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Abstract
Microbial communities are comprised of many species that coexist on small spatial scales. This is difficult to explain because
many interspecies interactions are competitive, and ecological theory predicts that one species will drive the extinction of
another species that competes for the same resource. Conversely, evolutionary theory proposes that natural selection can lead
to coexistence by driving competing species to use non-overlapping resources. However, evolutionary escape from
extinction may be slow compared to the rate of competitive exclusion. Here, we use experimental co-cultures of Escherichia
coli and Saccharomyces cerevisiae to study the evolution of coexistence in species that compete for resources. We find that
while E. coli usually outcompetes S. cerevisiae in co-culture, a few populations evolved stable coexistence after ~1000
generations of coevolution. We sequenced S. cerevisiae and E. coli populations, identified multi-hit genes, and engineered
alleles from these genes into several genetic backgrounds, finding that some mutations modified interactions between E. coli
and S. cerevisiae. Together, our data demonstrate that coexistence can evolve, de novo, from intense competition between
two species with no history of coevolution.

Introduction

Competition between microbial species is probably more
common than cooperation [1]. Can two species that com-
pete for the same resource evolve to coexist? Theory pre-
dicts that if competition between species is strong, then one
species is likely to drive the other extinct [2]. However,
there are mechanisms that can promote coexistence—
equalising forces that reduce the fitness differences between
competing species, and stabilising forces that reduce nega-
tive interspecific interactions [3]. Equalising mechanisms
act to reduce the rate of competitive exclusion so that, even
if species depend on the same resources, they can coexist

neutrally for extended periods [4–6]. Alternatively, stabi-
lising mechanisms promote coexistence by reducing inter-
specific interactions, for example, by niche differentiation
[4, 7]. Recent work has shown that evolutionary and eco-
logical processes act over similar timescales in a process
known as eco-evolutionary feedback [8–12]. Evidence for
eco-evolutionary feedback has been found in a wide variety
of model systems, ranging from laboratory populations of
Bacillus subtilis [11], Caenorhabditis elegans and its
parasite Bacillus thuringiensis [13], Drosophila melanoga-
ster [14], the plant species Lemna minor and Spirodela
polyrhiza [15] and island populations of Anolis lizards [12].
The prevalence of eco-evolutionary feedback among these
model systems suggest these coexistence mechanisms may
be able to evolve in newly formed communities comprised
of competing species.

Evolution experiments with populations of microbes
have shown that rates of adaptation are sufficient for mul-
tiple coexisting ecotypes to evolve from a single progenitor
during a laboratory experiment [16–20]. A well char-
acterised example is the evolution of P. fluorescens SBW25
in spatially structured microcosms, where intraspecific
competition drives the evolution and maintenance of at least
two ecotypes [19, 20]. Experimental adaptive radiation has
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also been observed in the microbial eukaryote S. cerevisiae,
which rapidly evolves two, coexisting, ecotypes in non-
shaking microwell plates [21]. In both cases, strong
intraspecific competition and the availability of alternative
niches in heterogenous environments provided the oppor-
tunity for the evolution of novel ecotypes.

There is also an evidence of eco-evolutionary feedback
mechanisms at work in homogenous environments
[12, 15, 22, 23]. In one well-known example, E. coli
populations propagated in environments with glucose as the
sole carbon source can evolve to secrete high levels of
acetate, a by-product of fermentation. This acetate waste
product can be exploited as a carbon source by a second
ecotype that evolves during the experiment [24, 25]. In
other experiments with E. coli, the loss of the capacity to
produce an amino acid was found to be advantageous, as
long as there was enough of that amino acid being produced
by other E. coli cells in the population [26]. Partially
engineered microbial models have also been used to study
the relationship between consumers and producers of spe-
cific metabolites [27–30]. These systems lead to the evo-
lution of mutualisms, as costly excretions can be exploited
as a resource when a mutualistic partner can offer some-
thing in return [31–33]. Studies of naturally co-occurring
bacteria often find the presence of mutualisms that avoid
niche overlap in complex systems [1, 34–37]. These studies
of multi-species communities provide many insights into
coevolution and multi-species interactions, however, since
these interspecies interactions are pre-existing, it is difficult
to trace the evolutionary origins of coexistence.

Taken together, these evolution experiments have shown
that diversification frequently evolves in single species
evolution experiments. However, the outcome for two or
more evolving species in co-culture is less certain. Theory
predicts that coexistence is more likely to evolve when the
initial fitness difference between species is small [4, 38],
and two ecotypes evolved from the same species are much
more likely to have growth rates compatible with coex-
istence than two competing species. While there have been
experimental studies of coevolving species, most have
focused on species with established relationships, such as
phage and their bacterial hosts [39, 40] or natural and
synthetic bacterial communities that already coexist
[35, 37, 41]. These, and studies of coevolving bacteria, have
found that the presence of multiple species can drastically
alter the outcomes of evolution [35]. In this study, we
explore the evolutionary origins of coexistence by co-
culturing two species, a prokaryote (E. coli) and a eukaryote
(S. cerevisiae), within a homogenous environment.
These two species have been well characterised and have a
suite of genetic and genomic resources. Since these two
organisms do not have a history of coexistence in nature
[42, 43], and are competitively mismatched in the lab, this

allows us to explore the genetic basis of the eco-
evolutionary mechanisms that lead to the de novo evolu-
tion of coexistence.

Results

E. coli is competitively superior to S. cerevisiae in co-
culture conditions

To study the evolutionary origins of coexistence, we pro-
pagated replicate populations of E. coli and S. cerevisiae in
either monoculture or co-culture treatment conditions. We
used a nutrient-rich complex growth medium with glucose
(4%) and yeast extract, and incubated cultures with rapid
shaking to evenly distribute nutrients and reduce spatial
structure (“Methods”). The monoculture treatment consisted
of either S. cerevisiae or E. coli grown in isolation from the
other species. In the co-culture treatment, S. cerevisiae and
E. coli were propagated together in the same vessel
(Fig. 1A). We tracked the presence of both species in each
population to monitor rates of competitive exclusion. In the
first phase of the experiment (420 generations, Fig. 1),
E. coli tended to outcompete S. cerevisiae, until only two of
the initial 60 replicate co-culture populations contained both
species (Fig. 1B). This confirmed that, in the co-culture
conditions of this experiment, E. coli has a superior com-
petitive fitness to S. cerevisiae. For the second phase of the
experiment, the two co-culture wells remaining after 420
generations were used to found 60 new replicate co-culture
populations (30 each). After these were propagated for a
further 560 generations, four of the 60 co-culture popula-
tions maintained both E. coli and S. cerevisiae, while S.
cerevisiae had fixed in three populations and E. coli had
fixed in the remaining 53 cultures (Fig. 1C, D). Altogether,
the co-culture and monoculture populations were propa-
gated for around 980 generations. Each of the 60 mono-
culture populations in phase two were founded by transfer
directly from the 60 monocultures from phase one
(Fig. 1B).

