Wu and Wu BMC Ecology and Evolution ~ (2024) 24:145 BMC Eco|ogy and Evolution
https://doi.org/10.1186/512862-024-02331-1

Experimental evolution reveals evolutionary =
bias and its causes

Haoyuan Wu' and Yonghua Wu'#"

Abstract

Background Species generally exhibits evolutionary bias, adapting towards a specific direction rather than others,
yet the underlying causes remains unknown.

Results Here, we investigated evolutionary bias and its causes by conducting experimental evolution on Escherichia
coli.We introduced an E. coli strain (lac-), initially unable to utilize lactose due to a frameshift mutation, into two
different culture media: one medium (L) containing ample sodium acetate and lactose as carbon sources, and

the other medium (G) containing abundant glucose and lactose as carbon sources. After 20 days of experimental
evolution, our findings revealed that all L-populations underwent parallel evolution through reverse mutation to
utilize lactose (lac+), resulting in a relatively higher fitness gain compared to utilizing sodium acetate. In contrast, all
G-populations did not transition towards lactose utilization but instead continued to utilize glucose, which provides
a higher fitness gain than utilizing lactose. These results demonstrate that our experimental populations in L and G
media respectively exhibit biased evolution towards utilizing different carbon sources, yet all trajectories converge
towards higher fitness gains. When lac+ (lactose-eater) and lac- (acetate-eater) were co-cultured in L medium, all lac-
individuals were eventually eliminated, while lac+individuals were consistently selected and retained.

Conclusions Our findings indicate that species tend to evolve with a bias towards directions that offer higher fitness
gains, partly because high-fitness-gain directions competitively exclude low-fitness-gain directions.

Keywords Evolutionary gravitation, Evolutionary bias, Evolutionary constraint hypothesis, Inter-directional selection,
Intradirectional selection

Introduction

Species generally exhibit specific evolutionary directions,
often biased towards certain adaptations. For exam-
ple, giant pandas have evolved specialized adaptations
towards bamboo consumption rather than towards uti-
lizing other food resources such as meat. Aphids prefer
tender leaves over older ones. The dead leaf butterflies
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studies indicate that this evolutionary bias (such as eco-
logical niche conservatism) in some species has remained
stable for millions of years [1]. Within the distribution
range of a species, there are often numerous potential
ecological niches or evolutionary directions available for
adaptive evolution, why does a species adapt evolution-
arily biased towards one direction rather than others?
What determines the selection of adaptive evolutionary
directions for a species? These questions constitute fun-
damental issues in evolutionary biology [2—4].

We know that species possess evolutionary potential to
radiate into different adaptive directions, exemplified by
cases such as Darwin’s finches [5], Anolis lizards [6], and
African cichlids [7]. These diversifications typically occur
under substantial geographical isolation. In the absence
of such isolation, within-species adaptive divergence (e.g.
sympatric speciation) is generally rare [4, 8], and species
often evolve collectively in one predominant direction
and may not diverge towards other directions. A tradi-
tional viewpoint suggests that high levels of gene flow
within species homogenize populations and suppress
genetic differentiation [4, 9]. Specifically, it is commonly
held that genetic swamping and outbreeding depression
resulting from high gene flow hinder local adaptation and
thereby prevent intraspecific divergence in those direc-
tions [2, 3, 10-13]. In addition to the intraspecific fac-
tors, a species’ inability to adapt in certain directions may
also be influenced by abiotic stressors such as severe des-
ert environments or negative interspecific interactions
including predation, competition, parasitism, and hybrid-
ization with closely related species [2, 14—16]. Neverthe-
less, the presence of these genetic and ecological negative
impacts only explains why a species cannot adapt in some
directions, not why it can evolve towards other certain
directions, given that such evolutionary trajectories may
similarly be affected by those negative factors. Therefore,
the mechanisms driving the biases in species evolution
remain less clear.

