudomonas putida CBB52 

 

ABSTRACT 

The widespread use of caffeine (1,3,7–trimethylxanthine) and other methylxanthines in 

beverages and pharmaceuticals has led to significant environmental pollution. We have 

developed a portable caffeine degradation operon by refactoring the alkylxanthine 

degradation (Alx) gene cluster from Pseudomonas putida CBB5 to function in 

Escherichia coli. In the process, we discovered that adding a glutathione S-transferase 

from Janthinobacterium sp. Marseille was necessary to achieve N7-demethylation 

activity. E. coli cells with the synthetic operon degrade caffeine to the guanine precursor, 

xanthine. Cells deficient in de novo guanine biosynthesis that contain the refactored 

operon are "addicted" to caffeine: their growth density is limited by the availability of 

caffeine or other xanthines. We show that the addicted strain can be used as a biosensor 

                                                 
2 This chapter is reproduced (with minor modifications) from its initial publication: 

 

Quandt, E.M., Hammerling, M.J., Summers, R.J., Otoupal, P.B., Slater, B., Alnahhas, 

R.N., Dasgupta, A., Bachman, J.L., Subramanian, M.V., Barrick, J.E. (2013) 

Decaffeination and measurement of caffeine content by addicted Escherichia coli with a 

refactored N-demethylation operon from Pseudomonas putida CBB5. ACS Synth. Biol. 

2:301-307. 
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to measure the caffeine content of common beverages. The synthetic N-demethylation 

operon could be useful for reclaiming nutrient-rich byproducts of coffee bean processing 

and for the cost-effective bioproduction of methylxanthine drugs. 

INTRODUCTION 

 Caffeine and other methylxanthines are found in foods and beverages such as 

chocolate, sodas, energy drinks, tea, and coffee. As a result of their widespread use, these 

compounds have become common pollutants in wastewater and surface waters around 

population centers, to the extent that caffeine levels serve as a marker of human impact in 

some areas (111, 112). Caffeine is toxic to a wide variety of organisms. For example, 

caffeine pollution can alter natural bacterial flora and inhibit the germination and growth 

of certain plants (113). Byproducts from processing and brewing coffee beans are often 

rich in carbohydrates, proteins, and other nutrients, but may be unsuitable as agricultural 

or biofuel feedstocks due to toxic levels of caffeine. The ability to decaffeinate this waste 

could alleviate this problem and transform what is currently a cost of production into a 

valuable resource (114). Methylxanthines also have medical applications, not all of which 

are directly related to their neurologic effects. For example, they are used to treat asthma 

(115) and to prevent apnea in pre-term infants (116). Therefore, the bioproduction of 

methylxanthines and their derivatives could make it possible to economically produce 

new families of drugs. 



 

 

115 

 Bacteria capable of degrading caffeine have been found in several studies that 

enriched microorganisms from soil samples (117–120). Pseudomonas putida CBB5 was 

isolated in this way by using caffeine as a sole carbon and nitrogen source (120). CBB5 

has a nitrogen demethylation pathway that can convert caffeine to xanthine and 

formaldehyde. The proteins responsible for this activity are encoded within a gene cluster 

containing at least nine putative reading frames. The N-demethylation pathway is known 

to require four genes: ndmA, ndmB, ndmC, and ndmD (121, 122). NdmA and NdmB are 

Rieske nonheme iron monooxygenases that remove the methyl groups from the N1 and N3 

positions of caffeine, respectively. NdmC is a nonheme iron monooxygenase that is 

predicted to remove the N7-methyl group from 7-methylxanthine to form xanthine. All of 

these reactions are dependent upon the Rieske reductase, NdmD. 

