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Evolutionary innovations often arise from complex genetic and
ecological interactions, which can make it challenging to un-
derstand retrospectively how a novel trait arose. In a long-term
experiment, Escherichia coli gained the ability to use abundant
citrate (Cit+) 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 de-
veloped a recursive genomewide recombination and sequencing
method (REGRES) and performed genetic backcrosses to purge
mutations not required for Cit+ from an evolved strain. We discov-
ered a mutation that increased expression of the dctA C4-dicarboxy-
late transporter greatly enhanced the Cit+ phenotype after it evolved.
Surprisingly, strains containing just the citT and dctA mutations
fully use citrate, indicating that earlier mutations thought to have
potentiated the initial evolution of Cit+ are not required for ex-
pression of the refined version of this trait. Instead, this metabolic
innovation may be contingent on a genetic background, and pos-
sibly ecological context, that enabled citT mutants to persist among
competitors long enough to obtain dctA or equivalent mutations
that conferred an overwhelming advantage. More generally, re-
finement of an emergent trait from a rudimentary form may be
crucial to its evolutionary success.
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Key innovations in the history of life are often caused by the
acquisition of a qualitatively new trait that is “an evolu-

tionary novelty which allows the exploitation of new resources or
habitats and thus triggers an adaptive radiation” (1). Such
innovations are typically rare and difficult to predict because
they result from complex nonadditive (i.e., epistatic) genetic
interactions or ecological interactions, within or between species,
that develop only over the course of long evolutionary trajecto-
ries (2). Evolution of a new trait can be conceptually divided into
three steps: potentiation, actualization, and refinement (3). 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 ex-
ample, may involve a period of nonadaptive genetic drift wherein
a phenotype stays constant or the accumulation of mutations that
are immediately advantageous for reasons unrelated to the new
trait (4, 5). Then, a keystone actualizing mutation or environ-
mental shift may lead to expression of the new trait, possibly by
coopting latent changes in a cellular network or physical structure
for a new use (6–8). Finally, there may be many subsequent
opportunities for further refinement mutations that improve
an emergent trait so that a newly colonized niche can be fully
exploited (1).

The appearance of citrate utilization in a >25-y long-term
evolution experiment (LTEE) with Escherichia coli provides an
opportunity to study a deep historical record leading to a key
metabolic innovation (3, 9, 10). E. coli cannot ordinarily grow on
citrate as a sole carbon source under aerobic conditions (11, 12),
a phenotype that has been used to define it as a species (13). Just
1 of 12 replicate LTEE populations gained the ability to aerobically
use 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 (10). 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 (3).
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 (3). In fact, a majority of the population
remained Cit– for at least 1,500 generations (225 d) 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
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allowing days to weeks for a positive result (10). Adding a high-copy
plasmid with a module containing the new promoter configura-
tion and citT gene to the ancestral strain of the LTEE leads to
a 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 (3).
Shortly after ∼33,000 generations, this LTEE population ex-

perienced a massive increase in the final cell density it reached at
the end of each daily growth cycle (10). This population expan-
sion was due to the evolution of new Cit+ variants that fully use
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 h 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 (10). 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 im-
proved growth on glucose by mechanisms that were not relevant
for the emergence of efficient citrate utilization.
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 shuf-
fling (14), multiplex automated genome engineering (MAGE)
(15), and array-based discovery of adaptive mutations (ADAM)
(16) 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 mul-
tiple alleles spread across the entire chromosome, (ii) introducing
point mutations without associated genetic markers, (iii) broad
compatibility with different strain backgrounds, and (iv) recon-
structing complex chromosomal rearrangements, mobile element
insertions, or large genomic duplications, which are common
features of these evolved strains (17, 18). To overcome these
limitations, we developed recursive genomewide recombination
and sequencing (REGRES), a method that uses conjugative chro-
mosomal transfer, phenotypic selection, and whole-genome se-
quencing 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 (5).
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 un-
known potentiation and refinement mutations. We found that a
single refinement mutation affecting the dctA gene was the 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 transporter independent of
the production of a cosubstrate 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 (Fig. 1), one first
constructs a collection of Hfr (high frequency of recombination)
donor strains (19, 20) from one or more recA+ pir– parent strains
by introducing suicide F plasmids for homology-targeted in-
tegration at different genomic locations (21). 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 chro-
mosomally 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 anti-
biotic resistance marker carried only by the recipient strain.
The genomes of the resulting pool of transconjugants com-

prise 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 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, trans-
conjugant 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 sub-
jected to whole-genome resequencing to fully characterize the
alleles present and then used as donors or recipients in sub-
sequent rounds of REGRES.