Regarding the evolutionary bias, previous theoretical
and experimental studies have shown that in heteroge-
neous environments, species tend to adapt evolutionarily
towards the most productive resource [17-22]. These
findings suggest that the evolutionary bias may arise
because the fitness gains of adapting in that direction
outweigh those of other evolutionary directions [18,
20-22]. We know that a species’ environment often pres-
ents multiple evolutionary directions (such as utilizing
different food resources), each with potentially vary-
ing fitness returns. For instance, studies indicate that
Escherichia coli exhibits higher growth rates when con-
suming glucose compared to other carbon sources like
lactose and sodium acetate [23, 24]. Similarly, one study
on Darwin’s medium ground finch shows that during
drought periods, large birds that can consume large seeds
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survive better than small birds that feed on small seeds
[25], demonstrating differential fitness gains from differ-
ent food sources. Due to varying fitness returns across
different adaptive directions, Darwinian selection acting
on mutations in different adaptive directions may tend
to preserve the evolutionary direction with higher fit-
ness gains and eliminate those with lower fitness gains. If
correct, this may suggest that a species evolves towards a
particular direction because it offers relatively higher fit-
ness benefits. The elimination of less advantageous direc-
tions may result from genetic and ecological suppressive
factors mentioned above [2, 3, 10-16], particularly the
gene flow from directions with high fitness gains [17-22],
which may facilitate hybridization and competitive exclu-
sion. We hypothesize that evolutionary directions with
high fitness gains may evolutionarily suppress those with
lower fitness gains, thereby constraining species evolu-
tion to biased directions that offer higher fitness gains.

Experimental evolution provides a viable approach to
test predictions of relevant evolutionary theories [26,
27]. Model organisms in experimental evolution, such
as Escherichia coli, are characterized by short generation
times, rapid evolution, and ease of cultivation, making
them ideal for experimental studies in evolution. Among
E. coli strains, E. coli K-12 GM4792, which is asexual and
is characterized by its incapability to use lactose, has been
used for experimental evolution [28]. This strain harbors
a continuous 212-bp deletion in lactose operon, spanning
the lactose operator (O) and promoter (P) region, along
with partial sequences of the lacl and lacZ genes, result-
ing in a fusion of the lacl and lacZ genes (Fig. 1). Addi-
tionally, a single-base (C) insertion in the lacl gene led
to a frameshift mutation, inactivating the lacZ gene, ren-
dering it unable to utilize lactose (lac-) [28, 29]. Despite
this genetic deficiency, when this strain is cultured in a
medium with lactose as the sole carbon source, a reverse
mutation allowing lactose utilization (lac+) occurs [28,
29]. The lac- and lac+phenotypes are well known to
respectively display white and blue clones when plated on
LB agar containing IPTG and X-gal (5-bromo-4-chloro-
3-indolyl-B-d-galactopyranoside), and this blue-white
screening can be used to detect the possible emergence
of lac+ [30]. The potential for the re-evolution of lactose
utilization in E. coli K-12 GM4792 and the convenient
detection of lac+through blue-white screening provide
an ideal research system for studying possible transitions
in evolutionary directions.

In this study, to test the evolutionary constraint
hypothesis, we conducted experimental evolution using
E. coli K-12 GM4792 as a model species. We find that
all our experimental populations exhibit evolution-
ary biases towards utilizing carbon sources that pro-
vide higher fitness gains. Our results suggest that the
competitive exclusion of low-fitness-gain directions by
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Fig. 1 Structure of the lactose operon and sequence alignment. For lactose operon, the 212 bp deletion and a single base insertion of £. coli K-12
GM4792 are illustrated. Regarding the sequences, only the mutation region is displayed. The sequences of all white clones are identical to lac-(ancestor).
Conversely, all blue clones carry nucleotide deletions, which are confined to the region (indicated by horizontal stripes) between the single base inser-
tion site 958 of the Jac/ gene and the lacZ gene. For convenience, we have also included the corresponding fragment sequences of £. coli K-12 MG1655

high-fitness-gain directions plays a crucial role in driving
these evolutionary biases.