 Porting novel biological functions out of their original context into microorganism 

chassis that are better-understood, simplified, or more amenable to genetic engineering 

and industrial applications is an important strategy for understanding and improving these 

functions (123). It is not without its challenges, however. First, one must be sure that the 

inventory of all the genetic parts required for the new function is truly complete. Second, 

the new activity may be subject to poorly understood or complex regulation in the native 

organism that cannot be transferred readily to a new context. For example, regulatory 

proteins, promoters, terminators, ribosome binding sites, and codon usage may function 

poorly or not at all in a different organism. Genetic refactoring approaches seek to 

alleviate the latter problems by removing extraneous parts and replacing existing 



 

 

116 

regulatory elements and reading frames with new sequences that are optimized for tuned, 

predictable performance in the destination chassis (124, 125).  

 We used a genetic refactoring approach to port caffeine degradation functionality 

from P. putida CBB5 to Escherichia coli. In the process, we discovered that adding a 

glutathione S-transferase homolog was necessary to complete the function of the 

synthetic operon. By moving the final refactored operon into an auxotrophic E. coli host, 

we were able to create an "addicted" bacterium that can act as a biosensor to measure the 

caffeine content of sodas and energy drinks. 

RESULTS AND DISCUSSION 

In order to quickly and reliably assay for a functional decaffeination pathway in E. coli, 

we devised a genetic selection whereby the xanthine produced by the complete 

demethylation of caffeine restores the growth of a guanine auxotroph (Figure A-1). The 

pathway for de novo guanine biosynthesis in E. coli involves xanthosine-5′-phosphate 

(XMP) as an intermediate. The enzyme responsible for the formation of XMP from 

inosine-5′-phosphate (IMP) is IMP dehydrogenase, which is encoded by the guaB gene. 

If guaB is knocked out, the cell cannot synthesize guanine and is unable to grow in 

minimal media. However, if xanthine is supplied to a ΔguaB cell, it can be converted to 

XMP by xanthine-guanine phosphoribosyltransferase (gpt), bypassing the need for the de 

novo pathway and restoring growth. Using the ΔguaB strain as a host allowed us to select 

for the presence of a functional decaffeination pathway because only the conversion of 
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caffeine or another methylxanthine to xanthine could supply these cells with enough 

guanine precursor to support growth in minimal media. 

 

 

Figure A-1: Scheme for complementing guanine auxotrophy with decaffeination 

activity 

Without a source of guanine, the ΔguaB strain is unable to synthesize DNA and RNA and 

cannot replicate. The decaffeination activity provided by pDCAF3 enables conversion of 

caffeine and other methylxanthines to xanthine, which can be converted to guanine by a 

salvage pathway, and rescues growth of these cells in minimal media. 

 

 We first attempted to directly clone and express the entire Pseudomonas 

putida CBB5 decaffeination operon in E. coli. Plasmid pDCAF1, containing the full 13.2 

kb known operon sequence cloned into the low copy number vector pACYC18 (Figure 

A-2) was found to be unable to support the growth of ΔguaB E. coli on either caffeine or 
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theophylline (data not shown). We hypothesized that the lack of sufficient demethylation 

activity to complement growth of the ΔguaB auxotroph was not due to an inability of the 

enzymes in this pathway to function in E. coli, but rather due to genetic incompatibilities 

between P. putida CBB5 and E. coli. Specifically, the promoters or ribosome binding site 

(RBS) sequences native to CBB5 may not function in E. coli. Protein expression might 

also be prevented due to regulation by uncharacterized genes located within or outside 

the cloned region. Additionally, the use of suboptimal non-ATG start codons in several of 

the open reading frames could interfere with efficient initiation of translation in E. coli. 

