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Abstract

Like many other non-sporulating bacterial species, Escherichia coli is able to survive pro-

longed periods of resource exhaustion, by entering a state of growth called long-term sta-

tionary phase (LTSP). In July 2015, we initiated a set of evolutionary experiments aimed at

characterizing the dynamics of E. coli adaptation under LTSP. In these experiments popula-

tions of E. coli were allowed to initially grow on fresh rich media, but were not provided with

any new external growth resources since their establishment. Utilizing whole genome

sequencing data obtained for hundreds of clones sampled at 12 time points spanning the

first six years of these experiments, we reveal several novel aspects of the dynamics of

adaptation. First, we show that E. coli continuously adapts genetically, up to six years under

resource exhaustion, through the highly convergent accumulation of mutations. We further

show that upon entry into LTSP, long-lasting lineages are established. This lineage structure

is in itself convergent, with similar lineages arising across independently evolving popula-

tions. The high parallelism with which adaptations occur under LTSP, combined with the

LTSP populations’ lineage structure, enable us to screen for pairs of loci displaying a signifi-

cant association in the occurrence of mutations, suggestive of a historical contingency. We

find that such associations are highly frequent and that a third of convergently mutated loci

are involved in at least one such association. Combined our results demonstrate that LTSP

adaptation is characterized by remarkably high parallelism and frequent historical

contingency.

Author summary

Characterizing the dynamics by which adaptation occurs is a major aim of evolutionary

biology. Here, we study these dynamics in five populations of Escherichia coli, indepen-

dently evolving over six years under conditions of resource exhaustion. We show that

even under very prolonged resource exhaustion bacteria continuously genetically adapt.

Within our populations long lasting lineages are established, each of which undergoes
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independent and continuous adaptation. We demonstrate that bacterial adaptation under

resource exhaustion is both highly convergent–meaning that same adaptive mutations

occur across independently evolving populations and lineages, and frequently historically

contingent–meaning that the adaptive nature of many of the adaptations we see depends

on the previous occurrence of other adaptations.

Introduction

Evolution is a historical process, in which the potential of certain adaptive events to occur,

may sometimes depend on the previous occurrence of other events. Historical contingency is

generally defined as the dependence of adaptation on the history of a population [1]. Such his-

tory can manifest through the chronology of experienced conditions, the order of previously

acquired mutations, or both [2–4]. The role of historical contingency in determining adaptive

trajectories has long been debated. Researchers have argued about whether evolution is largely

deterministic, most frequently following the same paths, or whether evolution tends to be far

less predictable, due in part to frequent contingencies, making it impossible to “replay life’s

tape” [5,6]. Making these arguments more confusing, the word ‘contingency’ itself is often

used to imply different meanings: on the one hand a possible, but quite unlikely and thus

unpredictable, future event (e.g. planning for every contingency), and on the other hand an

event whose occurrence depends on a different event and is quite likely given that event. In

this paper, the term ‘contingency’ will be used to describe mutations whose adaptive nature is

significantly dependent on the previous acquisition of other adaptive mutations.

One well-characterized example of historical contingency was revealed as part of Richard

Lenski’s seminal long-term evolutionary experiment (LTEE) [7,8]. The LTEE was initiated in

1988, when 12 independent populations of E. coli were established in glucose-limited growth

media, supplemented with citrate. Since 1988, these populations have been daily diluted into

fresh media, allowing for the characterization of the dynamics of adaptation of E. coli under

the experiment’s conditions of limited glucose, for well over 80 thousand generations. E. coli is

unable to utilize citrate for carbon under oxic conditions [8,9]. Indeed, this inability is one of

the key parameters used to distinguish E. coli from other bacterial species [10]. One, and only

one of the 12 LTEE populations evolved the ability to consume citrate as a carbon source, fol-

lowing ~30,000 generations. Further analyses revealed that the reason that this phenotype

evolved in only a single population, following a fairly long period of time, was related to histor-

ical contingency. Specifically, the ability of E. coli to adapt to utilize citrate as a carbon source

required a large number of mutations to occur in a fairly specific order, with the effect of cer-

tain mutations depending on the previous occurrence of others [8,11–14].

Fitting with the instance of contingency identified in the LTEE, historical contingency is

often framed as a factor that reduces the predictability of adaptive trajectories [3,15,16]. After

all, if specific mutations are adaptive only in individuals carrying other specific adaptations,

and if many different adaptations can initially occur, different lineages will likely adapt via

divergent trajectories. Furthermore, such trajectories may become more and more divergent

as additional adaptations accumulate, further reducing the ability to predict how a given popu-

lation will adapt. At the same time, many evolutionary experiments reveal a strong tendency

for adaptation to occur in a convergent manner [17–19]. Such convergence, or parallelism (the

terms will be used interchangeably in this paper), means that similar adaptive patterns and

events tend to happen in parallel, across independently evolving populations, implying

increased predictability. It has been shown for example that independently evolving LTEE
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populations displayed similar trajectories when it came to the rates with which they improved

their fitness (a pattern of diminishing returns with time) [20,21]. Additionally, different LTEE

populations often experienced similar phenotypic changes [7,8,20,22,23]. Finally, convergent

mutation acquisition was also observed in the LTEE, with different populations often accumu-

lating mutations to similar loci [8,22,24–26].

In July of 2015, we initiated our own long-term evolutionary experiment, designed to study

E. coli adaptation under prolonged external resource exhaustion [27,28]. E. coli and many

other non-sporulating bacteria are able to survive long periods of resource exhaustion, follow-

ing brief periods of growth, by entering a state of growth termed long term stationary phase

(LTSP) [27,29–32]. In our LTSP experiment, five populations of E. coli K12 MG1655 were

established by inoculating cells into 400 ml of fresh rich media. Each population was estab-

lished from an individual clone. These populations have not been provided with any external

growth resources ever since and have had to survive by recycling the remains of their ancestors

and brethren [27,33]. After a day of growth these populations entered a period of rapid death,

followed by entry into LTSP, at about day 11 of the experiment. Since day 11 of our experi-

ments, we have seen a slow decline in viability with time, and populations remain viable to this

day.

Data from the sequencing of ~10 clones per population, from each of nine sampled time

points, spanning the first three years of the experiment (for a total of 413 sequenced clones),

have enabled us to begin characterizing the dynamics of adaptation under LTSP [28]. These

analyses have revealed that during the studied time frame, LTSP populations continuously and

rapidly adapt through the continuous accumulation of mutations. Such adaptation occurs in a

highly convergent manner, with mutations to the same loci and often even to the exact same

sites very frequently occurring across independently evolving populations. In three of the five

populations we saw the emergence of mutators, that having acquired a mutation to a mismatch

repair gene, substantially increased their mutation rates. Such mutators coexisted within the

same populations, alongside non-mutators, for extended periods of time [28].