Results and discussion

Through experimental evolution of E. coli, we first inves-
tigated the impact of relative fitness gains from different
food sources on the formation of evolutionary direc-
tions. For this purpose, we utilized a strain of E. coli K-12
GM4792, which was initially unable to utilize lactose
[28, 29]. We used the E. coli K-12 GM4792 strain, which
had undergone three consecutive rounds of single-col-
ony cultivation, as the ancestral strain (lac-(ancestor))
for this study. Through blue-white screening and PCR
sequencing, our ancestral strain exhibited a white color
and a 212-bp deletion, confirming its origin from the
lactose-deficient strain of E. coli K-12 GM4792 used in
this experiment. We cultured lac-(ancestor) in two differ-
ent M9 culture media (L and G), with the only difference
between these two media being the composition of the

carbon source. L medium contained abundant sodium
acetate and lactose, while G medium contained ample
glucose and lactose. Both carbon sources showed sub-
stantial remaining amounts after 24 h of cultivation in
our experimental strain.

Previous research has indicated that the utilization
of different carbon sources can lead to varying growth
rates in E. coli. Compared to lactose, glucose utiliza-
tion contributes to a relatively higher growth rate [23],
while sodium acetate is considered a low-energy food
and even exhibits some toxicity to E. coli, exerting a cer-
tain inhibitory effect on its growth [24]. The utilization
of these three carbon sources results in different growth
rates for E. coli, providing a possibility for us to examine
the impact of relative fitness gains from different food
sources on the formation of evolutionary directions.
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Experimental evolution and the selection of evolutionary
direction

We subjected lac-(ancestor) to experimental evolution
in culture media L and G. For each of these two media,
we conducted 5 experimental replicates, resulting in the
founding of 10 experimental populations (L1 to L5 and
G1 to G5). All 10 populations were derived from lac-
(ancestor), and they initially shared the same genetic
background and inability to utilize lactose.

Since lac-(ancestor) cannot utilize lactose, the initial
capability of the 5 L-populations was limited to utiliz-
ing only sodium acetate, while the initial capability of
the 5 G-populations was restricted to utilizing only glu-
cose. For these 10 populations, we transferred 100 pl
into 9.9 ml fresh culture medium in 50 ml plastic culture
tubes every 24 h, and incubated them at 37 °C with shak-
ing at 220 rpm. Every 5 days, we performed blue-white
screening to detect the appearance of lac+individuals,
and then collected 4 ml of each culture for glycerol pres-
ervation under —80 °C conditions.

After 25 days of experimental evolution and blue-white
screening, our results showed that all five L-populations
eventually evolved from lac- to lac+, indicating adap-
tation toward lactose utilization. In contrast, no blue
colonies were detected in any of the 5 G-populations,
suggesting that they were less likely to undergo adaptive
evolution toward lactose utilization and instead main-
tained their evolutionary direction (utilizing glucose).

Specifically, for the five L-populations, after conducting
blue-white screening on two plates for each population
every 5 days, totaling 10,818 colony counts, we observed
that by the 5th day of experimental evolution, few blue
clones were observed in three L-populations (3 in L2, 1
in L4, and 1 in L5). However, by the 15th day, four popu-
lations (L2-5) had a blue colony proportion higher than
95%, with one population, L2, reaching 100%. The pro-
portion of blue colonies in the L1 population remained
consistently low during the first 15 days, with no blue
colonies detected in the first 10 days, reaching only 1%
by the 15th day. However, by the 20th day, the proportion
of blue colonies suddenly surged to 100%, similar to the
other four populations. An additional 5 days of experi-
mentation revealed that by the 25th day, the proportion
of blue colonies in all five L-populations had reached
100%, with no white clones found.

To further confirm the changes in the blue-white col-
ony ratio, after the 25th day of experimental evolution,
we conducted another round of blue-white screening on
the preserved cultures of L1-5 (Fig.S1). After counting
a total of 12,270 colonies, we obtained nearly identical
results. By the 20th and 25th days, all five L-populations
had completely transformed into blue colonies, with
no white clones found. This indicates that the evolved
lac+completely dominated the populations, while the
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lac- strains faced extinction. We combined the results of
blue-white colony counts (23,088) for the five L-popula-
tions (Table S1), as shown in Fig. 2.