 Therefore, we developed a strategy to refactor the decaffeination gene cluster to 

address each of these potential issues (Figure A-2). A strong constitutive transcriptional 

promoter (BBa_J23100) and associated RBS were chosen from the Registry of Standard 

Biological Parts to begin the operon (composite part BBa_K515105). The open reading 

frames of the CBB5 ndmA, ndmB, ndmC and ndmD genes were PCR-amplified with 

primers that replaced the GTG start codons of ndmB and ndmD with ATG start codons 

and changed each of the subsequent ribosome binding sites to the same strong E. coli 

RBS (BBa_B0034). The altered transcriptional unit containing these genes was 

assembled in one isothermal reaction with five input PCR fragments (126) into the high 

copy number BioBrick vector pSB1C3 to produce plasmid pDCAF2.  
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Figure A-2: Design of refactored decaffeination operon 

The entire known sequence of a Pseudomonas putida CBB5 decaffeination gene cluster 

was cloned onto an E. coli expression vector to create plasmid pDCAF1. The CBB5 

sequence was refactored in plasmid pDCAF2 by removing genes of unknown function, 

adding a strong constitutive promoter, substituting well-characterized ribosome binding 



 

 

120 

sites, and changing GTG start codons to ATG. A Janthinobacterium sp. Marseille gene 

(gst9) homologous to the partial sequence of the putative glutathione S-transferase 

reading frame (orf8) from the original CBB5 gene cluster was added to plasmid 

pDCAF3. 

 

 The refactored operon pDCAF2 was found to support growth of ΔguaB E. coli on 

minimal media agar plates supplemented with theophylline but not caffeine (Figure A-3). 

This result indicated that the operon had N1- and N3-demethylation activity, but was 

apparently unable to remove the N7 methyl group, an activity that has been ascribed to the 

NdmC protein (122). Indeed, we found that 7-methylxanthine accumulated in the media 

when liquid cultures of resting cells with pDCAF2 were exposed to caffeine (Figure A-

4A) and were further able to show that these cells were unable to convert 7-

methylxanthine to xanthine at any appreciable rate (Figure A-4C). 

 Previous attempts to express and characterize NdmC in E. coli were also 

unsuccessful (122). We reasoned that a missing activity supplied by another protein could 

be essential for N7-demethylation activity, explaining the lack of full functionality of our 

synthetic operon in E. coli. NdmC had previously been found to copurify with an 

uncharacterized putative glutathione S-transferase (GST) encoded by orf8 in the CBB5 

gene cluster (122). Unfortunately, the complete DNA sequence of orf8 was not available: 

this reading frame was truncated in the plasmid insert containing the decaffeination genes 

that was originally isolated from a CBB5 genomic library (Figure A-2). A protein 

homology search was performed using the available partial sequence to find potential 

homologs that might substitute for the function of the missing orf8. The search revealed 
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that an uncharacterized gene, gst9, from Janthinobacterium sp. Marseille had a modest 

degree of sequence homology (66%) to orf8. We hypothesized that adding gst9 to our 

operon might restore the N7-demethylation activity of NdmC. The gst9 gene was 

synthesized and cloned into the end of the pDCAF2 decaffeination operon to generate 

pDCAF3. 

 The addition of gst9 to the refactored operon enabled growth of the ΔguaB 

strain on minimal media agar plates supplemented with either caffeine or theobromine 

(Figure A-3). We were also able to confirm that caffeine was fully demethylated to 

xanthine (Figure A-4B) in media added to resting ΔguaB E. coli cells harboring 

pDCAF3. These cells were also able to convert 7-methylxanthine to xanthine (Figure A-

4D), which more directly shows that the addition of gst9 completed the decaffeination 

operon by making high-efficiency N7 demethylation possible. 
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Figure A-3: Refactored decaffeination operon restores growth of ΔguaB E. coli on 

media supplemented with caffeine and other methylxanthines 

To assay for degradation of caffeine and other methylxanthines to xanthine, agar plates 

containing minimal media supplemented with a single xanthine compound were each 

streaked with four equal sectors in the same orientation of wild-type E. coli, the ΔguaB 

mutant, or the ΔguaB mutant with a pDCAF plasmid as indicated. Slight growth on the 

edges of the areas streaked with certain strains on some plates was apparently due to 

diffusion of demethylated products from nearby cells capable of growth on a given 
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xanthine compound (e.g. ΔguaB + pDCAF2 edge near ΔguaB + pDCAF3 on 

theobromine). 