We set up replicate cultures of the four co-cultures (B10,
C6, E7, and E10) that remained after 980 generations to
determine the new equilibrium frequencies of E. coli and
S. cerevisiae. We tracked the frequencies of E. coli and
S. cerevisiae for 70 generations, to determine whether the
two species could persist in co-culture. While E. coli had
fixed in nearly all ancestral co-cultures (fE. coli= 0.994, CI
±0.005), the evolved co-cultures maintained an equilibrium
at around 60% E. coli (fE. coli= 0.58, CI ±0.059), sig-
nificantly different from the equilibrium frequency of the E.
coli and S. cerevisiae ancestors (post-hoc t-test,
p < 1 × 10−4) (Fig. 2A). Since the E. coli ancestor nearly
always outcompeted the S. cerevisiae ancestor, these data
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show that the co-culture evolved E. coli/S. cerevisiae pairs
were able to persist in co-culture for significantly longer
than the pair of ancestral strains.

The evolution of co-culture specific adaptations in
S. cerevisiae and E. coli

Previous evolution experiments have found that coevolution
can speed rates of adaptation. We carried out competition
assays between the evolved co-culture populations and their
corresponding ancestor. S. cerevisiae that evolved in co-
culture adapted more rapidly to the growth medium than S.
cerevisiae that evolved in monoculture (Mann–Whitney
test, p= 1.1 × 10−3) (Fig. 2B). Fitness assays showed that
while both the winning and co-culture E. coli were sig-
nificantly fitter than the ancestor strain (post-hoc t-test, p <
0.01), neither were significantly fitter than monoculture
E. coli (post-hoc t-test, p > 0.05) (Fig. 2B). These results
suggest that only co-cultured S. cerevisiae that adapted
faster than average had the potential to persist in co-culture
with E. coli.

Ecologically stable coexistence is defined by the ability
of each species to invade from rare. To test whether the

genetic changes that evolved in S. cerevisiae were suffi-
cient for E. coli/S. cerevisiae coexistence, we carried out
reciprocal invasion assays of ancestral E. coli against
evolved and ancestral S. cerevisiae. We founded cultures
with a range of starting frequencies for each species,
ranging between 9:1 and 1:9 (E. coli:S. cerevisiae)
(Fig. 2C, D). We found strong genotype-dependent effects
across different combinations of S. cerevisiae and E. coli
regardless of the initial frequency ratios (Fig. 2C, D).
Ancestral E. coli could form stable co-culture with two of
the evolved co-cultured S. cerevisiae, B10 and C6,
(Fig. 2C) with ancestral E. coli comprising around
30–40% of the co-culture. This was lower than the fre-
quency of E. coli in evolved co-cultures (50–60% E. coli).
Conversely, ancestral S. cerevisiae was not able to form
stable co-culture with any of the co-culture evolved E. coli
(Fig. 2D). These data show that the evolutionary changes
in co-culture evolved S. cerevisiae were necessary and
sufficient for coexistence with E. coli. However, since co-
culture evolved E. coli attained higher frequencies in co-
culture than ancestral E. coli, this suggests that there
was also further evolutionary changes in co-culture
evolved E. coli.
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Fig. 1 Experimental co-evolution of E. coli and S. cerevisiae. A
Replicate populations of E. coli and S. cerevisiae were propagated as
either monoculture or co-culture for 420 generations (phase one). B
The species composition of 60 co-culture replicate populations were
tracked with S. cerevisiae going extinct in 58/60 wells. C These two
persisting co-cultures were each used to found 30 replicate populations

and propagated for 580 generations (phase two) and D the species
composition of the co-cultures tracked. Letters inside green circles
indicate that either E. coli (E) or S. cerevisiae (Y) has fixed in that co-
culture. Alphanumeric well positions (e.g. “C6”) are used to refer to
specific populations.
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Parallel evolution suggests co-culture specific
adaptation in E. coli but not S. cerevisiae

To determine the genetic causes of adaptation, we
sequenced S. cerevisiae and E. coli populations taken from
monoculture and co-culture treatments (Fig. 3, Supple-
mentary Data file). The evolution of mutations in the same
gene or genetic pathway across independent replicate
populations is evidence for the action of natural selection.
We looked for multi-hit genes, or genes that were mutated
across all replicate populations for a given treatment. In
S. cerevisiae, we identified 146 mutations across
9 sequenced populations. However, no genes stood out as
co-culture specific. We identified a single multi-hit gene,
BUL1, that had evolved distinct nonsynonymous substitu-
tions in both co-culture and monoculture populations. In E.
coli, we found a clear delineation between the mutations
that fixed in co-culture and those that fixed in monoculture
populations (Fig. 3). We identified mutations across all
evolved E. coli populations (monoculture and co-culture)

that have been described in previous evolution experiments
with E. coli MG1655. Indel mutations between pryE and
rph known to restore a fitness defect in MG1655 were
found in 11 of the 12 populations that we sequenced.
Mutations in spoT and nadR are known to increase fitness in
evolution experiments with glucose as the sole carbon
source, and fixed in every E. coli population. Other muta-
tional differences evolved that were specific to the mono-
culture and co-culture treatments, respectively (Fig. 3).
Each monoculture E. coli population that we sequenced had
a unique mutation that disrupted the dusB-fis operon. Co-
culture populations showed parallelism in three genes, glyQ,
btuB, and fhuA (Supplementary Data). glyQ is an essential
gene involved in tRNA synthesis, attaching glycine to its
relevant tRNA for subsequent protein construction. Inter-
estingly, btuB and fhuA are TonB-dependent transmem-
brane transporters of vitamin B12 (btuB) and ferrichrome
siderophores (fhuA), respectively. Both are also implicated
in the uptake of a range of toxins and antibiotics produced
by microbes and is a receptor for a range of bacteriophage.
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Fig. 2 The evolution of stable E. coli - S. cerevisiae co-cultures. A
The equilibrium frequency of S. cerevisiae and E. coli co-culture for
ancestral (black dots) and co-culture evolved strains (coloured dots)
expressed as the frequency of E. coli (fE. coli). B The fitness of evolved
monoculture populations (blue), populations that persisted in co-
culture for 980 generations (orange), and “winners”, populations that
outcompeted its opposite species in co-culture during the second phase
(generation 420–980) of the evolution experiment. E. coli strains are
shown in the left panel and S. cerevisiae shown on the right panel.
Stars show significant differences between individual comparisons

using Bonferroni-corrected Mann–Whitney U tests. C The final
equilibrium frequency of ancestral E. coli co-cultured with ancestor
and co-culture evolved S. cerevisiae populations after an invasion
assay; and D ancestral S. cerevisiae with co-culture evolved E. coli. An
equilibrium frequency of “1” means that E. coli has driven S. cere-
visiae extinct, and 0.5 means that E. coli and S. cerevisiae are equally
represented in stable co-culture. Arrows start at the inoculation fre-
quency for each of the replicate populations. Capitalised letters show
different groups as designated by Tukey’s post-hoc test.
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The btuB and fhuA genes both contain a variety of non-
synonymous mutations, including missense and nonsense
mutations across the four co-cultured populations
sequenced (Fig. 3), indicating selection for loss of function
in these genes.