Molecular basis of the parallel evolution of lactose
utilization

Our experimental evolution results indicate that after
a brief period of approximately 20 days, all five initial
L-populations unable to utilize lactose underwent an
evolutionary transition towards lactose utilization. To
examine the molecular mechanism responsible for their
evolution of lactose utilization, we conducted full-length
sequencing of the lactose operon in colonies from the
5 L-populations. We sequenced 5 randomly selected blue
clones and 1 white clone from each L-population, as well
as the ancestral strain, lac-(ancestor) (Table S2), resulting
in full-length sequences of the lactose operon spanning
6051 bp. Sequence analysis revealed that all 31 samples
examined contained a 212 bp deletion and a single C
insertion at position 958 in the lacl gene (Fig. 1). This
indicates that all the five L-population colonies we tested,
including the 25 blue clones capable of utilizing lactose,
originated from our ancestral strain, lac-(ancestor), rul-
ing out the possibility of exogenous bacterial contamina-
tion. This suggests that the observed lactose utilization
mutations in our experimental evolution were acquired
during our experimental evolution process.

Further sequence analysis revealed that all of our exam-
ined white clones had sequences identical to that of the
ancestral strain. However, out of the 25 sequenced blue
clones, 24 showed single-base deletions and one exhib-
ited a continuous loss of 4 bases. These deletions were all
concentrated within a specific region (mutational region)
between the single C insertion site at position 958 in the
lacl gene and the lacZ gene (Fig. 1). These nucleotide
deletions appeared to reverse the frameshift mutation of
lac-, potentially enabling normal expression of the lacZ
gene. Specifically, all of our sequenced white colonies
with the same sequence as the ancestral strain contained
a frameshift mutation caused by a single-base C inser-
tion, resulting in a white appearance on X-gal LB plates,
indicating abnormal lacZ gene expression. In contrast, all
25 colonies with single-base or continuous 4-base dele-
tions appeared blue on X-gal LB plates, suggesting nor-
mal lacZ gene expression. Therefore, sequence analysis
indicates that the evolution of lactose utilization in our
L-populations occurred through base deletions restoring
the frameshift mutation of lac-.

To further investigate whether the lactose utilization
ability of these 5 L-populations was acquired through
parallel evolution, we conducted a comparative analysis
of the full-length sequences of the lactose operon from
the sequenced samples. The findings revealed that while
all blue clones from the 5 L-populations obtained lactose
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Fig. 2 Changes in the proportion of blue colonies in the 5 L-populations over a 25-day experimental evolution period. Representative plates from day 5

to day 25 are displayed. CFU stands for colony-forming unit

utilization ability through base loss mutations, the spe-
cific locations of these deletions varied (Fig. 1). Within
these populations, in the L1 population, four blue single
clones displayed single-base deletions at position 1016,
while another blue single clone exhibited a continuous
loss of four bases spanning positions 997 to 1000. In pop-
ulations L2, L3, and L4, each of the five blue single clones
had single-base deletions at positions 978, 979, and 995,
respectively. In population L5, four blue single clones had
single-base deletions at position 978, and one other blue
single clone had a single-base deletion at position 995.
The distinct locations of the reverse mutations in these
5 L-populations strongly suggest that these populations
independently acquired the ability for lactose utilization
through parallel evolution, effectively eliminating the
possibility of cross-contamination.

To comprehensively understand the adaptive evolution
of the experimental populations, particularly to examine
whether parallel evolution also occurred in genes other
than those related to lactose utilization, we conducted
whole-genome sequencing of the ancestral strain, lac-
(ancestor), and 10 evolved experimental populations
after 25 days (Tables S3-S5). We performed whole-
genome sequencing and comparative analysis of 21 single
clones, including one clone from the ancestral strain and
two randomly selected clones from each evolved popula-
tion. The results revealed (Fig. 3, Tables S6-S7) that com-
pared to the ancestral strain, the 10 evolved populations