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 trans-
porter (3). 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 (22).
Therefore, we hypothesized that nearly all of the evolved alleles
in an early Cit++ clone should be dispensable for citrate utili-
zation, except possibly for specific mutations that potentiated the
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mut4
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Fig. 1. 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
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.
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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 use cit-
rate. It contains three copies of the tandem head-to-tail ampli-
fication 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 (3). Together, these
two mutations result in four copies of the activated rnk-citT
promoter configuration.
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
(21). 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 d, several colonies were picked and genotyped by Sanger
sequencing for the presence or absence of CZB154-specific alleles
(Fig. S1). Strain R1 was found to contain a mixture of 50 CZB154-
derived and 29 REL607-derived alleles by whole-genome se-
quencing, 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 al-
ternating 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
(Figs. S2–S4), and the genomes of selected clones were sequenced
to monitor the loss of CZB154-specific alleles (Fig. 2 and Fig. S5).
Interestingly, a great degree of genomic chimerism was observed
after each REGRES round, likely due to multiple genome trans-
fers and/or recombination events. We concluded the REGRES
procedure with the isolation of strain R4, which was found to
contain only 7 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 (Fig. S6).

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*) were common to all sequenced REGRES strains
(Fig. 2). It has previously been established that the rnk–citG
tandem duplication was the mutation that first enabled the rudi-
mentary Cit+ phenotype (3), 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
evolved dctA allele was previously identified as a candidate re-
finement mutation, which could have played a role in strengthening
an initially weak Cit+ phenotype (3). Given the evidence that a
potentiated genetic background made evolution of the Cit++ phe-
notype more likely (3, 10), we were surprised that no mutation that
occurred in the LTEE before the Cit+ trait evolved was conserved
in the REGRES genomes.
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 arrangement
(pCitT)—which was used in lieu of the evolved citT allele due to
the inherent instability of chromosomal amplifications—we ob-
served robust growth on citrate (Fig. 3A). Therefore, in the absence
of any potentiating mutations or other refinement mutations, strains
minimally containing the dctA* and citT mutations are able to fully
use citrate in the media on 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(dctAwt). Growth experiments with this strain showed
that removal of the dctA* mutation eliminated the high level of
citrate utilization on glucose depletion normally observed in strain
CZB154 and instead resulted in a limited Cit+ phenotype (Fig. 3B).

dctA* Mutation Enables Transport of C4-Dicarboxylates. The location
of the dctA*mutation, 20 bases upstream of the dctA start codon,

R1 R2.1 R2.2 R2.3 R2.4 R3 R4
Strain

Allele

Allele present: REL607CZB154 New

yaaH
yaaH/yaaW
fadE
ykgK/ykgL
secF
tesB/ybaY
ybaL

rnk–citG (citT)
dsbG–insA-9

ybeF
mrdB
gltA
gltA/sdhC
clpA/serW
infA
topA
acpD
mokB/trg
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ECB_02200/nuoN
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yqeB (Δ)
yqeB
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fis
rpsG
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metL
iclR
yjeM
cycA
nadR

5079 28 32 23 15 18 7 Evolved alleles

CZB
154

Fig. 2. Evolved mutations present in Cit+ REGRES strains. 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 (Figs. S1–S4). 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). Full results are shown in Fig. S5, and complete
details for each allele are provided in Table S1.
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suggested that it altered regulation of this gene. To investigate
this possibility, quantitative RT-PCR (qRT-PCR) was used to
compare dctA transcript levels in strains with the ancestral and
evolved dctA alleles (Fig. 3C). 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(dctAwt) 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.
DctA is a C4-dicarboxylate transporter (23), so we next in-

vestigated whether this process had been altered in strains with
the dctA* mutation by testing growth with succinate as the sole
carbon source (Fig. 3D). REL607 displays severe growth defects on
succinate, as noted previously in a comparison of E. coli B and K12
strains (24). 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(dctAwt) loses
all ability to grow on succinate due to the reverted dctA allele,
ruling out the existence of any additional C4-dicarboxylate trans-
port 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 (Fig. S7).