BUL1 mutations in S. cerevisiae and glyQ mutations
in E. coli are beneficial in monoculture growth
conditions

To measure the phenotypic effect of mutation of our single
multi-hit S. cerevisiae gene, we engineered an allele that
evolved in BUL1 into the S. cerevisiae genetic back-
ground, and found an increase in growth rate that matched
the increase in growth rate observed in the co-culture
evolved yeast (post-hoc t-test, p < 1 × 10−4) (Fig. 4). To
test the effect of the mutations discovered in E. coli multi-
hit genes, we engineered deletions of fhuA and btuB into
an ancestral strain of E. coli and reconstructed the evolved
mutations of three clones from two of the coevolved
populations that had occurred in the btuB, fhuA, and glyQ.

Where possible, we created single, double, and triple
mutant combinations to measure combinatorial effect of
mutations, although we had difficulty engineering glyQ
(an essential gene) mutations into some genetic back-
grounds. In order to check whether we had missed any
mutations that could impact fitness, we also engineered
the wild-type version of alleles for these three genes into
evolved clones. In total, this was 22 separately engineered
clones with different mutations in a range of combina-
tions. We measured the growth of each of these mutants
compared to the ancestral strains and found that glyQ
mutations could account for a significant proportion of
fitness increase in E. coli (post-hoc t-test, p < 1 × 10−4)
(Fig. 5A). To check whether other genes aside from the
three we checked were important for fitness, we replaced
mutant alleles in the evolved strains with wild-type alleles.
This revealed that while a mutant glyQ allele was neces-
sary for high fitness it was not sufficient, suggesting the
importance of other mutations or epistatic interactions that
we have not identified (Fig. 5A). Interestingly, mutations
in fhuA and btuB reduced growth compared to the
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ancestral strain (post-hoc t-test, p < 1 × 10−4) (Fig. 5A) but
did not have a significant effect on competitive fitness
(Supplementary Fig. 1).

Mutations in E. coli genes fhuA and btuB alter co-
culture dynamics with S. cerevisiae

We tested whether engineered E. coli strains could invade
ancestral and co-culture evolved S. cerevisiae (Fig. 5B,
Supplementary Fig. 2). We found that mutations that
disrupt fhuA and btuB were sufficient to change the
equilibrium frequency of co-cultures. The capacity to
reduce community stability was dependent on both the
gene that had been ablated, and the S. cerevisiae genotype
(Fig. 5B). For instance, co-culture-evolved S. cerevisiae
B10 formed stable co-cultures with the E. coli ancestor
from a range of starting frequencies, and similarly stable
co-cultures with the E. coli btuB mutant (post-hoc t-test,
p > 0.05). However, co-culture-evolved S. cerevisiae B10
was less able to coexist with the fhuA mutant (post-hoc t-
test, p= 4.5 × 10−3). Notably, the evolved B10 co-culture
E. coli did not have a mutation in fhuA. When the mutant
E. coli is paired with evolved S. cerevisiae C6, stability is
completely disrupted for btuB and fhuA so that different
equilibria are reached (post-hoc t-test, p < 1 × 10−4). Even
though the E. coli mutations do not increase competitive
fitness against the E. coli ancestor, they were able to

disturb mechanisms of coexistence and increase the
capacity for E. coli to competitively exclude co-culture
evolved S. cerevisiae.

E. coli and S. cerevisiae evolved improved
performance on spent media

We tested the idea that S. cerevisiae and E. coli had evolved
to occupy different niches by carrying out growth experi-
ments in spent medium. If S. cerevisiae can grow in med-
ium that has been exhausted by a culture of E. coli (and the
E. coli cells subsequently removed), this would suggest that
S. cerevisiae can utilise a resource in the growth medium
that cannot be accessed by E. coli or that E. coli produces a
resource that can be utilised by S. cerevisiae. We found that
ancestral E. coli and S. cerevisiae could not grow in med-
ium previously exhausted by their own species, but both
could grow on the spent medium of the other (Supple-
mentary Figs. 3 and 4). After 980 generations of evolution,
all of the co-culture evolved E. coli had an improved growth
rate on the spent medium of its evolved partner S. cerevisiae
strain (Fig. 6A), having a shorter lag phase than ancestor
E. coli growing on S. cerevisiae spent medium and of
which, three had evolved an increased carrying capacity
(Supplementary Fig. 5). When we tested co-culture evolved
S. cerevisiae on the spent medium of the E. coli they had
coevolved with, only two of the co-culture-evolved S. cer-
evisiae had higher OD and none had a shorter lag phase
(Supplementary Fig. 6).

We next tested whether btuB or fhuA mutations in E. coli
conferred a growth advantage in spent medium from S.
cerevisiae (Fig. 6). We found that the fhuA mutant had a
significantly increased growth rate (post-hoc t-test, p= 6 ×
10−4) (Fig. 6A); while btuB was not significantly different
to the ancestor (post-hoc t-test, p= 0.56).

Evolved mutations in fhuA cause resistance to the
antibiotic albomycin

While the selective benefit of glyQ is apparent in mono-
culture (Fig. 5A), the effects of fhuA and btuB mutations are
specific to co-culture with E. coli and spent medium. The
primary role of the FhuA and BtuB outer membrane
transporters is to import ferrichrome and vitamin B12.
However, both are also implicated in the transport of bac-
terial toxins (bactericins), are binding sites for bacterioph-
age, and FhuA imports the antibiotics albomycin and
rifamycin. BtuB and FhuA depend on the periplasmic
membrane protein TonB to provide energy for transport,
and compete with five other E. coli outer membrane trans-
porters for access to TonB. We hypothesised that the
mutations in btuB and fhuA could prevent the binding of the
cognate substrate. To test whether fhuA mutations are
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altering the potential for taking up substrates, we measured
the effect of an antibiotic, albomycin, that depends on
binding fhuA for entry into the cell (Fig. 6B). We found that
all of the evolved variants of fhuA were sufficient to confer

resistance to albomycin (post-hoc t-test, p < 1 × 10−4)
(Fig. 6B). This suggests that the loss of fhuA substrate
binding is important for improved growth of E. coli in co-
culture with S. cerevisiae.

ancestor

S. cerevisiae strain in co-culture

cB10 cC6 cE7 cE10
0.0

0.2

0.4

0.6

0.8

1.0

Ancestor E. coli

E. coli ΔbtuB

E. coli ΔfhuA

a b baB.