after 25 days showed few mutations, with only 27 SNPs
detected in the 20 evolved population clones, averaging
1.35 SNPs per clone. Their evolutionary tree also exhib-
ited very shallow divergence (Fig. S2). Out of these 27
SNPs, 6 occurred in intergenic regions, while the remain-
ing 21 SNPs included 6 synonymous substitutions and 15
non-synonymous substitutions (Table S7). These 15 non-
synonymous substitutions were found in different genes
across different populations, with only three populations
(G2, L2, and L4) sharing the same non-synonymous sub-
stitution (A-G) in the gene staF, while the rest occurred
either in a single population or in two populations
(Fig. 3). No G-population shared any non-synonymous
substitutions. Only two L-populations (L2 and L4) shared
two non-synonymous substitutions (G-A, A-G).

In addition to SNPs, we also analyzed the occurrence of
indels and detected a total of 10 indels (Table S8). Inter-
estingly, all 10 indels involved single-base losses and were
restricted to the 10 clones from the five L-populations
(Fig. 3). Further analysis revealed that these single-base
losses all occurred in the mutation region of the lacl
and lacZ fusion genes mentioned above, with the losses
in different populations largely occurring at different
positions, strongly suggesting parallel evolution of their
lactose utilization. To verify the authenticity of these sin-
gle-base losses, we subsequently performed PCR amplifi-
cation sequencing of this mutation region in the 10 single
clones, confirming the loss of these single bases (Fig. S3).
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Fig. 3 Mutations found by genome sequencing. The genomes of 25-day evolved populations (L1-5, G1-5) are compared to the ancestral genome (lac-
(ancestor)), and SNP (green) and indel (red) are identified. All identified indels are single-base deletions (in red) located exclusively within the mutation
region of the fused genes lacl and lacZ across the five L-populations. Non-synonymous substitutions and synonymous substitutions are indicated in

orange and grey for SNPs, respectively. Gene names are highlighted in blue

Therefore, the results of the genome comparison analysis
indicate that the lacl and lacZ fusion genes are the genes
that underwent the most significant parallel adaptive
evolution in our experimental evolution.

Fitness difference between lac+and lac-

The ancestral strain lac-(ancestor) evolved into lactose-
utilizing lac+in L medium, indicating that lac+has a
higher relative fitness than lac- in L medium. Conversely,
in G medium, no blue colonies were detected, sug-
gesting that lac- may have a higher relative fitness than
lac+in G medium. To test this, we randomly selected two
blue clones (lac+) and two white clones (lac-) from each
L-population to form 10 competitive pairs for competi-
tion experiments. Similarly, we randomly selected two
white clones (lac-) from each G-population and paired
them with two blue clones (lac+) from L-populations to
create another 10 competitive pairs. Taking into account
the effect of abundance on relative fitness, we adjusted
the OD values to set the blue-white colony ratio of the
competitive pairs at 10 : 1 and 1 : 10. We conducted
24-hour competitions in both L and G media, under
conditions identical to experimental evolution, and per-
formed blue-white screening before and after competi-
tion to calculate the density of blue and white colonies.

Table 1 Statistical analysis of the selection rate constant. A one-
sample t-test with a two-tailed probability was used, with the
null hypothesis stating that the selection rate constant equals
zero. The selection rate constants for lac + relative to lac- were
calculated in L medium, and for lac- relative to lac+in G medium.
Both lac+and lac- were derived from evolved populations. The
means (+SD) based on 10 replicate assays are presented

Culture medium No. of Selection rate t P
(blue: white ratio)  replicates constant(day™")

L(0:1) 10 1.0596+0.60864 5506 <0.001
L (1:10) 10 1.5061+0.92026  5.175 0.001
G(10:1) 10 0.3148+0.36055 2761 0.022
G (1:10) 10 020124023699 2685 0.025