 

 

 

Figure A-4: Refactored decaffeination operon converts caffeine to xanthine 

Cultures of resting E. coli cells were supplemented with caffeine or 7-methylxanthine and 

the concentrations of xanthine and methylated xanthine species in the culture medium 

over time were monitored by HPLC with detection of absorbance at 271 nm. Cells with 

the initial refactored decaffeination plasmid (pDCAF2) convert caffeine to 7-

methylxanthine (A) but do not convert 7-methylxanthine to xanthine (C). Cells with the 

refactored decaffeination operon plasmid containing the Janthinobacterium gst9 gene 

(pDCAF3) convert caffeine to xanthine (B) and 7-methylxanthine to xanthine (D). 

Xanthine peaks in the initial (1 min) samples (especially noticeable in the pDCAF2 

assays) were due to carryover of xanthine from the growth media. 
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 In liquid media at lower concentrations, caffeine appeared to be the nutrient 

limiting the final density to which ΔguaB pDCAF3 cells could grow. To assess how 

efficiently caffeine was being utilized, we measured the final optical densities reached by 

cultures of this strain after 24 hours of growth in minimal media supplemented with a 

range of caffeine concentrations. Growth was measurable with as little as 10 µM of added 

caffeine and saturated above ~250 µM. At caffeine concentrations above ~5 mM growth 

appeared to be inhibited, presumably due to the toxicity of methylxanthines at this 

concentration (127). Dilutions of cultures grown in 40 µM caffeine were plated on 

minimal agar to estimate the number of caffeine molecules required for the replication of 

each E. coli cell. If we assume colony-forming units are roughly equivalent to cell 

numbers under these conditions, then one additional cell is produced per 29 ± 5 million 

molecules of caffeine added to these cultures (95% confidence limits). 

Assuming demethylated caffeine is only used for guanine synthesis in the ΔguaB 

pDCAF3 strain, we can estimate the approximate efficiency with which caffeine is 

utilized. The genome of E. coli is roughly 4.6 Mb. Since this is double-stranded DNA and 

approximately 50% consists of G-C base pairs, there are about 2.3×10
6
 guanines needed 

per cell to replicate DNA. The dry weight of a typical E. coli cell is approximately 280 fg 

and ~20% of this is RNA (128). Given the molecular weight of a typical RNA nucleotide 

is roughly 330 g/mol, and that ~1/4 of these bases are guanine, this means that there are 
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about 2.55×10
7
 guanines needed per cell to replicate its RNA. So, overall the number of 

guanine molecules in RNA is about 10 times the amount in DNA, and there are roughly 

2.8×10
7 

total guanines incorporated into nucleic acids per cell. The concentration of 

guanine in free nucleotides, including signaling molecules such as (p)ppGpp, is less than 

0.2 mM during stationary phase, which corresponds to a negligible 1.2×10
5 

molecules per 

~1 fL cell (129). So, the total estimate of 28 million
 
molecules of guanine needed for 

replicating a single E. coli cell is very close to the 29 ± 5 million molecules of caffeine 

added per cell produced. Therefore, we conclude that caffeine is nearly stoichiometrically 

converted to the guanine needed for cell growth under these conditions. 

The combination of the ΔguaB knockout and the decaffeination operon results in 

E. coli that can be considered "addicted" to caffeine. We were able to show that these E. 

coli could grow in minimal media supplemented with various sodas and energy drinks 

containing caffeine, but not a caffeine-free soda (Figure A-5). Because there was a 

strong correlation between the saturating cell optical density and the amount of added 

caffeine, we reasoned that this strain could be used as a quantitative biosensor for 

measuring the total concentration of guanine, xanthine, and methylxanthines in an 

unknown sample. In fact, we were able to correctly estimate (within error) the 

concentrations of caffeine in several beverages by using the standard curve we 

constructed and the growth of ΔguaB pDCAF3 strain in dilutions of these beverages 

(Table A-1, Figure A-6). 
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Figure A-5: Refactored decaffeination operon enables growth in media 

supplemented with common sodas and energy drinks. 