A.

-0.5

-0.3

-0.1

0.1

0.3

0.5

O
D

 re
la

tiv
e 

to
 a

nc
es

to
r

cE7
clone

cE7
pop

fhuA
mut

btuB
mut

fhuA
mut

btuB
mut

singleparents double

evolved allele in wt background

single

wt allele in evolved background

double triple 

Wildtype glyQ

Mutant glyQ

cE10
pop

cE10-1
clone

cE10-2
clone

triple

glyQ
wt

fhuA
wt

btuB
wt

glyQ
wt

fhuA
wt

fhuA
wt

btuB
wt

fhuA
wt btuB

wt

btuB
wt

fhuA
wt

btuB
wtfhuA

wt

btuB
wt

glyQ
mut

E
7

1- 01
E E

7

1- 01
EE

7

2- 01
E

1- 01
E

1- 01
EE

7

2- 01
E

1- 01
EE

7

E
10

-2

E
10

-1

fhuA
mut

btuB
mut

fhuA
mut

btuB
mut

fhuA
mut

btuB
mut

fhuA
mut

btuB
mut

fhuA
mut

btuB
mut

fhuA
wt

btuB
wt

**

fre
qu

en
cy

 o
f E

. c
ol

i

752 J. N. Barber et al.



Discussion

Competitive exclusion sets a time limit for the
evolution of coexistence

While previous evolution experiments have shown that how
a single species can diversify into multiple coexisting eco-
types, the evolution of coexistence in this experiment is a
relatively rare outcome (Fig. 1). In E. coli, 9 of 12 popu-
lations evolved coexisting ecotypes for tens of thousands of
generations during a 61,500 generation experiment [44]. In
P. fluorescens, the Wrinkly Spreader type evolves within a
week whenever grown in non-shaken conditions [19].
Similarly, in a 1000 generations experiment with S. cere-
visiae, 100 out of 1000 populations evolved an adherent
type that coexisted with the progenitor ecotype [21, 45].

One factor working against the evolution of coexistence is
the time limit set by the rate of competitive exclusion. Evo-
lution experiments in a range of species have shown how
ecological change can occur fast enough to change the
selective conditions experienced by a population or commu-
nity, and therefore drive further evolution [8, 10, 12, 15].
However, even rapid evolution of the more poorly adapted
species does not always lead to stable coexistence [14]. In
experiments founded from a single species, there is no time
limit on evolutionary change in favour of coexistence, because
a novel ecotype always has the potential to evolve via spon-
taneous mutation [44]. By contrast, in this experiment, S.
cerevisiae must evolve the characteristics necessary to

promote coexistence before it is driven extinct by E. coli. In
other words, interspecific competition is much stronger than
intraspecific competition. This constraint might be expected to
limit the potential for stable microbial communities to evolve
from competing species. However, evolution in natural
microbial communities might not operate under such con-
straints. For instance, competitive exclusion of one species
will only cause local or temporary extinction of the weaker
species. Future immigration events can provide further
opportunities for the two species to co-habit, and co-evolve
the mechanisms vital to coexistence. This suggests that the
propensity for competing species to evolve coexistence may
be increased by the presence of reservoir populations, poten-
tially in stratified sub-sections of the environment, to provide
multiple “trials” for the evolution of coexistence.

Genetic evolution in both S. cerevisiae and E. coli
underpins coexistence

Our fitness measurements showed that the few S. cerevisiae
that evolved to persist in co-culture with E. coli had a higher
competitive fitness than monoculture evolved S. cerevisiae. E.
coli on the other hand had similar increases in fitness in
monoculture and co-culture (Fig. 2). While we did not find
any co-culture specific genetic changes in S. cerevisiae, we did
find one change consistent to all populations, suggesting that
S. cerevisiae adaptations may have caused general increases in
growth rate that were not dependent on the presence of E. coli.
Crucially, co-culture evolved S. cerevisiae formed stable co-
cultures with ancestral E. coli, while co-culture evolved E. coli
rapidly outcompeted ancestral S. cerevisiae Fig. 2C, D). This
result suggests that the genetic changes in co-culture evolved
S. cerevisiae were sufficient for coexistence.

Despite this result, we found strong evidence of co-
culture specific adaptation in E. coli populations. All of the
co-culture evolved E. coli had significantly improved
growth in S. cerevisiae spent medium. Our genome
sequencing experiments also showed that a distinct set of E.
coli genes were targets for selection in co-culture (Fig. 3).
The engineered substitutions of mutant and wild-type glyQ
alleles into wild-type and evolved E. coli showed that
mutations in glyQ, and probably another unknown locus
(Fig. 5A), were responsible for increased E. coli growth in
unspent medium. However, engineered disruptions of fhuA
and btuB genes in E. coli did not improve growth, or
increase fitness compared to the ancestor E. coli (Fig. 5A).

Why then were these mutations so strongly selected in all
co-culture populations? We found that deleting fhuA and
btuB altered the outcomes of invasion assays with ancestral
and evolved S. cerevisiae (Fig. 5B). Moreover, the fhuA
mutant had significantly improved growth in S. cerevisiae’s
spent growth medium (Fig. 6A). Our experimental evidence
supports that the selective pressure driving the fixation of

Fig. 5 The genetic causes of E. coli adaptation. A Mutations in the
essential gene glyQ cause the improved growth of evolved E. coli
compared to ancestor E. coli. Growth was measured as OD600 attained
after 24 h of incubation at experimental conditions. Each dot represents
a distinct engineered clone, where either one, two, or three alleles were
altered. In one example, the two grey dots in the column indicated
“evolved allele in wt background, single, E7” denote two separate
strains where the ancestor E. coli genotype was engineered to carry
either the fhuA or btuB mutant alleles that evolved in the E7 co-culture
E. coli. For a second example, the single grey dot in the right-most
column indicated “wt allele in evolved background, triple, E10-1”
denotes engineering of an E. coli clone from the E10 co-culture
evolved population. Here three mutant alleles (fhuA, btuB, and glyQ)
were replaced with the wild-type alleles. The growth of each measured
strain is plotted relative to the ancestor, which is set at 0, (the dotted
line), all measured strains were judged significantly different from the
ancestor using bonferroni-corrected post-hoc t-tests, p < 0.001. Error
bars represent standard error of the mean (SEM). B The final equili-
brium frequency of ancestral and mutant E. coli co-cultured with
ancestor and co-culture evolved S. cerevisiae populations after a
reciprocal invasion assay (B). The equilibrium frequency of the
ancestor E. coli when co-cultured with each of these S. cerevisiae
populations is shown (black dots). Also shown are mutant E. coli
engineered to contain either a btuB (blue dots) or fhuA mutation
(yellow dots). Each dot represents a single replicate co-culture
experiment. Stars show significant differences between individual
comparisons; lower case letters show significantly different groups as
designated by the Tukey’s post-hoc test.