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
use citrate on glucose depletion, which greatly increases its
population density in this environment, the hallmark of Cit++

clones isolated from the LTEE population after 33,000 gen-
erations. 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 (3). The
dctA* mutation occurred chronologically after citT during the
LTEE, implying that it was important for improving this rudi-
mentary trait to enable full citrate utilization (Fig. 4A).
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 (10). This observation was thought to
result from all-or-none epistatic interactions involving potentia-
tion mutations. According to this hypothesis, the evolution of
Cit++ in replay evolution experiments, in which multiple new
mutations accumulated, was made statistically more likely be-
cause one or more of the necessary mutational steps were al-
ready 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, demon-
strating that potentiating alleles are not strictly required for ex-
pression of this trait (Fig. 4B).
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 utilization
of C4-dicarboxylates. Unlike most strains of E. coli K-12, the
ancestral strain of E.coli B used in the LTEE cannot use C4-
dicarboxylates (24). This difference has been attributed an inac-
tivating mutation in the gene for DcuS (24), the sensor kinase in
the DcuSR two-component system that regulates genes involved
in C4-dicarboxylate transport and utilization (25, 26). 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 (3). It is possible that these isolates
achieve some level of dctA expression by dcuS reactivation and
that these variants may represent alternative mutational path-
ways to refinement of the Cit+ trait that transiently coexisted
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 reuptake succinate or other C4-dicarboxylates
that are exported in exchange for citrate import by the CitT
antiporter (27). This activity completes a cycle that permits
sustained citrate transport and utilization without an unbalanced
loss of intracellular C4-dicarboxylate substrates due to efflux
(Fig. 4C). 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 (10). The dctA* and citT mutations do not
completely recapitulate the improved growth rate, reduced lag
phase, 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.
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
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Fig. 3. Evolved dctA* mutation is sufficient for Cit++ in conjunction with CitT
activation, increases dctA mRNA expression, and enables utilization of succi-
nate. (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 experiment. Certain strains also carry a multicopy plasmid with
the activated rnk–citT promoter configuration (pCitT). DM25 media contains
0.0025% (wt/vol) glucose and 0.032% (wt/vol) citrate. Error bars are the SD of
at least three replicates. (B) Average growth curves in DM25 of strains con-
taining either the ancestral or evolved dctA allele or with a reversion of the
evolved allele to the ancestral state (dctAwt). Error bars are the SD of at least
three replicates. (C) mRNA expression of dctA gene determined by qRT-PCR for
strains containing either the ancestral or evolved dctA allele. Transcript levels
are shown relative to strain REL607. Error bars are the SEM for biological
triplicate samples. (D) Average growth curves of strains containing either the
ancestral or evolved dctA allele in DM media with no citrate or glucose and
containing 0.01% (wt/vol) succinate as the sole carbon source. Error bars are
the SD of at least three replicates. Similar growth was observed for these
strains on other C4-dicarboxylates such as fumarate and aspartate (Fig. S7).
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propose that the potentiating mutations have a quantitative ep-
istatic effect that makes 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 pop-
ulation. Both the evolved citT and dctA alleles may have dele-
terious 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 bene-
ficial for glucose utilization (22). In fact, however, genotypes
with the citT mutation persisted in the population for >1,500
generations (3), 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 (10).
Therefore, on the basis of our results with dctA*, we hypoth-

esize 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 yielded the highly
beneficial, self-sufficient Cit++ phenotype. Assessment of the fit-
ness 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 pos-
sible that the initially very subtle benefit of the Cit+ phenotype
depended to some extent on the ecological interactions involving
differential uptake and secretion of nutrients by cells in this
genetically diverse population (3).
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 (28), could also be used
to generalize the REGRES method so that an equivalent pro-
cedure could be used in other bacterial species. Overall, our dis-
covery of the mechanism of a key refinement step in the evolution
of a metabolic innovation highlights the degree to which inter-
actions between alleles shape the evolution of complex traits and
emphasizes the need for novel whole-genome methods to ex-
plore such relationships.