Here we expand on our previously available data by sequencing clones sampled up to six

years into our experiment. Utilizing these data, we characterize the lineage structure of each of

our five LTSP populations. We show that the lineage structure of LTSP populations is itself a

convergent feature of LTSP adaptation. This lineage structure, together with the extreme con-

vergence of adaptation under LTSP enables us to search for putative instances of historical

contingency (Fig 1). Results of this analysis reveal that historical contingencies appear to be

very common, as we find that more than a third of convergently mutated loci are involved in a

putative contingency with at least one additional convergently mutated locus.

Results

Continuous convergent adaptation under LTSP

Our five LTSP populations, established in July 2015 maintain their viability to this day. Fig 2A

depicts viability as a function of time, as estimated by plating samples and quantifying colony

forming units (CFUs). We previously sequenced 413 clones from 9 time points spanning the

first three years of our LTSP experiments. Here, we add to these data, resulting in whole

genome sequencing data of 637 clones sampled at 12 time points, spanning the first 6 years of

the experiment. A full list of the sequenced clones and their obtained sequencing coverage is

given in S1 Table. It is important to note that each of the five populations was established

from an individual clone and that the five ancestral clones used to establish the populations

were also sequenced. Therefore, mutations identified in the evolved clones, but not in their

ancestors had to have happened during the experiment. A full list of these mutations is
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provided in S2 Table. Focusing on 392 non-mutator clones, Fig 2B depicts the number of

mutations accumulated as a function of time spent under LTSP. As can be seen, mutations

continue to accumulate with time, throughout the six years examined so far.

Mutations accumulated under LTSP within non-mutator clones are significantly enriched

for non-synonymous vs. synonymous mutations, relative neutral expectations (dN/dS = 3.5, P
<< 0.001, according to a χ2 test). This indicates that mutation accumulation within non-

mutators is governed by positive selection [26,34,35]. dN/dS continues to be significantly

higher than 1 for mutations occurring across all examined time points (P<< 0.001, Fig 2C

and S3 Table). However, dN/dS for mutations occurring at or after the first year of the experi-

ment is significantly lower than for mutations occurring at earlier time points (P<< 0.001).

An additional indication that many of the observed mutations are adaptive is the extremely

high convergence with which mutations within non-mutator clones occur. ~88.5% of muta-

tions acquired by non-mutator clones, fall within 265 loci that are mutated in at least two inde-

pendently evolving populations (S1A Fig and S4 Table). These 265 loci constitute only ~5.7%

of the E. coli genome. Mutations continue to occur more often than expected by chance in loci

mutated across multiple populations, throughout the six years of the experiment. However,

this trend as well seems to diminish with time (Fig 2D). Despite this apparent reduction with

Fig 1. Schematic representation of how patterns of occurrence of convergent mutations can enable the identification of putatively contingencies. Two

options are schematically presented: (A) An independent mutation acquisition pattern does not suggest a contingency relationship. (B) Strong association

between the occurrence of mutations suggests a putative contingency. In the presented example it would be possible to predict that mutation β is contingent on

the previous occurrence of mutation α.

https://doi.org/10.1371/journal.pgen.1011333.g001
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time, adaptation is still highly convergent even six years into our experiments—even at the last

time point sampled, 84% of mutations occurring within non-mutators fall within loci that are

mutated across at least two populations. Combined, these results show that our LTSP popula-

tions continuously adapt in an extremely convergent manner, up to at least six years under

resource exhaustion, with a possible moderate reduction with time in the fraction of mutations

subjected to positive selection.

Lineage structure and convergent lineage dynamics under LTSP

One of the most striking examples of convergence that we already reported on in our previous

publications involves mutations in the RNA-polymerase core enzyme (RNAPC)-encoding

genes rpoB and rpoC [27,28]. Strikingly, more than 90% of all sequenced clones carry such a

mutation, with the same specific mutations often appearing in a convergent manner across

populations, and with clones carrying different RNAPC adaptations often co-existing within

single populations (Fig 3A). The RNAPC mutations are often the first mutations to occur, and

thus, all of the descendants of the clones that initially acquired these specific rpoB and rpoC
mutations also carry them, and most other mutations are acquired on the background of these

RNAPC mutations. It can thus be said that the occurrence of the RNAPC mutations early on

in LTSP establishes lineages that then co-exist alongside other lineages, established from clones

carrying different RNAPC lineage-defining mutations.

By using our WGS data to build phylogenies within each population, we characterized each

population’s lineage structure. Obtained results were visualized as Muller plots depicting the

relative frequencies of lineages as a function of time (Fig 3B and Materials and Methods). To

build our phylogenies and characterize our lineages we focused on mutations that reached at

Fig 2. Viability and mutation accumulation under LTSP. (A) Viability during the first seven years under LTSP as estimated by quantification of colony

forming unit (CFU) counts for each of the five populations. The 12 time points at which ~10 clones per population were fully sequenced are marked by red

dots. (B) Continuous mutation accumulation—presented is the mean number of mutations acquired by non-mutator clones, as a function of time. Error bars

represent standard deviations around the presented means. (C) Significant enrichment in non-synonymous mutations across examined time points–depicted

are the fractions of non-synonymous mutations occurring in non-mutators across time points. The black line represents the expected fraction of non-

synonymous mutations under neutral expectations (calculated based on the number of non-synonymous sites in the E. coli protein-coding genes (Materials

and Methods)). (D) Convergent mutation acquisition. Depicted for each time point separately is the fraction of non-mutator mutations occurring within loci

mutated across 1,2,3,4 or 5 of the populations.

https://doi.org/10.1371/journal.pgen.1011333.g002
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least 30% frequency during at least one time point. For a lineage to be defined, it was required

that the phylogeny of a potential lineage lasted within our population for at least two time

points, and had been founded by a mutation that, at some time point reached at least 30% fre-

quency within its population. We were able to assign ~95.3% of all sequenced clones to a line-

age. A total of 18 lineages were identified across our five populations. While this was not an a-

priori requirement, for all lineages the founding mutation was one of the RNAPC mutations

summarized in Fig 3A. We observed continuous mutation accumulation occurring with time

within lineages (S2 Fig). This means that clones from a specific lineage sampled at a given time

point tended to accumulate additional mutations, compared to clones sampled from the same

lineage at earlier time points.

Interestingly, lineages that share the same lineage-defining mutation, but belong to differ-

ent populations often behave similarly. The most striking example of this involves lineages

defined by the RpoC K334Q mutation, which emerge early on across all five populations, but

then also reduce in frequency below our detection ability by day 127, across all populations

(Fig 3B). In contrast, lineages defined by RpoC T428S also establish early in all five indepen-

dent populations, but persist at high frequencies over the duration of the experiment so far, in

all three populations that were not taken over by mutators.

Mutations within the same populations occurring within clones belonging to different line-

ages have necessarily occurred independently. We were therefore able to examine convergence

not only between populations, but also within them. Our five populations contain 18

Fig 3. Convergent lineage structure under LTSP. (A) Convergent pattern of RNAPC lineage-defining mutation acquisition across populations. (B) Muller

plots depicting the relative abundance of the different lineages, as a function of time. Lineages are colored according to their lineage defining mutations,

allowing for the use of the same colors in both panels A and B.

https://doi.org/10.1371/journal.pgen.1011333.g003
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independently evolving lineages. ~89.3% of non-mutator mutations fall within 268 loci that

are mutated in two or more of these lineages (S1B Fig and S5 Table). Other than the RNAPC

genes rpoB and rpoC, the most convergently mutated locus is the gene encoding the global

transcription regulator CRP, which is mutated in 11 of 18 independently evolving lineages.