The evolution of coexistence from competition in experimental co-cultures of Escherichia coli and. . . 753



btuB and fhuA mutations emerged from interactions with S.
cerevisiae.

S. cerevisiae persistence in co-culture led to rapid
co-culture specific E. coli evolution

The evolution of stable co-culture depends strongly on the
genotype of both E. coli and S. cerevisiae. We expected
rapid adaptation in S. cerevisiae in order to ameliorate or
avoid direct interactions with E. coli that reduce fitness.
However, it was surprising that E. coli evolved so many
co-culture specific genetic changes, since E. coli was the
fitter of the two species initially. We propose that in the rare
cases where S. cerevisiae adapted quickly enough to coexist
with E. coli, S. cerevisiae imposed strong selective pressures
on E. coli to access new nutrients or avoid suppression,
driving co-culture specific adaptations in E. coli and sub-
sequently stabilising coexistence. This could explain why S.
cerevisiae adaptations were general to both treatments of this
experiment, but E. coli has multiple co-culture specific
adaptations. Whole-genome sequencing in
S. cerevisiae revealed that despite the discovery of many
mutations across the genome, very few were in the same
multi-hit genes (Supplementary Data). This may be because
of the broad number of mutational targets available for S.
cerevisiae to improve growth in high glucose medium.
While our growth assays with engineered BUL1 mutants
confirm the presence of a beneficial mutation in evolved
yeast populations, future work will determine any other
genetic causes of adaptation in the S. cerevisiae populations.

Molecular causes for the evolution of coexistence

Previous studies have found that microbial communities
growing in rich medium are likely to produce toxic com-
pounds that inhibit each other’s growth [46]. Since mutations
in fhuA and btuB are known to provide resistance to bacter-
iocins [47], it is possible that the mutations discovered in this
study provide resistance to a secreted product of S. cerevisiae.
However, while some S. cerevisiae strains secrete anti-
microbial peptides [48], our data do not suggest any candi-
dates for such a secreted molecule. A second explanation is
related to the role of the FhuA and BtuB proteins as two of
seven membrane transporters that depend on TonB to provide
the energy for substrate transport [49]. TonB dependent
transporters compete for access to TonB [50], and we found
that the mutations that evolved in our study render FhuA
insensitive to its cognate substrate, and therefore unable to
activate TonB. The inactivation of FhuA and BtuB would
increase availability of TonB for other TonB-dependent
transporters. If one or more of these transporters is in high use
due to co-culture with S. cerevisiae, this would provide a
selective advantage. In future work, we plan to carry out
experiments to resolve these two hypotheses.

Conclusions

Here we have shown that a prokaryote and a eukaryote,
that are mismatched in co-culture and are not known to co-
habit in nature, can evolve to coexist. The adaptive
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Fig. 6 Mutations in fhuA cause co-culture specific adaptation. A
The co-culture evolved E. coli, and ΔfhuA mutant, have improved
growth in spent medium relative to the E. coli ancestor. Each E. coli
population was grown on spent medium from its respective co-culture
S. cerevisiae. E. coli ΔbtuB and ΔfhuA mutants were grown on spent
medium from a culture from the co-culture evolved “E7” population of

S. cerevisiae. Error bars represent standard error of the mean (SEM).
Stars show significant differences between strain growth in ancestor
and evolved spent medium using post-hoc t-tests. B The change in lag-
time for ancestral, coevolved, mutant and wild-type revertant strains
when grown in the presence of the FhuA-targeting antibiotic albo-
mycin. Error bars represent standard deviation (SD).
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changes discovered in E. coli reinforce that evolution in
the context of a community can be dramatically different to
evolution in isolation. Most studies of microbial evolution,
molecular biology, and antibiotic resistance have been
carried out in monocultures; microbiology in co-culture
could yield new insights into each of these areas of
research.

Methods

Strains

The E. coli strain used to found the evolution experiment is
isogenic with the laboratory strain E. coli MG1655 K-12 F–

λ– ilvG– rfb-50 rph-1. The S. cerevisiae ancestor was hap-
loid, non-recombining S. cerevisiae strain R1158 with
genotype trp1::Hph URA::CMV-tTA MATa his3-1 leu2-
0met15-0 [51].

Medium composition

All strains were grown within a defined medium supple-
mented with 4% glucose, also called high-glucose med-
ium (HGM), described in previous work [52].

Long-term evolution

To set up the evolution experiment, single clones of
MG1655 and R1158 were grown to saturation in high-
glucose medium, diluted 1:210 and used to seed 60 repli-
cate co-culture populations in a single 96-well plate, as
well as 30 replicate populations for each species in
monoculture in a separate 96-well plate. The cultures were
evolved through 420 generations (42 daily cycles) of
growth and dilution in high-glucose medium at 28 °C and
750 RPM. Every 24 h, the populations were diluted 1:210

by serially diluting 1:25 (4 μL into 125 μL) × 1:25 (4 μL
into 125 μL) into new high-glucose medium. All dilutions
were performed using the Hamilton96 Liquid Handler with
the CO-RE 96 Probe Head. After every 70 generations,
populations were mixed with 50 μL of 75% glycerol and
archived at −80 °C. At 420 generations, single clones of
each co-culture species were extracted from wells C3 and
B4 of the co-culture 96-well plate by plating onto selective
agar, grown to saturation in high-glucose medium at 28 °C,
and used to found 60 replicate co-culture populations in a
new 96-well plate. All monoculture population lineages
continued to be propagated after 420 generations. Both
monoculture and co-culture populations were evolved for a
further 580 generations (58 daily cycles) under the same
conditions, for a total of ~1000 generations of growth (100
daily cycles).

Stable frequency assay

Single colonies of each ancestor were grown on YPD agar,
and one colony was picked from each ancestral population.
These individual colonies were grown to saturation in 3mL of
defined supplemented medium. Ancestral E. coli and ances-
tral S. cerevisiaewere mixed together and propagated together
under long-term evolution conditions as outlined above for 70
generations, along with population samples of each co-culture
at 1000 generations. In conjunction with the continual growth
and dilution of evolving cultures, populations were also
diluted 1:10 and 1:100 (13 μL in 119 μL × 13 μL in 119 μL)
into 1× phosphate-buffered saline for measurement of total
cell count using flow cytometry. Nine microliters samples
were taken from each population for cell counts, with a
maximum total count of 30,000 events.