In each photograph, cultures of ΔguaB E. coli without (left) and with (right) the pDCAF3 

plasmid were grown in minimal media supplemented with a dilution of the pictured 

beverage.  
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Figure A-6: Refactored decaffeination operon enables measurement of caffeine 

content in media supplemented with common sodas and energy drinks. 

The standard curve used to determine the caffeine content of these beverages from E. coli 

growth is shown below. The final optical densities at 600 nm (OD600) achieved by ΔguaB 

+ pDCAF3 cultures grown in media supplemented with various concentrations of 

caffeine are plotted. The inset shows the linear fit to the data for caffeine concentrations ≤ 

100 μM. Cultures containing more dilute samples of the beverages than those in the 

photographs were used to determine the caffeine content values presented in Table 1. 

 

 

Table A-1: Caffeine content of sodas and energy drinks estimated from the final 

densities achieved by cultures of ΔguaB E. coli with the pDCAF3 decaffeination 

operon plasmid 
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   Caffeine content (µM)  
Beverage Dilution OD600

a
 Reported Predicted [95% CI] % Error 

Caffeine-Free Coca-

Cola 

10.2 0.036 0 –25 [–150, 101] N.A. 

Coca-Cola 10.2 0.797 508 536 [411, 659] +5.5% 

Diet Coca-Cola 13.3 0.771 667 679 [517, 842] +1.7% 

Starbucks Espresso 261 0.257 5600–39500
b
 3540 [333, 6750] N.A. 

Monster 33.2 0.634 1740 1900 [1480, 2330] +9.2% 

Red Bull 34.8 0.824 1660 1360 [954, 1760] –18% 
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a
Optical density at 600 nm. 

b
Caffeine concentrations in espresso vary widely depending 

on preparation so percent error was not calculated for this beverage. Previous values 

reported for Starbucks espresso are 9970 and 9730 μM (130, 131). 

 

 We have demonstrated that both refactoring the decaffeination gene cluster from 

Pseudomonas putida CBB5 and completing its N7-demethylation function with a 

recombinant glutathione S-transferase gene were necessary to create a decaffeination 

operon that functions efficiently in E. coli. An "addicted" E. coli guaB knockout strain 

with this operon can be used to measure the caffeine content of an unknown sample. In 

connection with other synthetic biology efforts, it might be possible to reduce the fitness 

cost of carrying the operon by making it inducible under the control of a theophylline 

riboswitch (127, 132, 133).  

 Microorganisms with derivatives of the engineered decaffeination operon could 

be used for decontaminating wastewater and recapturing byproducts from coffee 

processing or for the bioproduction of specific methylxanthines from caffeine for use as 

building blocks for new pharmaceutical drugs. The concentration of caffeine in typical 

byproducts of processing coffee berries may be as high as ~15 mM (134), which would 

inhibit the growth of the E. coli strain that we used. E. coli B mutants that grow in the 

presence of >16 mM caffeine have been reported in the past (135). Therefore, it would 

potentially be possible to evolve a host strain of E. coli with a higher methylxanthine 

tolerance for some of these applications.  
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FUTURE STUDIES 

The results of this work led to the characterization of orf8, the gst9 homolog in 

p.putida CBB5. It was found that like gst9, this protein is able to bind to and thereby 

functionalize the ndmCD protein complex and allow for N7-demethylation activity (136). 

The gene name of orf8 was reassigned to ndmE to reflect its involvement in this activity.  

 

MATERIALS AND METHODS 

Plasmid assembly.  