Mutations occurring within genes mutated in two or more lineages are significantly enriched

for non-synonymous vs. synonymous mutations relative random expectations (dN/dS = 5.5, P
<< 0.001, according to a χ2 test), while, in contrast mutations within loci that are mutated in

only a single lineage are enriched for synonymous mutations (dN/dS = 0.4, P<< 0.001,

according to a χ2 test). This suggests that loci mutated in two or more lineages are accumulat-

ing LTSP mutations as a result of positive selection [26,34,35]. Such convergently mutated loci

are significantly enriched for genes involved in regulation of gene expression and transport

(see Materials and Methods).

Frequent association between the occurrence of mutations across loci

Focusing on all 268 loci that are mutated in at least two independently evolving lineages or

populations (excluding rpoB and rpoC), we extracted all possible loci pairs for which there

existed clones that carried mutations in both loci in at least two independently evolving line-

ages or populations (see Materials and Methods). For each such pair of loci, we then asked in

how many lineages did we see clones that carried mutations to both loci, clones that carried

mutations to neither locus, and clones that carried mutations in only one or only the other of

the two loci. Using these counts, we could then calculate the strength of association between

the presence of mutations in one locus and the presence of mutations in the other across all

lineages. We calculated three coefficients of association which range in their strictness from

low to high: Yule’s association coefficient Q [36], Yule’s coefficient of colligation Y and Yule’s

phi coefficient of contingency φ [37]. Depending on the coefficient used we identified between

360 and 664 instances of statistically significant association (after correcting for multiple test-

ing, see Materials and methods and S6 Table). In total, we found that 91–94 out of the 268

(34.0–35.1%) convergently mutated loci are involved in at least one significantly associated

loci pair. It can thus be said that for more than a third of convergently mutated loci the pres-

ence of mutations is significantly associated with the presence of mutations within at least one

additional locus. To further support the biological relevance of the predicted contingent loci

pairs, we examined whether they tended to be functionally related, more often than expected

by chance, according to annotations contained within the STRING database [38]. Depending

on the coefficient of association used, between 18.1% and 21.7% of putatively contingent loci

pairs had known functional relationships. Based on 1000 repeated randomizations of our net-

works of putatively contingent loci pairs, we found that for all three coefficients, this propor-

tion was significantly larger than expected by chance (see Materials and Methods and S7

Table).

The different coefficients used vary greatly in their stringency. As a result, many more puta-

tive contingent pairs were identified for the less strict coefficients. We aimed to set cutoffs for

each of the coefficients that would allow us to select the most reliable putative contingencies,

without discarding too many meaningful pairs. To do so, for each of the two less strict coeffi-

cients, we selected association strengths at which the highest percentage of predicted associated

pairs carry a known functional association (S8 Table). For Yule’s association coefficient Q the

cutoff was 0.8, while for Yule’s coefficient of colligation Y it was 0.5. Interestingly, this resulted

in us obtaining the same set of 352 putatively contingent gene pairs for both the Q and Y coef-

ficients. We did not set a threshold of significant contingencies for the most stringent phi coef-

ficient of contingency φ, which identified 360 putatively contingent loci pairs, including 351 of
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the 352 pairs identified by the other two coefficients (above the corresponding threshold). We

thus consider the 351 pairs agreed upon by all three metrics as our most reliable set of puta-

tively contingent loci pairs.

When we consider only these 351 most reliable pairs, we still find that 91 out of our 268

(34.0%) convergently mutated loci are involved in at least one putative contingency. This dem-

onstrates that our finding of more than a third of convergently mutated loci being involved in

at least in one putative contingency is insensitive to the thresholds applied for our identifica-

tion of putatively contingent loci pairs.

Directionality of contingency can be determined for a majority of the most

reliable putatively contingent loci pairs

When mutations within one member of a putatively contingent loci pair always occur prior to

mutations within the second member, it implies that mutations within the second locus are

contingent on mutations within the first one. This logic enabled us to identify the likely direc-

tionality of contingency for 294 out of the 351 (83.8%) most reliable putatively contingent loci

pairs (see Materials and Methods and Fig 4A and S9 Table). For an additional 30 pairs, we

could not identify the directionality, because mutations within the two loci are always seen

together (S9 Table). In the remaining 27 putatively contingent loci pairs, directionality could

not be assigned because in some instances mutations were first observed in one member of the

pair, while in others they were first observed in the second member (S9 Table). That for a

majority of putative contingencies directionality is consistent and can thus be determined also

adds credibility to our predictions.

LTSP contingencies with known effect

We identified two putative contingencies for which we already know the biological meaning

from our previous studies [28,39]. The first contingency involves mutations within the gene

dnaQ, which encodes a proofreading component of the DNA polymerase. Such mutations to

dnaQ occur within two of our populations and occur only on the background of mutator

clones. We have previously shown that the combination of a mutation to a mismatch repair

gene, with a mutation to dnaQ significantly increased mutation rates beyond those of “normal”

mutators [28]. The second example involves mutations within the genes atoC or atoS, that

together encode a two-component system, which regulates fatty acid metabolism. Such muta-

tions occur exclusively on the background of mutations to the gene encoding FadR—the E.

coli master regulator of fatty acid metabolism. We have previously shown that this mutation

combination allows E. coli to metabolize the short chain fatty acid butyrate, which E. coli itself

produces during the first 24 hours of growth within fresh LB, but which wildtype E. coli cannot

metabolize [39].

Mutations to many loci are contingent on previous mutations to the gene

encoding the cAMP-activated global transcriptional regulator CRP

We identified some loci that serve as hubs of contingency, meaning that they are involved in

many putative contingent loci pairs. When directionality was assigned, it became clear that

mutations to the other loci tended to more often be contingent on mutations to these hubs,

rather than vice versa (Fig 4B and S10 Table). The most striking example of this involves the

gene crp, which encodes the cAMP-activated global transcriptional regulator CRP and is

involved in a total of 52 of the most reliable contingent loci pairs. In 51 of these pairs,
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mutations to the other locus involved in the pair are putatively contingent on mutations to crp,

while for the remaining pair the directionality could not be assigned.