Competitive fitness assays

For fitness assays of evolved E. coli populations, we
selected 35 co-culture populations and 30 monoculture
populations to measure their fitness relative to a GFP-
expressing reference E. coli strain. For fitness assays of
evolved S. cerevisiae populations, we selected all remaining
co-culture populations (seven total) and 30 monoculture
populations to measure their fitness relative to a GFP-
expressing reference S. cerevisiae strain.

Experimental and reference strains were grown to
saturation in separate 15 mL falcon tubes. If the strains to be
tested were coming from the −80 °C freezer, strains were
passaged further by diluting 1:25 in a 96-well plate to re-
acclimatise to the appropriate medium. Experimental and
reference strains were mixed 25 μL:75 μL (1:3) manually,
before propagating for 20 generations (two daily cycles)
using the Hamilton96 Liquid Handler. In conjunction with
the continual growth and dilution of evolving cultures,
populations were also diluted each day 1:10 and 1:100
(13 μL in 119 μL × 13 μL 119 μL) into 1× phosphate buf-
fered saline for measurement of total cell count by flow
cytometry using a LSR Fortessa X20a. Nine microliters
samples were taken from each population for cell counts,
with a minimum count of 10,000 events, and a maximum
total count of 30,000 events.

For fitness assays of mutant E. coli populations, the same
competitive fitness assay protocol was used, but with the
following changes. Instead of population samples, clonal
samples of ancestral, mutant, and coevolved populations
were taken from single colonies grown on YPD agar.

Whole-genome sequencing

For sequencing clones, we used single colonies grown on
YPD agar and picked one colony from each population to
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sequence at two time points. These individual colonies were
grown to saturation in 3 mL of defined supplemented
medium and total genomic DNA was isolated for each
sample the GenElute bacterial DNA prep kit (Sigma-
Aldrich). DNA concentrations were measured on a Qubit
analyser and sent to Genewiz (NJ, USA) for library pre-
paration and short-read sequencing on a Hiseq X-10 (illu-
mina). Upon receipt of fastQ files, variants were called
using Breseq v.0.33.2, using default parameters [53]. Each
E. coli sample was aligned to the complete and annotated
MG1655 genome sourced from NCBI, and each S. cerevi-
siae sample was aligned to the complete and annotated
R1158 genome sourced from NCBI. Each sample was
sequenced to a depth of ~100× coverage for E. coli and
~50× coverage for S. cerevisiae. Outputs were aligned
together using the gdtools. COMPARE function within
breseq used to determine which mutations were unique or
shared across monoculture and co-culture populations.
Single nucleotide polymorphisms at or above 40% fre-
quency were used for analysis of genomic alterations.

S. cerevisiae growth assay

Single colonies were grown on YPD agar, and one colony
was picked from ancestral, evolved E10 and mutant popu-
lations. These individual colonies were grown in 10 mL
non-shaking HGM for 24 h [54]. All strains were standar-
dised to 0.01 OD600 using HGM as diluent and placed into
96-well microplates (n= 6). Growth of each population
monitored by tracking optical density (OD) of cultures in a
plate reader for 24 h, with readings taken every 10 min. The
resultant growth data were fitted to logistic curves using the
R package growthcurver to calculate growth rates, r, of each
strain [55].

Invasion assay

Single colonies were grown on YPD agar, and one colony
was picked from each ancestral, evolved and mutant
population. These individual colonies were grown to
saturation in 3 mL of defined supplemented medium. E. coli
and S. cerevisiae were mixed together at different volu-
metric ratios and correlated with total cell count using flow
cytometry. From this a range of ratios was created by
mixing E. coli and S. cerevisiae together in different volu-
metric ratios across 3, 96-well plates, ranging from 9:1 to
1:9 (E. coli:S. cerevisiae). This initial mix plate then
underwent long-term evolution transfer conditions as out-
lined above, except instead of evolving populations for
1000 generations (100 daily cycles), populations were
evolved for 140 generations (14 daily cycles). In conjunc-
tion with the continual growth and dilution of evolving
cultures, populations were also diluted 1:10 and 1:100

(13 μL in 119 μL × 13 μL in 119 μL) into 1× phosphate-
buffered saline for measurement of total cell count using
flow cytometry. Nine microliters samples were taken from
each population for cell counts, with a maximum total count
of 30,000 events.

Spent medium assay

To generate spent medium for ancestral samples, single
clones of ancestral MG1655 and ancestral R1158 were
grown to saturation in 3 mL of high-glucose medium at
28 °C over 24 h. Cells were removed from overnight cul-
tures via centrifugation (10,000 rpm for 2 min) and super-
natant removed. Cells were washed in phosphate-buffered
saline via centrifugation before being resuspended in 3 mL
phosphate-buffered saline. Supernatant was filter sterilised
through a syringe filter with a pore size of 0.2 μm. Filtered
spent medium was then added to a 96-well plate, with
128 μL per well. Four microliters of resuspended cells was
then added to spent medium. Each species was added to
both its own species spent medium and the opposite species
spent medium in four replicates each. Growth of each
population monitored by tracking OD of cultures in plate
reader for 24 h, with readings taken every 20 min. Growth
conditions were the same as long-term evolution experi-
ment. Maximum OD, time to exponential phase (defined as
OD greater than 0.1), and maximum growth rate (calculated
over five data points) recorded.

For spent medium assays with evolved population sam-
ples, mixed population samples of each evolved population
were grown in 3 mL of defined medium overnight, with
antibiotics to remove either S. cerevisiae (cycloheximide) or
E. coli (tetracycline). Ten microliters of culture then plated
onto non-selective agar and incubated. Multiple colonies
from agar plate picked from plate and regrown in 3 mL of
defined medium without antibiotics. The same sterilisation
and filtration procedure was followed to generate spent
medium and resuspended cells. Each evolved strain was
grown in ancestral and evolved spent medium of both
MG1655 and R1158.

For spent medium assays of E. coli mutant strains, single
colonies of each mutant selected was grown overnight in
3 mL of high-glucose medium at 28 °C over 24 h, before
being centrifuged, washed and resuspended as outlined
above. The same sterilisation and filtration procedure was
followed to generate spent medium and resuspended cells.
Each E. coli mutant strain was grown in ancestral and
evolved spent medium of R1158.