Considering the observed decrease in population den-
sity in some populations, we calculated the selection rate
constant, ry, which reflects the difference in the aver-
age rate of increase and relative performance of the two
competitors [31, 32]. Our results (Table 1) showed that
for the 10 competitive pairs in L medium, after 24 h, the
density of lac+increased by approximately 1.06 natural
logarithms more than the density of lac- (blue : white=10
: 1, t=5.51, df=9, p<0.001), and by about 1.51 natu-
ral logarithms more than the density of lac- when using
a ratio of 1:10 of blue and white clones (t=5.18, df=9,
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p=0.001). We also calculated the r;; value in G medium,
where a difference of 0.31 natural logarithms more lac-
than lac+ (blue : white=10 : 1, t=2.76, df=9, p=0.022)
and 0.20 natural logarithms more lac- than lac+ (blue :
white=1: 10, t=2.69, df=9, p=0.025) were found. These
results indicate that in L medium, lac+has a relative fit-
ness advantage over lac-, while in G medium, lac- has a
relative fitness advantage over lac+, and their respective
advantages are more pronounced when their frequencies
are relatively low.

Competitive exclusion of low-fitness-gain direction by
high-fitness-gain direction

The experimental results above indicate that in L
medium, lac+exhibits a higher relative fitness than lac-,
leading to the evolutionary transition from lac- to lac+.
Conversely, in G medium, lac+shows a lower relative
fitness than lac-, and there is no observed evolutionary
transition from lac- to lac+. The superior relative fitness
of lac+over lac- in L medium is likely attributed to their
differential utilization of carbon sources. To test this, we
measured the consumption of carbon sources by lac- and
lac+. Our liquid chromatography analysis in L medium
revealed that lac+can metabolize lactose, while lac- was
limited to utilizing sodium acetate (Fig. S4). Previous
studies have highlighted that sodium acetate serves as
a low-energy carbon source that hinders E. coli growth,
whereas lactose is a relatively favored carbon source for
E. coli [23, 24]. The capacity of lac+to metabolize lactose
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in L medium while lac- can only utilize sodium acetate
may contribute to the former’s heightened relative fitness
(Table 1). Adding to this, we measured population growth
of lac+and lac- in L medium. The results indicated that
during the 24-hour growth period, from the second hour
to the 24th hour, lac+demonstrated significantly faster
population growth than lac- (averaged t value=5.13,
df=8, p<0.05), with the disparity in population growth
between the two gradually widening over time (Fig. 4;
Table S9). We also measured the consumption of carbon
sources by lac- and lac+in G medium. Our liquid chro-
matography results suggested that lac- appears to exclu-
sively utilize glucose, while lac+exhibited utilization of
both glucose and lactose (Fig. S4). The utilization of lac-
tose by lac+may partially contribute to its diminished
relative fitness compared to lac-. Previous studies have
indicated that the population growth rate when utilizing
lactose is lower than when using glucose [23]. Moreover,
the finding that lac+utilized both glucose and lactose in
G medium suggests that carbon catabolite repression—
which refers to the reduced use of lactose in the presence
of glucose [33, 34], —may have limited effects on the sup-
pression of lactose utilization. This may be partly attrib-
uted to the complete deletion of the lactose operator and
promoter regions in E. coli K-12 GM4792 (Fig. 1) [28].
Therefore, in G medium, the lack of observed evolution-
ary transition from lac- to lac+may be more likely due to
a lower relative fitness gain of lac+utilizing lactose com-
pared to lac- using glucose.

12 14 16 18 20 22 24

Time (h)

Fig.4 Growth curve of lac+and lac-in L medium. Five replicate populations of lac- and lac + were respectively used to generate the curves. For each time
point, the mean and standard deviation of lac+and lac- based on the five replicate populations are shown separately
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Our experimental results show that in the L medium,
the lac+, which can consume lactose, exhibited rela-
tively rapid population growth (Fig. 4; Table S9) and
higher fitness (Table 1) compared to the lac-, which can
only consume sodium acetate. As a result, the lac+ulti-
mately dominated while the lac- went extinct. On the
contrary, in the G medium, the lac+mutation, allowing
lactose consumption, had lower fitness compared to the
lac- (Table 1), which can only consume glucose. Through-
out the experimental evolution, we did not observe the
appearance of any blue colonies (lact+) in any of the five
G-populations. This suggests that the G-populations
were less likely to adapt towards lactose utilization, but
instead maintained an evolutionary trajectory towards
glucose utilization. Considering that the use of different
carbon sources represents different adaptive evolutionary
directions, these results strongly indicate that the utili-
zation of different carbon sources leads to differences in
fitness gains in corresponding evolutionary directions.
Mutants in one adaptive direction with high fitness gains
will competitively exclude mutations in another adaptive
direction with lower fitness gains.