We identified 11 putatively contingent loci pairs, involving a transcription factor (TF) and

its known target. In 8 of these 11 pairs, mutations within the gene regulated by the TF were

contingent on the occurrence of previous mutations within their regulating TF. For seven of

these eight pairs the regulating TF was CRP. For six of these seven pairs in which mutations to

Fig 4. Identified putatively contingent loci pairs. (A) Presented are the Yule’s Q coefficient strengths of association of the

351 most reliable putatively contingent loci pairs. These data are represented in a semi-directed adjacency matrix heatmap, in

which only in cases where the directionality could not be determined the association is shown as undirected, while for the

majority of cases the association is shown as directed. Both rows and columns represent the 91 loci involved in at least one out

of the 351 putatively contingent loci pairs. Rows and columns are sorted in the same order. The rows (y axis) represent the

loci that were found to be mutated first in each contingency pair, while columns (x axis) represent the loci that were mutated

second. (B) For each locus that participates in eight or more putatively contingent loci pairs we present a summary of the

directionality identified for the putative contingencies in which that locus participates.

https://doi.org/10.1371/journal.pgen.1011333.g004
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genes regulated by CRP were contingent on previous mutations to crp, the mutations within

the regulated loci were never seen in the absence of mutations to crp. In the remaining locus

mutations are seen in the absence of mutations to crp in only one lineage, while they are seen

together with mutations to crp in six lineages.

Loci that are regulated by CRP, and for which mutations are contingent on previous muta-

tions to crp include: (1) the glpF gene and its promoter—both mutations to the glpF gene and

to its promoter are strongly contingent on previous mutations to crp (Fig 5, Edges 1 and 2).

glpF encodes a glycerol uptake gene, while CRP upregulates glpF [40]. Glycerol can be used as

an energy-poor carbon source by E. coli and the downstream metabolites of glycerol can par-

ticipate in glycolytic as well as gluconeogenic reactions [41]; (2) ompF–is upregulated by CRP

(Fig 5, Edge 3) and encodes the outer membrane porin F, which is responsible for small mole-

cule diffusion across the membrane [42]. (3) acs—encodes an acetyl-coenzyme A synthetase

and is upregulated by CRP (Fig 5, Edge 4) [43]; (4) pck—encodes a phosphoenolpyruvate car-

boxykinase and is involved in gluconeogenesis. pck can be both upregulated or downregulated

by CRP (Fig 5, Edge 5) [44]. (5) hfq—is downregulated by CRP (Fig 5, Edge 6) [45] and

encodes a key chaperone of RNA folding that is involved in the regulation of interactions

between small non-coding RNAs and their targets. As an important chaperone, hfq is involved

in response to a large variety of conditions and stresses [46,47]; (6) cycA–encodes a D-serine/

D-alanine/glycine transporter that is upregulated by CRP (Fig 5, Edge 7). (7) glcC–encodes a

TF and is upregulated by CRP (Fig 5, Edge 8) [48]. GlcC itself regulates the glcA gene (Fig 5,

Edge 9), which is responsible for the uptake of glycolate [49]. Glycolate can be used by E. coli
as a carbon source and oxidized to carbon dioxide [50]. Mutations to glcA are contingent on

previous mutations to glcC (Fig 5, Edge 9). This is therefore an example of a chain of contin-

gencies involving regulated genes and their TFs–mutations to glcA, which is regulated by

GlcC, are contingent on mutations to glcC, while mutations to glcC, which is regulated by

CRP, are contingent on mutations to crp.

Additional putatively contingent loci pairs involving loci with known

regulatory interactions

There are several examples of putatively contingent loci pairs that do not involve mutations to

crp, but nevertheless have known regulatory interactions. Such putatively contingent loci pairs

that involve a TF and its target include: (1) the gcvT-gcvA loci pair—mutations to the gene

encoding the GcvA TF are contingent on previous mutations occurring within its regulated

gene gcvT (Fig 5, Edge 10), which encodes a protein that functions in the glycine cleavage sys-

tem [51]. For both gcvA and gcvT mutations occur within their promoter regions, rather than

within the genes themselves. (2) putA and putP–PutA is a TF that downregulates putP (Fig 5,

Edge 11), which encodes a sodium/proline symporter [52]. No directionality could be assigned

to the putative contingency involving these two genes. Mutations were observed within both

the putP promoter region and the gene itself, in both cases with strong association to muta-

tions in the putA gene (Fig 5, Edges 12 and 11).

In addition to putative contingencies involving genes and their TFs, we also observed four

instances in which mutations to a certain gene were associated with mutations to the same

gene’s promoter region: (1) dctA and its promoter—mutations within the dctA gene, which

encodes a C4-dicarboxylate transport protein, and its promoter are only ever seen together

(Fig 5, Edge 13). (2) SstT is a serine/threonine transporter. Mutations in the promoter of sstT
are contingent on previous mutations to the sstT gene itself (Fig 5, Edge 14). (3) Mutations to

the putP promoter region are contingent on previous mutations occurring within the putP
gene itself (Fig 5, Edge 15). As previously described, putP encodes a sodium/proline
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symporter. (4) Mutations to the cycA gene, which, as previously described, encodes a D-serine/

D-alanine/glycine transporter, only occur on the background of mutations to its promoter

(Fig 5, Edge 16). Interestingly, all four examples of putative contingent loci pairs involving a

gene and its promoter involve transporter genes (although, as already stated, there is a general

enrichment in genes related to transport among the loci that are convergently mutated in our

experiments).

Finally, a putatively contingent pair in which both genes co-regulate the same operon was

observed. DeoR and CytR co-regulate the deo operon, which is involved in nucleoside and

deoxy-ribonucleoside catabolism [53]. Interestingly deoR and cytR are almost always mutated

together (Fig 5, Edge 17). Clones that carry mutations to both deoR and cytR arise early, across

all five populations and always belong to the minority of clones that cannot be assigned to any

of the lineages, which are all defined by RpoB and RpoC mutations. Clones carrying different

mutation combinations to deoR and cytR can often be seen within a single population (S2

Table), suggesting that this mutation combination occurs very frequently. However, they can

never establish high frequency lineages, that persist across multiple time points. Combined,

this suggests that clones carrying this putatively contingent mutation combination may have a

very strong fitness advantage early on under LTSP, but are not able to persist at frequencies

above our detection level.

Mutations within some loci are contingent on specific RNAPC mutations

Once we determined the lineage structure of our populations and assigned lineages according

to the RNAPC mutation that established them, it became evident that mutations within certain

loci occurred predominantly within lineages established by a specific RNAPC mutation. To

identify instances of significant association between the occurrence of mutations within cer-

tain loci and the occurrence of specific RNAPC mutations, we calculated the association coeffi-

cients, as previously done for convergently mutated loci pairs (Materials and Methods). A

summary of the obtained association strengths is given in S11 Table.

Fig 5. Schematic representation of putative historical contingencies involving regulatory interactions. The historical contingencies described in our text

are presented graphically as a network. The edges are numbered according to the order of appearance in the main text.

https://doi.org/10.1371/journal.pgen.1011333.g005
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The most striking example of such an association is that mutator clones always belong to

the lineages defined by the RpoB E1272G mutation. The RpoB E1272G mutation established

lineages in three of our five populations, and across all these populations, all clones sequenced

belonging to these lineages also had a mutator mutation, within a mismatch repair gene (S2

Table). In two of the populations (populations #2 and #3) mutators appear to have emerged

only once, as all mutator clones within these populations carried the exact same mismatch

repair gene mutation. In the third population (population #4) two different types of mutators

evolved. However, both evolved on the background of population 4’s RpoB E1272G lineage.