Albomycin growth assays

Both population and clonal samples of evolved strains were
grown overnight in 3 mL of high-glucose medium at 28 °C

756 J. N. Barber et al.



over 24 h, as well as single clones of each mutant and wild-
type revertant strains. Overnight cultures were diluted 1:210

by serially diluting 1:25 (4 μL into 125 μL) × 1:25 (4 μL into
125 μL) into new high-glucose medium in a 96-well plate.
Growth of each population monitored by tracking OD of
cultures in plate reader for 24 h, with readings taken every
20 min. Maximum OD, time to exponential phase (defined
as OD greater than 0.1), and maximum growth rate (cal-
culated over 5 data points) recorded.

For growth curves with additional albomycin, the same
protocol was used as outlined above, with the following
changes. Overnight cultures were diluted 20-fold in 1 mL of
PBS (50 μL into 950 μL) before a further 50-fold dilution
into 200 μL of high-glucose medium with 50 mg/mL
albomycin.

Statistical methods

All statistical tests conducted were one way ANOVA with
Bonferroni-corrected post-hoc t-tests (p values <0.05*,
0.01**, 0.001***, and 0.0001****) or tukey’s post-hoc
tests (groups shown by letters), except where otherwise
specified.

E. coli strain modifications

Strain constructions were carried out using CRISPR-Cas for
E. coli, adopted from Jiang et al. [56]. Both pTargetF (guide
RNA expressing, Plasmid #62226) and pCas (Cas9
expressing, Plasmid #62225) plasmids were obtained from
Addgene. E. coli Top10 cells were used as a cloning host
and genetic changes were introduced into the ancestral
MG1655 strain. Further, we have swapped mutant alleles
with the wild-type alleles (from the ancestor) in the selected
evolved clones.

Modification of 20 N sequence in pTargetF

Target sequences were chosen for each gene using the
online tool CCTop [57] (Supplementary Table 1). Plasmid
modifications were carried out in three steps. Step 1 was the
removal of 20N sequence from pTargetF. Plasmid pTargetF
was cut with SpeI and PshAI restriction enzymes, then the
fragment containing the backbone of the plasmid without
20N sequence was gel purified. Step 2 was the construction
of DNA fragments with new 20 N sequence. PCR fragments
with 20N target sequences for each gene were generated in
three PCR reactions. First, PCR fragment was amplified
using pTargetF-F1 and pTargetF-R1 primers (R1 primers
have reverse complement of 20N sequence specific to each
gene at the 5′-end) (see Supplementary Table 2 for primers).
Second, PCR reactions used pTargetF-F2, with 20N
sequence for each gene at the 5′-end, and pTargetF-R2

primers. These two PCR fragments were gel purified and
used as templates in the third PCR with the outer primers
(pTargetF-F1 and pTargetF-R2) to generate a PCR fragment
with a 20N sequence. Later, the third PCR fragments were
also cut with SpeI and PshAI restriction enzymes to gen-
erate complementary ends to the plasmid backbone. Step 3
involved insertion of plasmid with 20N target sequence into
cloning host cells. Plasmid backbone from step 1 and DNA
fragments with the new 20N sequences from step 2 were
ligated using instant Sticky-end Ligase Master Mix (NEB)
and electroporated with 50 μL electro-competent Top10
cells using 1-mm Gene Pulser cuvette (Bio-Rad), at 2.5 kV.
Cells were recovered at 37° for 1 h before being spread onto
LB agar plates containing spectinomycin (50 mg/L). Sanger
sequencing confirmed the presence of colonies with the
modified pTargetF plasmids, namely; trpF pTargetF, tonB
pTargetF, fhuA pTargetF, btuB1 pTargetF, btuB2 pTargetF,
and ampR pTargetF.

Repair DNA constructions

CRISPR engineering requires a donor “repair” DNA that
the cell will use to repair the cut target side, thereby
introducing the desired DNA sequenced change.

eGFP strain

A 50 base pair cloning strategy was used for the construc-
tion of GFP-containing fragment. The trpF gene was tar-
geted (with trpF pTargetF) as a GFP insertion site.
GFPmut2 DNA was amplified from pMGS053 plasmid
using GFP-F and GFP-R primers (see Supplementary
Table 2). The resultant DNA fragment had 50 base pair
homologies at both 5′ and the 3′-ends corresponding to the
upstream and downstream of 20 N sequence in trpF gene.

fhuA mutants

The fhuA mutant allele swap was generated by swapping
this gene with AmpR cassette, then swapping ampR cassette
with the exact mutations seen in the evolution experiment.
In the first stage, fhuA pTargetF plasmid was used to direct
Cas9 enzyme to introduce double strand breaks in fhuA
gene. Then, fhuA ampR cassette DNA fragment was used as
repair DNA. This DNA fragment was constructed with 400
to 600 base pair homologies of upstream and downstream of
fhuA gene. ampR gene (including its promoter and termi-
nator sequences) was amplified from pUC19 plasmid using
ampR-F and ampR-R primers. 5′-end of these primers were
designed to generate homology (about 20 bp) to upstream
and downstream of fhuA. Upstream sequence was amplified
with fhuA-F1 and fhuA-R1 and downstream sequence was
amplified with fhuA-F2 and fhuA-R2 primers
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(Supplementary Table 2) using MG1655 DNA as a tem-
plate. Finally, overlap PCR method was used to join the
three DNA fragments. This stage results in a knock-out
mutant. In the second stage, ampR cassette was targeted by
Cas9 enzyme (with ampR pTargetF) and swapped with
repair DNA containing exact mutations for fhuA. A colony
PCR was used to amplify repair DNA using evolved clones
as template DNA and fhuA-F1, fhuA-R2 primer pairs (see
Supplementary Table 2).

btuB mutants

A deletion strategy in two stages was used for the btuB
mutant construction. In the first stage, Cas9 enzyme was
directed to a site in the btuB gene with btuB1 pTargetF
plasmid. Then, a deletion repair DNA fragment was used to
introduce the deletion. This DNA fragment was generated
with three PCR reactions. The first PCR step used btuB-F1
and btuB-R1 primers (Supplementary Table 2) and
MG1655 template DNA resulting in a DNA fragment
containing upstream and downstream of start codon of btuB.
The second step used btuB-F2 (containing the forward
sequence of btuB-R1 at 5′-end to generate homology
between the two PCR fragments) and btuB-R2 primers
(Supplementary Table 2) to amplify upstream of btuB stop
codon (making sure murl start codon is undisturbed) and
downstream sequence. The third step used these two PCR
fragments as template DNA and btuB-F1 and btuB-R2
primers to generate a repair DNA fragment resulting in a
1386 bp deletion in the middle section of btuB gene. In the
second stage, a 20 N sequence targeted the location where
the two PCR fragments fused (see above) with the btuB2
pTargetF. Then a DNA fragment was amplified using btuB-
F1, btuB-R2 primer pair with an evolved clone as template
and used as a repair DNA to introduce btuB mutations from
the evolution experiment to ancestral MG1655 cells.