 

pDCAF1, pDCAF2, and pDCAF3 were constructed using Gibson isothermal assembly 

(92). In each case, primers were designed to introduce ~35-45 base homology overlaps to 

adjacent pieces and to add short synthetic sequences as required (Table A-2). DNA 

fragments were amplified in standard PCR reactions with Phusion polymerase (New 

England Biolabs). Amplification reactions from plasmid templates were digested 

overnight with DpnI. PCR products were cleaned-up, combined, and assembled at 50
ᵒ
C 

for 1 hour. Each assembly reaction was desalted, transformed into Top10 

electrocompetent E. coli cells (Invitrogen), and plated on LB agar with 34 μg/mL 

chloramphenicol (Cam). Cultures grown from colonies were archived as glycerol stocks 

after the expected assemblies were verified by Sanger sequencing. The sequences of each 

plasmid have been deposited in GenBank (accessions pDCAF1:KC619528, 

pDCAF2:KC619529, pDCAF3:KC619530). 
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 For pDCAF1, a backbone fragment amplified from plasmid pACYC184 and the 

13.2 kb caffeine gene cluster amplified from P. putida CBB5 genomic DNA were 

combined. To construct pDCAF2, part BBa_K515105 was used as PCR template to 

amplify a fragment containing the pSB1C3 backbone, BBa_J23100 promoter, and 

adjacent RBS. CBB5 genomic DNA was used as PCR template to separately amplify 

each of the genes ndmA, ndmB, ndmC and ndmD with primers that introduced homology 

for assembly, as above, but also added the new ribosome binding sites (part BBa_B0034) 

to all genes other than ndmA and changed GTG start codons to ATG. These five 

fragments were assembled in one reaction. For pDCAF3, plasmid pDCAF2 was PCR 

amplified and assembled with two synthetic dsDNA gBLOCKs (Integrated DNA 

Technologies) that encoded BBa_B0034 followed by the gst9 reading frame from 

Janthinobacterium sp. Marseille (GenBank: NC_009659.1).  
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Table A-2: Primers used in this study 

 

Genetic selection for caffeine demethylation.  

 

E. coli strains BW25113, BW25113ΔguaB (137), and BW25113ΔguaB carrying the 

pDCAF2 or pDCAF3 plasmids were revived from glycerol frozen stocks in LB 

supplemented with 30 μg/mL kanamycin (Kan)  for selection of the guaB gene 

replacement and 34 μg/mL Cam for maintenance of pDCAF plasmids, where applicable. 

Cultures were grown at 30°C and 250 rpm overnight to saturation. Overnight cultures 

were then diluted 1:1000 for preconditioning in mineral M9 media plus 2 g/L glucose and 



 

 

132 

2 g/L casein (M9CG) for BW25113, M9CG supplemented with 500 μM xanthine for 

BW25113ΔguaB, 500 μM theophylline for BW25113ΔguaB plus pDCAF2, or 500 μM 

caffeine for BW25113ΔguaB plus pDCAF3 and incubated overnight again. Then, the 

cultures were washed twice with 1× M9 salts and streaked on M9CG agar plates 

supplemented with 500 μM xanthine, theophylline, theobromine, caffeine or no 

supplement. Then, plates were grown for 48 hours at 30°C and photographed. 

Methylated xanthine conversion.  

 

E. coli BW25113ΔguaB carrying pDCAF plasmids were inoculated into 5 mL M9CG 

medium with 30 μg/mL Kan, 34 μg/mL Cam, and 1 mM xanthine and grown overnight at 

37°C with 225 rpm shaking. Cells were then inoculated into 50 mL of M9CG with the 

same antibiotic concentrations and 1 mM xanthine for pDCAF2 or 1 mM caffeine for 

pDCAF3. Both cultures were incubated at 18°C and 250 rpm for two days. Upon 

reaching an optical density at 600 nm (OD600) above 3.0, cells were harvested by 

centrifugation at 4,000×g for 10 min at 4°C. The pelleted cells were washed twice with 

25 mL of 50 mM potassium phosphate (KPi) buffer (pH = 7.5), and the final pellet was 

suspended in 7 mL of 50 mM KPi buffer. 