No other lineages ever included any such mutator clones. When considering all mismatch

repair genes in which mutations occurred as a single entity, the association between the occur-

rence of mismatch repair mutations and the RpoB E1272G mutation is statistically significant

(S11 Table). Interestingly, the pattern by which mutators occur only on the background of lin-

eages established by the RpoB E1272G mutation was also recapitulated in a second study, in

which six additional LTSP populations were established [39]. An additional example of a locus

that is mutated exclusively within lineages defined by a specific RNAPC mutation is the emer-

gence of mutations in both the dctA dicarboxylate transport gene and its promoter on the

background of three out of five lineages defined by the RpoC K334Q mutation, and never on

the background of any other lineage-defining mutations (S11 Table). This is especially impres-

sive considering the fact that the RpoC K334Q lineages are always very short lived.

Discussion

Our results show that E. coli adaptation under LTSP continues via highly convergent mutation

accumulation at least up to six years into our experiments. We were able to discern the lineage

structure of our populations, demonstrating that it is in itself convergent. This means that

across populations similar lineages, established by the acquisition of the same lineage defining

RNAPC mutations, emerge. Lineages defined by the same RNAPC mutation often behave sim-

ilarly across populations. The identified lineage structure of our LTSP populations and the

high convergence with which mutations are acquired across independently evolving lineages

allowed us to identify hundreds of loci pairs for which the acquisition of mutations is statisti-

cally significantly associated. Our results demonstrate that contingency is remarkably com-

mon, as more than a third of convergently mutated loci are involved in at least one putative

contingency.

Our approach has a number of limitations. First, while we can deduce the directionality of

83.8% of the putative contingencies we observed (S9 Table), we sometimes cannot assign

directionality to our predicted contingencies. A second limitation in our approach is that we

cannot tell apart direct contingencies (e.g. mutations in loci A and B are more likely to be

adaptive on the background of mutations in locus C) from indirect ones (e.g. adaptive muta-

tions in locus A are more likely to occur on the background of adaptive mutations in locus B,

which in turn are more likely to occur on the background of adaptive mutations in locus C). A

third limitation of our approach is that it can only identify putative contingent pairs in which

both loci involved accumulate mutations convergently, in at least two independently evolving

lineages. Instances in which a specific mutation combination occurs in only a single lineage

will not be identified by our approach. This means that we would not expect to identify rare

contingencies of the type that led to the evolution of citrate utilization in the LTEE [8,11–14].

Finally, as with any statistical analysis false positives are also possible, and thus some of the

identified putatively contingent loci pairs may not reflect true contingencies. Indeed, depend-

ing on the thresholds and metrics used, the number of contingent pairs identified can vary

substantially. This suggests that some of the contingent pairs we identified, for which the
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association was significant, but not very strong may be less reliable than others. However, the

fact that irrespective of the metric and threshold used, the identified putative contingent loci

pairs are enriched for known functional associations, suggests that many of these putative con-

tingencies do reflect true biology. Also, irrespective of the metric used, a similarly high per-

centage of convergently mutated loci (more than one third) were found to be involved in at

least one putative contingency relationship, thus demonstrating that our major finding, that

contingencies are highly frequent is fairly stable and reliable. Finally, when it comes to the 351

putatively contingent pairs we identified to be the most reliable, for a majority we were able to

identify the directionality of the contingency. This means that for these pairs mutations within

one member of the pair always occurred prior to mutations in the other. This further adds to

the reliability of these putatively contingent loci pairs.

A factor that could potentially increase the number of falsely identified putative contingen-

cies is a temporal ordering of convergent adaptations. This means that it is possible that even

in the absence of a historical contingency (by which the occurrence of a specific adaptation

depends on the occurrence of another specific adaptation within the same clone), certain con-

vergent adaptations may tend to occur previously to others. Such a temporal ordering may

stem from the observation that under fairly constant conditions high effect adaptations tend to

occur prior to lower effect ones [7,20]. An additional explanation for a possible temporal

ordering of convergent adaptations is that the environment may be changing in a convergent

manner across populations, leading to different adaptations occurring under earlier compared

to later conditions. At the same time, we believe that the strong statistical associations we

observe between the occurrence of mutations in lineages cannot be entirely explained by such

temporal ordering, without contingency, as such temporal ordering would not be expected to

lead to certain adaptations only occurring on the background of other specific adaptations.

For example if adaptations A, B, and C always occur first and only then do adaptations D, E

and F occur, it would not explain why we would only see adaptation D on the background of

A, and never on the background of B or C. That being said, further mechanistic studies will be

needed in order to verify and determine the roles of the putative contingencies we identified.

We have already carried out one such study to ascertain the role of the contingency involving

the fadR + atoC/atoS genes [39]. This study utilized metabolomics to discover that E. coli pro-

duces the short chain fatty acid butyrate during the first 24 hours of growth in fresh LB. E. coli,
however, cannot consume butyrate. The fadR + atoC/atoS adaptations can together enable E.

coli to consume and even grow on butyrate [39].

Two non-trivial aspects of the dynamics of adaptation under LTSP enabled us to utilize

data extracted from LTSP evolutionary experiments to identify pairs of putatively contingent

loci. The first such aspect is the remarkable convergence with which adaptation occurs within

our LTSP populations. Adaptation via convergently occurring mutations is a feature of many

evolutionary experiments [17–19]. Yet, such convergence is particularly prevalent in our LTSP

experiments, where almost 90% of the mutations that occur within non-mutators fall within

loci that are mutated across multiple populations and lineages. In addition, we also frequently

observed the occurrence of precisely the same mutations across independently evolving line-

ages and populations. Such specific convergent mutations are less frequently observed in evo-

lutionary experiments [20,54,55]. That convergence is so high in our experiments can stem

from strong selection, resulting from intense competition. Under LTSP, only a small fraction

of the population is able to replicate, via the recycling of the remains of their ancestors and

brethren [27,33]. This likely leads to intense competition between clones. As a result, it seems

that the majority of mutations accumulating within non-mutator clones are adaptive (which is

also reflected by the very high dN/dS ratios). Strong selection by itself would not necessarily

lead to such high convergence, unless the possible pathways to adaptation are greatly limited
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in number. However, when combined, strong selection and a limited number of possible ini-

tial pathways to adaptation can lead to high convergence, of the type we observe.

The second aspect of the dynamics of adaptation under LTSP that contributed to our ability

to identify putatively contingent loci pairs was our populations’ lineage structure. We found

that lineages are established under LTSP and persist for prolonged periods of time (Fig 3B),

while continuously accumulating mutations (S2 Fig). Such a lineage dynamic indicates that

the cells that constitute the majority of the replicating sub-population continuously belong to

the same lineages. In other words, it demonstrates that most cells that are able to replicate at a

given time point are decedents of those that were able to replicate at previous time points. A

contrary example to this general trend, which demonstrates that such a dynamic is far from

trivial, involves clones carrying a putatively contingent mutation combination in the cytR and

deoR genes. We observed such clones early on in our experiment, across all five of our popula-

tions. Unlike the great majority of clones sampled during our experiment, these clones did not

carry an RNAPC lineage-determining mutation. Clones with a cytR + deoR mutation combi-

nation did not establish lineages of their own. Instead, we observed clones carrying specific

mutation combinations within these loci rising to relatively high frequencies at a certain early

time point, only to never be seen again at a later time point. Clones carrying a mutation combi-

nation within cytR and deoR that were sampled from the same population at later time points

included an entirely different mutation combination within these genes. Thus, it can be said

that when it comes to the clones carrying a cytR + deoR mutation combination, the cells that

replicated and rose to high frequencies at a given time point, were not descendants of those

that replicated and rose to high frequencies during a previous time point.