glyQ mutants

glyQ is an essential gene and its modification requires a
different two stage CRISPR strategy as its inactivation
results in cell death. In the first stage, ampR cassette was
carefully inserted upstream of glyQ promoter, leaving the
promoter undisturbed. No pTargetF plasmid was used to
introduce double strand breaks at this location [58]. A glyQ
ampR cassette DNA fragment was generated with a four
step PCR protocol. In the first step, upstream of the pro-
moter was amplified using glyQ-F1 and glyQ-R1 primers
(Supplementary Table 2). In the second step glyQ-F2 and
glyQ-R2 primers were used to amplify the region that
includes few bases upstream of the promoter, glyQ start
codon and partial glyQ sequence following downstream of
the start codon. ampR cassette was then amplified from

pUC19 plasmid using glyQ-amp-F and glyQ-amp-R pri-
mers in the third step (Supplementary Table 2). Finally, the
resulting three PCR fragments were merged in a fusion PCR
using glyQ-F1 and glyQ-R2 primers. In the second stage of
CRISPR, ampR cassette was targeted with ampR pTargetF
and the cassette was deleted with the insertion of the new
repair DNA (amplified with glyQ-F1, glyQ-R2 primer pair
and evolved clone template DNA) containing the evolved
glyQ promoter mutation.

Wild-type allele revertants

The same two stage CRISPR strategy was used to swap
evolved alleles with the ancestral alleles in the evolved E.
coli clones: E10-1, E10-2, and E7 for fhuA, btuB, and glyQ
genes. In the first stage, evolved alleles were swapped with
the ampR cassette, before being swapped with the wild-
type ancestral allele in the second stage. For glyQ this
ampR cassette was inserted in front of the glyQ promoter
region.

CRISPR-Cas system transformations

Ancestral MG1655 cells were first transformed with pCas
plasmid via electroporation. Cells harbouring pCas grown
overnight before a 1 in 100 v/v dilution in medium
including kanamycin (50 mg/L). After allowing them to
grow for 2 h, λ-Red recombination genes were induced with
arabinose (10 mM final concentration) addition. Cells were
allowed to grow for another hour and made electro-
competent as described previously [59]. Fifty microliters
of cells mixed with 100 ng of modified pTargetF plasmids
and 1–5 μg of repair DNAs in a 1-mm Gene Pulser cuvettes
(Bio-Rad) at 2.5 kV. Cells resuspended in 1 mL of LB
medium and allowed to recover at 28 °C for 1 h before
being spread onto LB agar plates containing kanamycin
(50 mg/L) and spectinomycin (50 mg/L) and incubated at
28 °C overnight. The presence of mutations confirmed with
colony PCR and Sanger sequencing.

S. cerevisiae strain modifications

Strain constructions were carried out using CRISPR-Cas for
S. cerevisiae, following methods from DiCarlo et al. [60]
and Biot-Pelletier and Martin [61]. Both p426-SNR52p-
gRNA.CAN1.Y-SUP4t (guide RNA expressing, Plasmid
#43803) and p414-TEF1p-Cas9-CYC1t (Cas9 expressing,
Plasmid #43802) plasmids were obtained from Addgene. E.
coli Top10 cells were used as a cloning host and genetic
changes were introduced into the ancestral strain R1158.

As R1158 grows in synthetic media lacking uracil,
URA3 marker was changed to a LEU2 marker in p426
plasmid as follows. First, the LEU2 marker was amplified
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from p415-GalL-Cas9-CYC1t (Addgene, Plasmid #43804)
using p415-Leu-F and p415-Leu-R primers (Supplementary
Table 2). Second, the backbone of p426 plasmid was
amplified using p426-minus-Ura-F and p426-minus-Ura-R
primers. Third, we have assembled first two PCR fragments
using Circular Polymerase Extension Cloning (CPEC) [62].
Finally, 5 µL of CPEC product was electroporated with 50
µL electro-competent Top10 cells using 1-mm Gene Pulser
cuvette (Bio-Rad), at 2.5 kV. Cells were recovered at 37 °C
for 1 h before spreading onto LB agar plates containing
ampicillin (50 mg/L). The resultant plasmid was called
p426-LEU2.

Modification of 20 N sequence in p426-LEU2

Target sequences were chosen for each gene using the
online tool CCTop [57] (Supplementary Table 1). Plasmid
modifications were carried out in three steps. Step 1
involved the amplification of the backbone of the plasmid
without 20 N sequence using p426-F1-reversed and p426-
R2-reversed primers (Supplementary Table 2). Step 2 was
the construction of DNA fragments with new 20 N
sequence. PCR fragments with 20 N target sequences for
each gene were generated in three PCR reactions. First PCR
used p426-F1 and p426-R1 primers (R1 primers have
reverse complement of 20 N sequence specific to each gene
at the 5′-end (see Supplementary Table 2 for primers).
Second PCR reactions used p426-F2, with 20 N sequence
for each gene at the 5′-end, and p426-R2 primers. These
two PCR fragments were gel purified and used as templates
in the third PCR with the outer primers (p426-F1 and p426-
R2) to generate a PCR fragment with a 20 N sequence. In
the 3rd step, PCR fragments from step 1 and step 2 were
assembled using CPEC [62] and electroporated into Top10
cells and confirmed with Sanger sequencing.

Repair DNA constructions

BUL1 and YFR018C mutants

Mutant alleles for BUL1 and YFR018C were generated in
two successive CRISPR events. In the first event, a repair
DNA containing 20 N stuffer sequence was inserted [61].
The stuffer repair DNA was generated in three PCR steps.
The first PCR used gene-F1 and gene-R1 primers to
amplify upstream of the stuffer insertion location. The
second PCR used gene-F2 and gene-R2 primers to
amplify downstream of the insertion location. Stuffer
sequence was used to generate the required homology
between the first and the second DNA fragments and the
two fragments were joined in the 3rd PCR using gene-F1
and gene-R2 primers. Finally, the stuffer sequence was
targeted using stuffer-p426-LEU2 plasmid and swapped

with the new repair DNA having exact mutations seen in
the evolution experiment. Repair DNA was amplified
with a colony PCR from the evolved clones using primers
gene-F1 and gene-R2.

TIF35 mutant

TIF35 is an essential gene, requiring a one step CRISPR
event. We chose a 20N target sequence such that NGG
PAM sequence is the mutation site in the evolved clone. We
have targeted this 20N sequence in the ancestor using
TIF35-p426-LEU2 plasmid and provided the repair DNA
from the evolved clones, amplified with using TIF35-F1
and TIF35-R1 primers.

All transformation events (plasmids and repair DNAs)
were carried out using a standard lithium acetate transfor-
mation method [63]. The presence of mutations confirmed
with colony PCR and Sanger sequencing.
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