Materials and Methods
Strains and Culture Conditions. E. coli strain REL607 is an Ara+ derivative of
strain REL606 (29). E. coli strain CZB154 is a 33,000 generation clone from the
Ara-3 LTEE population that was initiated from the Ara– strain REL606 (3).
Strains CAG60452 and CAG60453 are BW38029 rrnB3 φ (lacZp4105(UV5)-
lacY)638 ΔlacZ hsdR514Δ(araBAD)567 rph+, ΔdapA::pir, containing pMNT3
(21) suicide F plasmids CIP8 (pMNT3:galS) and CIP16 (pMNT3:rhaM), re-
spectively. 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 Lysogeny Broth (LB) media plus appropriate antibiotic to select
for strains harboring plasmids pBR322 (carbenicillin), pET30 (Novagen)
(kanamycin), pROlar.A122 (Clontech) (kanamycin), or pEQ367 (tetracycline).
Additionally, CAG60452 and CAG60453 were grown in LB broth supple-
mented 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 h. 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 the 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. 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. One hundred microliters of
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Fig. 4. 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 (Top). After the dctA* refinement mutation, there was a substantial increase in population size
because cells were able to fully use citrate, which we distinguish from the rudimentary Cit+ phenotype as the strong Cit++ phenotype (Middle). 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 (3, 10). Key mutations are shown with their approximate timings relative to these evolutionary epochs
and one another (Bottom). (B) Cit++ phenotype is not the product of all-or-none epistasis with potentiating mutations. 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 (Upper) and qualitative phenotypes
of reconstructed strains containing only key evolved alleles in the ancestral genetic background (Bottom) are shown. The evolved citT mutation alone is
sufficient for detectable but extremely limited citrate utilization, as observed in early Cit+ isolates (3). The citT and dctA* mutations together are sufficient for
full citrate utilization characteristic of the Cit++ phenotype, even in the absence of potentiating mutations. (C) Mechanism of Cit++ refinement. When both
the CitT and DctA transporters are expressed, due to the citT and dctA* mutations, their activities can be coupled so that the proton-motive force (H+)
powers reuptake 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.
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each of the donor and recipient strains was added to 40 mL of fresh LB
broth. The conjugation mixture was subjected to orbital shaking at 140 rpm
over a diameter of one inch overnight at 37 °C. One milliliter of the over-
night culture was spun down and washed twice in Davis Minimal (DM) salts
(30) and plated onto minimal citrate (MC; DM salts + 4.5 g/L sodium cit-
rate) agar plates supplemented with kanamycin. Plates were incubated
aerobically at 37 °C for 4 d. Additionally, a 1:100 dilution of the conju-
gation mixture was transferred into fresh LB media, and the procedure
was repeated for 4 consecutive d. After 4 d, 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.

Mutation Analysis. Cultures of selected Cit+ REGRES clones were used as
templates for PCR and Sanger sequencing. The results of these assays are
shown in Figs. S1–S4. All primers used in this study are listed in Table S2.

Whole-Genome Sequencing and Mutation Detection. Genomic DNA was puri-
fied 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 have been
deposited in the National Center for Biotechnology Information Sequence
Read Archive (SRP018688). Reads were mapped to the reference genome of

REL606 (31), the Ara– progenitor of strain REL607 that was used in the
REGRES experiments, and mutations were predicted using the breseq com-
putational pipeline (version 0.22) available from http://code.google.com/p/
breseq.

Strain and Plasmid Construction. Isogenic strains containing dctA alleles were
constructed using the pKO3 allelic replacement method (32). Plasmid pCitT
was constructed by PCR amplification and cloning of the rnk–citT allele from
strain CZB154 into the pSB3K3 vector (33). Details of strain and plasmid
construction are described in SI Materials and Methods.

Growth Trajectories. Strains of interest were revived from frozen stocks and
grown in LB broth overnight followed by acclimation to DM25 media, plus
antibiotic when appropriate, over two successive 24-h culture cycles. Culture
densities were normalized, diluted 1:100 into the assay media, and aliquoted
into a 96-well culture plate. The plate was incubated at 37 °C in a continu-
ously shaking plate reader. Optical density was monitored at 420 nm. Full
details are provided in SI Materials and Methods.

RNA Extraction and qRT-PCR. Standard strain growth, RNA extraction, cDNA
synthesis, and qRT-PCR data collection and analysis procedures were used (SI
Materials and Methods.).
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