Other laboratories have also carried out LTSP evolutionary experiments on E. coli, which

varied in their experimental design and in their duration [33,56,57]. Some of the dynamics we

observed in our experiments were also observed in the other experiments. These include sig-

nals of positive selection (enrichment in non-synonymous vs. synonymous mutations and

convergent mutation acquisition) and lineage establishment and persistence. While these sig-

nals were seen in other experiments as well, they appear to be more pronounced in our experi-

ments. While some overlap exists between our and other experiments with regards to the loci

that are convergently mutated under LTSP, this overlap was far from complete. Some loci we

find to be mutated in an extremely convergent manner, and most strikingly the RNAPC adap-

tations were not seen in the other experiments [33,56,57]. The differences observed between

different LTSP evolutionary experiments are not very surprising, given we have previously

shown that even small alterations to experimental design can substantially alter the dynamics

of LTSP adaptation. Specifically, we carried out a study in which we maintained all aspects of

our experimental design constant, other than growth volume [58]. We could show that the

intensity of selection decreases with growth volume, leading to slower adaptive mutation accu-

mulation and lower convergence for lower volume experiments. While some overlap in the

identity of convergently mutated loci was observed across volumes, substantial variation

between volumes was seen [58]. The different LTSP experiments carried out by other groups

vary from ours not only by growth volume, but also by additional parameters such as vessel

type, the growth media and the precise E. coli strain used [33,56,57]. It is thus not surprising

that we would observe somewhat different adaptive dynamics. Searching for putative historical

contingencies, using our methodology requires whole genome sequencing data from a large

number of individual clones sampled at several time points, from multiple independently

evolving populations and lineages. Since the other experiments either did not span a long

enough period of time [33], did not examine multiple populations (over long periods of time)

[56], or did not carry out whole genome sequencing of individual clones [57], we could not

use these data to search for putative contingencies and compare our results in this regard.
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Contingencies are widely thought to lead to increasing diversification in adaptive pathways

[3,15,16]. After all, if different lineages acquire different adaptations early on, their adaptive

trajectory may continue to diversify due to different adaptations being contingent on these ini-

tial adaptations. Given that we observe frequent putative contingencies, we may thus expect to

see in our populations a pattern of reducing convergence with time. Fitting with this we indeed

observe that while still highly convergent, non-mutator mutations that accumulate at later

time points in our experiment appear to be less convergent than those occurring early on (Fig

2D). It is important to note, however, that such a pattern of reduced convergence with time

could also be explained by a reduction in the fraction of mutations that accumulate as a result

of positive selection. Fitting with this explanation, we do also see a significant reduction in dN/

dS at later time points. At the same time this reduction is not very substantial and dN/dS

remains significantly higher than 1 throughout the experiment (Fig 2C and S3 Table), indicat-

ing continuous adaptation under positive selection.

While historical contingencies are thought to contribute to diversification of adaptive tra-

jectories, very frequent contingencies can also have the somewhat opposite effect of increasing

population-level parallel adaptation. After all, if initially the same adaptations are often sam-

pled across populations and strongly influence the identity of future adaptations, this may con-

tribute to similar adaptive trajectories arising across populations. Overall, the ability to observe

such convergent adaptive trajectories will depend on the number of clones one samples from

each population and time point. Specific clones may adapt very differently from other clones

present within their populations and variation in adaptations acquired by individual clones

may greatly increase with time, both by chance and due to contingencies. Thus, if researchers

sequence only one or two clones per population and time point sampled, as is often done fol-

lowing evolutionary experiments, they will likely observe large variation between populations.

At the same time, by sequencing ~10 clones per population and time point sampled, we were

able to observe that even though individual clones may adapt via highly divergent trajectories,

at the population level one can observe very high levels of parallel adaptation. It is however

important to note that by sequencing ~10 clones out of many millions, we also could identify

only the most frequent genotypes present within our populations. Convergent adaptations

present at slightly lower frequencies within some or all populations may have thus been missed

entirely, or not have been assigned as occurring convergently across multiple populations or

lineages. It is thus possible that the extremely high levels of convergent adaptation we observed

constitute an underestimate of the true extent of convergent adaptation under LTSP.

To conclude, we demonstrate that LTSP populations adapt in an extremely parallel manner,

with a majority of mutations occurring within non-mutator clones falling within loci that are

mutated across multiple populations. One feature of the parallelism with which LTSP popula-

tions adapt is the establishment and persistence of lineages that tend to behave with similar

dynamics across populations. Combined, the convergence with which adaptive mutations

occur and the lineage structure of our populations enables us to identify hundreds of instances

of putative historical contingencies and reveal that such contingencies are very common,

affecting more than a third of convergently mutated loci.

Materials and methods

LTSP evolutionary experiments

The five LTSP populations investigated here were established in July 2015, as described in

Avrani et al. [27]. Briefly, each population was initiated from a separate clone of E. coli K12

strain MG1655 (following streaking of bacteria on LB plates and random selection of five sin-

gle colonies). Approximately five million cells per ml were inoculated into 400 ml of Lysogeny
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broth (LB) within 2 liter polycarbonate breathing Erlenmeyer flasks. The five flasks were

placed in an incubator set at 37 ˚C, set to shaking at 225 rpm. No external nutrients or

resources were added to the cultures with time, except for sterile water that is added to com-

pensate for evaporation every 10–15 days, according to the weight lost during that time period.

Sequencing of LTSP clones and mutation calling

One milliliter of each of the five LTSP populations, established in July 2015, was sampled at

days 0,1, 2, 3, 4, 5, 7, 8, 11, 22, 32, 42, 53, 64, 94, 127, 154, 184, 241, 308, 374, 436, 557, 730,

1095, 1178, 1460, 1612, 1816 and 2191. Sample dilutions were used to estimate viability by

quantification of colony-forming units (CFUs) with the help of robotic plate reader. Samples

were preserved in 50% glycerol at -80˚C for further analysis. Dilutions of samples from days

11, 22, 32, 42, 64, 127, 374, 730, 1095, 1460, 1816 and 2191 were plated and cultured overnight.