 Degradation of caffeine and 7-methylxanthine by cells with pDCAF2 or pDCAF3 

was monitored in resting cell assays. Each 1-mL assay contained freshly harvested and 

washed cells (OD600 = 5.0) and either 1 mM caffeine or 0.5 mM 7-methylxanthine in KPi 

buffer. Reactions were incubated at 30°C with 400 rpm shaking in a microplate shaker 
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(VWR), and aliquots were periodically removed and mixed with an equal volume of 

acetonitrile to stop the reaction. A Shimadzu LC-20AT HPLC system equipped with a 

SPD-M20A photodiode array detector and a Hypersil BDS C18 column (4.6×125 mm) 

was used to detect caffeine, 7-methylxanthine, and their degradation products in these 

samples. For reactions with caffeine as substrate, methanol-water-acetic acid (15:85:0.5, 

vol/vol/vol) was used as the mobile phase. For reactions with 7-methylxanthine as 

substrate, the mobile phase was changed to methanol-water-acetic acid (7.5:92.5:0.5, 

vol/vol/vol) for better resolution of the 7-methylxanthine and xanthine peaks. 

Caffeine content measurements.  

 

E. coli BW25113ΔguaB carrying the pDCAF3 plasmid were revived from glycerol 

stocks into 2 mL LB cultures supplemented with 62.5 μg/mL Kan and 25 μg/mL Cam, 

and grown overnight at 30°C with 225 rpm shaking. Revived cells were diluted 1:1000 

into triplicate 2 mL cultures of M9CG media with 50 μg/mL Kan and 20 μg/mL Cam, as 

well as a range of caffeine concentrations from 0 to 1000 µM. After growth to saturation 

at 30°C over 24 h with 225 rpm shaking in 18 mm test tubes, the final OD600 for each 

culture was measured relative to tubes of uninoculated media. Final OD600 values as a 

function of supplemented caffeine concentration (Fig. 5) were fit to a linear model with 

slope and intercept terms using the R statistical computing package version 2.15.0 (138) 

to create a standard curve for predicting caffeine content. For fitting this standard curve, 

only measurements between 0 and 100 µM caffeine were considered. 
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 The number of caffeine molecules utilized per cell was determined from a 

separate set of six replicate cultures all grown as above with 40 µM caffeine. Saturated 

cultures were serially diluted by transferring 5 µL of culture or dilution into 495 µL of 

M9CG media, creating three dilutions of 10
-2

, 10
-4

, and 10
-6

 of each culture. From the 

third dilution of each culture 200 µL was plated on individual LB agar plates 

supplemented with 50 μg/mL Kan and 20 μg/mL Cam. Colonies were counted after 

overnight incubation at 37°C and converted to estimates of the number of caffeine 

molecules present per E. coli cell replicated. 

Growth in caffeinated beverages. 

  

E. coli BW25113ΔguaB with the pDCAF3 plasmid were revived from frozen glycerol 

stocks into 2 mL LB cultures supplemented with 62.5 μg/mL Kan and 25 μg/mL Cam. 

Cultures were grown overnight at 30°C with 225 rpm shaking. For the photographs, a 

revived ΔguaB pDCAF3 culture was diluted 1:1000 into a 1:9 mixture of beverage and 

M9CG media for espresso and a 1:1 mixture of beverage with this media for all other 

sodas and energy drinks. Each culture contained final antibiotic concentrations as above 

and was grown for three days under the same conditions. For measuring caffeine content, 

a revived ΔguaB pDCAF3 culture was diluted 1:1000 into triplicate 5 mL cultures of 

M9CG media with a dilution of each beverage expected to give a final OD600 of ~0.8 

from the standard curve and the same concentrations of antibiotics. Each beverage 

dilution was calculated from the linear model of supplemented caffeine concentration 
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versus OD600 measurements using reported caffeine values from literature and 

manufacturer sources. Cultures were grown overnight as before and OD600 was measured 

with respect to uninoculated tubes. Maximum likelihood estimates of the caffeine content 

of each beverage and prediction intervals were determined from the average OD600 value 

and the standard curve using R.  
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