~10 colonies from each time point were inoculated in 4 ml of media and were subsequently

cultured until the optical density of 1 was reached. A similar procedure was followed to

sequence the five ancestral clones used to establish the populations. DNA was extracted with

the Macherey-Nagel NucleoSpin 96 Tissue Kit from pelleted cells, resulting from the centrifu-

gation of one milliliter of each culture at 10 000 g for 5 minutes. The remainder of each culture

was frozen in 50% glycerol at -80˚C. Libraries were prepared according to the protocol

described in [59]. 150 bp paired end sequencing was carried out on an Illumina HiSeq 2500

machine at Admera Health. Clones from all five populations from days 1460, 1816 and 2191 as

well as clones from time points 22, 32 and 42 from populations 3 and 5 were sequenced during

the current study, while clones from all other time points and the ancestral clones were

sequenced as part of our previous studies (S1 Table) [27,28]. Obtained reads were aligned to

the E. coli K12 MG1655 reference genome (accession NC_000913) and mutations were called,

using Breseq [60], which enabled us to identify SNPs as well as small and large indels (S2

Table).

Raw short read sequencing data obtained for this study were deposited to the Sequence

Read Archive (SRA) under accession number PRJNA1049885. Short read data obtained as

part of our previous studies can be found under accessions BioProject ID: PRJNA380864 and

BioProject ID: PRJNA674613.

dN/dS calculations

Numbers of synonymous and non-synonymous sites of all protein-coding sequences of E. coli
were calculated as in [27]. Briefly, The protein-coding gene sequences of E. coli K12 MG1655

were obtained from the NCBI database. For each DNA position of each protein coding gene,

we calculated the likelihood that a mutation within that site would be synonymous or non-syn-

onymous. These likelihoods were then summed up across all protein coding sequences. dN/dS

ratios were then calculated for non-mutator clones as dN=dS ¼
number of nonsynmutations

number of nonsynsites
number of synmutations

number of synsites
.

Building phylogenies within each LTSP population

To characterize the lineage structure of each LTSP population, we created a database of the

mutations found within each of its sequenced clones. Only mutations that rose to a frequency

of 30% and higher at any time point throughout the experiment were included in the data-

bases. Using these data, the genetic distances between clones were estimated using the

Levenshtein distance metric, while perceiving mutations as single characters and lists of muta-

tions as strings (the Levenshtein distance is a measure of the difference between two strings

that is estimated as the minimal number of character replacements needed in order to convert
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one string to the another [61]). The obtained distances were utilized to determine the "parent"

for each clone and the resulting ancestor-descendant pairs were used to build phylogenies for

each of the five populations and create Muller plots (Fig 3B) with the help of the R package

MullerPlot [62].

Gene ontology enrichment analysis

To test whether loci mutated across two or more lineages are enriched for particular biological

processes, we used the Gene Ontology’s tool “GO Enrichment Analysis” [63–65]. The list of

the genes used in the analyses can be found in S5 Table. Statistically significant enrichment

was deduced when the FDR corrected P value was smaller than 0.05.

Screening for putatively contingent loci pairs

We first focused on 268 loci that were mutated in at least two independent lineages or popula-

tions, excluding rpoB and rpoC. From this list of loci we generated a list of pairs of loci that

were mutated together within a non-mutator clone in at least two lineages or populations. For

each such pair of loci we then generated contingency tables by counting in how many lineages

did we see clones that carried mutations to both loci, clones that carried mutations to neither

locus, and clones that carried mutations in only one or only the other of the two loci. It should

be noted that the same lineage can be counted towards different categories simultaneously,

meaning that for example we can see within a specific lineage clones in which both loci are

mutated, and others in which only one of the two is mutated. In such a case, for this pair of

loci, that lineage will be counted under both categories. In order to account for contingencies

that occur within the rare clones that could not be assigned to any lineage, we assigned such

clones to "pseudo-lineages" (one for each population in which such clones existed). In total,

after removing the three mutator lineages, there remained a total of 20 lineages and pseudo

lineages.

The strength of association between mutations within specific loci and specific RNAPC

mutations was estimated similarly to what is described above. The only difference was that

instead of creating contingency tables for the occurrence of mutations within two convergently

mutated loci, we created the tables for the occurrence of mutations within each specific locus

and the occurrence of a specific RNAPC mutation. We initially excluded the RpoB E1272G

mutation from consideration, as all clones carrying this mutation are mutators. In order to

estimate the strength of apparent association between the RpoB E1272G lineage defining

mutation and the mutator trait, which, in our experiment was driven by mutations to three dif-

ferent mismatch repair genes (mutS, mutL and mutH), we generated a contingency table in

which mutations in all three DNA-mismatch genes were counted as one entity.

Using the obtained contingency tables, we calculated three metrices of association: Yule’s

association coefficient Q [36], Yule’s coefficient of colligation Y and Yule’s phi coefficient of

contingency φ [37]. To ascertain statistical significance, we performed a one-sided t-test with

α = 0.05 followed up with FDR multiple testing correction (S6 Table).

Functional association analyses

We used the STRING database [38] to quantify the fraction of putatively contingent loci pairs

that are already known to be functionally associated. To examine whether this number was

higher than expected by chance, we performed 1000 randomizations where we selected at ran-

dom loci pairs from the list of 268 convergently mutated loci. For each randomization we

could then quantify what fraction of randomly selected loci pairs were functionally associated

according to the STRING database. These numbers were then used to generate a random
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distribution and calculate a P-value for the observed numbers of putatively contingent loci

pairs that were also functionally associated. 1000 randomizations were carried out separately

for each of the three metrics of association used, and in each instance the number of loci pairs

selected per randomization matched the number of putatively contingent loci pairs identified

using that metric.

Estimation of contingency directionality

In order to estimate the directionality of the contingency for each of the most reliable 351 puta-

tively contingent loci pairs, we considered only the lineages in which mutations to both mem-

bers of the pair were found within single clones. For such clones the phylogenies were built by

tracking the chain of ancestor-descendant pairs of clones with the smallest Levenshtein dis-

tance, while representing mutations as single characters and all mutations in the clones as

strings. The obtained data was used to examine whether the predicted contingent mutations

always occurred together in the same clones of the lineage or whether one of the mutations

could occur separately from another. In cases where the mutations did not always occur

together, the directionality was determined by identifying which of the pair of mutations was

found earlier in an ancestor of the clone that eventually carried both putatively contingent

mutations. The resulting data was then combined across lineages to determine the ultimate

trend (e.g. that across lineages one of the mutations was always seen prior to the other (S9

Table).
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S11 Table. Strength of associations between mutations within specific loci and specific

lineage-defining RNAPC mutations.

(XLSX)

S1 Fig. Highly convergent pattern of mutation acquisition. The charts show the fractions of

mutations occurring in non-mutators (A) across populations; (B) across lineages;

(TIF)

S2 Fig. Mutation accumulation per lineage in three LTSP populations of E. coli that were

not overtaken by mutators. Data from the RpoB E1272G mutator lineages are not presented.

Dots represent mean values across clones within each lineage with error bars representing

standard deviations around these means.

(TIF)
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22. Crozat E, Winkworth C, Gaffé J, Hallin PF, Riley MA, Lenski RE, et al. Parallel genetic and phenotypic

evolution of DNA superhelicity in experimental populations of Escherichia coli. Mol Biol Evol. 2010; 27:

2113–2128. https://doi.org/10.1093/molbev/msq099 PMID: 20392810

23. Cooper TF, Remold SK, Lenski RE, Schneider D. Expression profiles reveal parallel evolution of epi-

static interactions involving the CRP regulon in Escherichia coli. PLoS Genet. 2008; 4: e35. https://doi.

org/10.1371/journal.pgen.0040035 PMID: 18282111

24. Sniegowski PD, Gerrish PJ, Lenski RE. Evolution of high mutation rates in experimental populations of

E. coli. Nature. 1997; 387: 703–705.

25. Wielgoss S, Barrick JE, Tenaillon O, Wiser MJ, Dittmar WJ, Cruveiller S, et al. Mutation rate dynamics

in a bacterial population reflect tension between adaptation and genetic load. Proc Natl Acad Sci. 2013;

110: 222–227. https://doi.org/10.1073/pnas.1219574110 PMID: 23248287

26. Tenaillon O, Barrick JE, Ribeck N, Deatherage DE, Blanchard JL, Dasgupta A, et al. Tempo and mode

of genome evolution in a 50,000-generation experiment. Nature. 2016; 536: 165–170. https://doi.org/

10.1038/nature18959 PMID: 27479321

27. Avrani S, Bolotin E, Katz S, Hershberg R. Rapid genetic adaptation during the first four months of sur-

vival under resource exhaustion. Mol Biol Evol. 2017; 34: 1758–1769. https://doi.org/10.1093/molbev/

msx118 PMID: 28369614

28. Katz S, Avrani S, Yavneh M, Hilau S, Gross J, Hershberg R. Dynamics of adaptation during three years

of evolution under long-term stationary phase. Mol Biol Evol. 2021; 38: 2778–2790.

29. Zambrano MM, Siegele DA, Almirón M, Tormo A, Kolter R. Microbial competition: Escherichia coli

mutants that take over stationary phase cultures. Science. 1993; 259: 1757–1760. https://doi.org/10.

1126/science.7681219 PMID: 7681219

PLOS GENETICS Extreme parallelism and frequent historical contingency in resource exhaustion adaptation

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011333 June 17, 2024 20 / 22

https://doi.org/10.1073/pnas.0803151105
https://doi.org/10.1073/pnas.0803151105
http://www.ncbi.nlm.nih.gov/pubmed/18524956
https://doi.org/10.1128/jb.9.1.59-77.1924
https://doi.org/10.1128/jb.9.1.59-77.1924
http://www.ncbi.nlm.nih.gov/pubmed/16559027
https://doi.org/10.1038/nature11514
http://www.ncbi.nlm.nih.gov/pubmed/22992527
https://doi.org/10.1073/pnas.1314561111
http://www.ncbi.nlm.nih.gov/pubmed/24379390
https://doi.org/10.7554/eLife.09696
http://www.ncbi.nlm.nih.gov/pubmed/26465114
https://doi.org/10.1038/35020564
http://www.ncbi.nlm.nih.gov/pubmed/10949302
https://doi.org/10.1093/genetics/147.4.1497
http://www.ncbi.nlm.nih.gov/pubmed/9409816
https://doi.org/10.1534/genetics.107.085837
http://www.ncbi.nlm.nih.gov/pubmed/19189959
https://doi.org/10.1016/j.cub.2010.06.022
http://www.ncbi.nlm.nih.gov/pubmed/20637622
https://doi.org/10.1073/pnas.91.15.6808
https://doi.org/10.1073/pnas.91.15.6808
http://www.ncbi.nlm.nih.gov/pubmed/8041701
https://doi.org/10.1126/science.1243357
http://www.ncbi.nlm.nih.gov/pubmed/24231808
https://doi.org/10.1093/molbev/msq099
http://www.ncbi.nlm.nih.gov/pubmed/20392810
https://doi.org/10.1371/journal.pgen.0040035
https://doi.org/10.1371/journal.pgen.0040035
http://www.ncbi.nlm.nih.gov/pubmed/18282111
https://doi.org/10.1073/pnas.1219574110
http://www.ncbi.nlm.nih.gov/pubmed/23248287
https://doi.org/10.1038/nature18959
https://doi.org/10.1038/nature18959
http://www.ncbi.nlm.nih.gov/pubmed/27479321
https://doi.org/10.1093/molbev/msx118
https://doi.org/10.1093/molbev/msx118
http://www.ncbi.nlm.nih.gov/pubmed/28369614
https://doi.org/10.1126/science.7681219
https://doi.org/10.1126/science.7681219
http://www.ncbi.nlm.nih.gov/pubmed/7681219
https://doi.org/10.1371/journal.pgen.1011333


30. Finkel SE, Kolter R. Evolution of microbial diversity during prolonged starvation. Proc Natl Acad Sci.

1999; 96: 4023–4027. https://doi.org/10.1073/pnas.96.7.4023 PMID: 10097156

31. Finkel SE. Long-term survival during stationary phase: evolution and the GASP phenotype. Nat Rev

Microbiol. 2006; 4: 113–120. https://doi.org/10.1038/nrmicro1340 PMID: 16415927

32. Pletnev P, Osterman I, Sergiev P, Bogdanov A, Dontsova O. Survival guide: Escherichia coli in the sta-

tionary phase. Acta Naturae. 2015; 7: 22–33. PMID: 26798489

33. Chib S, Ali F, Seshasayee ASN. Genomewide mutational diversity in Escherichia coli population evolv-

ing in prolonged stationary phase. MSphere. 2017; 2: e00059–17. https://doi.org/10.1128/mSphere.

00059-17 PMID: 28567442

34. Graur D, Li W-H. Fundamentals of Molecular Evolution. Sunderland (MA): Sinauer Associates Inc;

2000.

35. Ostrow SL, Barshir R, DeGregori J, Yeger-Lotem E, Hershberg R. Cancer evolution is associated with

pervasive positive selection on globally expressed genes. PLoS Genet. 2014; 10: e1004239. https://doi.

org/10.1371/journal.pgen.1004239 PMID: 24603726

36. Yule GU. VII. On the association of attributes in statistics: with illustrations from the material of the child-

hood society, &c. Philos Trans R Soc Lond Ser Contain Pap Math Phys Character. 1900; 194: 257–

319.

37. Yule GU. On the methods of measuring association between two attributes. J R Stat Soc. 1912; 75:

579.

38. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021:

customizable protein–protein networks, and functional characterization of user-uploaded gene/mea-

surement sets. Nucleic Acids Res. 2021; 49: D605–D612. https://doi.org/10.1093/nar/gkaa1074 PMID:

33237311

39. Katz S, Grajeda-Iglesias C, Agranovich B, Ghrayeb A, Abramovich I, Hilau S, et al. Metabolic adaptation

to consume butyrate under prolonged resource exhaustion. PLoS Genet. 2023; 19: e1010812. https://

doi.org/10.1371/journal.pgen.1010812 PMID: 37347785

40. Weissenborn DL, Wittekindt N, Larson TJ. Structure and regulation of the glpFK operon encoding glyc-

erol diffusion facilitator and glycerol kinase of Escherichia coli K-12. J Biol Chem. 1992; 267: 6122–

6131. PMID: 1372899
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