To further validate the phenomenon of competitive
exclusion effect, we conducted competitive experiments
between lac+and lac- in L medium. From each of the
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5 L- populations, we randomly selected 2 blue colonies
(lac+) and 2 white colonies (lac-) to create 10 competitive
pairs, monitoring the changes in their frequencies over
time. To assess the influence of experimental conditions
on the outcomes, we carried out four sets of experiments
(C, ], L, and H). The C group maintained conditions
identical to those of the experimental evolution, while
the other three groups experienced modifications: the |
group remained static, the L group had reduced sodium
acetate levels, and the H group had increased resources
apart from the carbon source. Our findings revealed
that during a 168-hour competition experiment, the lac-
in all four groups eventually became extinct, whereas
the lac+became fixed through evolutionary processes
(Fig. 5). By the 96th hour, no white colonies were detected
in three groups (J, L, and H), and by the 144th hour, the
C group also had no white colonies. Across these four
groups, the differences in pairwise comparisons at vari-
ous time points were largely statistically insignificant,
except for the L group, where the decrease in white col-
ony frequency was notably significant. Specifically, at
the 48th hour, the frequency of white colonies in the L
group was significantly lower than that in the C group
(t=2.93, df=36, p=0.035) (Table S10). This suggests that
the reduction in sodium acetate led to diminished fitness
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Fig. 5 The changes in the proportion of white colonies over time under four different conditions. C represents L medium with the same culture condi-
tions as the experimental evolution. J represents placing the L medium in a static state. L represents reducing the sodium acetate contentin L to 1 g/L,
with all other conditions the same as C. H represents tripling the non-carbon source substances in the L medium, with all other conditions the same as C.
CFU stands for colony-forming unit. For each time point, the mean and standard deviation based on the 10 replicate subpopulations are shown separately
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gains for the lac-, thereby hastening their probability of
extinction. These experimental outcomes underscore
those mutations favoring a high-fitness direction, such as
lac+, competitively exclude mutations favoring a lower-
fitness direction, like lac-, affirming the occurrence of
Darwinian selection between directions.

In our culture medium, there is differentiation in the
utilization of carbon sources between lac+and lac-, with
each occupying distinct ecological niches related to car-
bon sources. Why can'’t they coexist? The reason may lie
in the competition between them despite their differen-
tiation in carbon source utilization. For instance, in the
L medium, sodium acetate and lactose serve as private
sources for lac- and lac+, respectively. However, other
resources such as nitrogen sources, metal elements, and
physical space are shared resources where there is no
differentiation between the two. Therefore, the inability
of both to coexist may stem from their competition for
these shared resources. Lac+utilizing lactose may have
a relatively higher growth rate than lac- utilizing sodium
acetate, potentially giving it a competitive advantage in
accessing shared resources and outcompeting lac-. Our
findings are consistent with previous studies showing
that, in homogeneous environments, competition leads
to a rapid decline in diversity [35-39].

A conceptual extension

Darwinian selection is generally considered the primary
mechanism driving adaptive evolution [40]. Traditional
Darwinian selection emphasizes the selection and elimi-
nation of genetic variations within a particular adap-
tive direction. Darwin’s own examples in On the Origin
of Species—such as faster wolves being more success-
ful hunters or flowers producing more nectar to attract
more pollinators—illustrate this selection [41]. The result
of this selection leads to enhanced adaptive evolution of
species in a particular direction. In this study, our results
show that the two mutants, lac+and lac-, utilizing differ-
ent carbon sources, exhibit different fitness gains, leading
to the competitive elimination of the mutant with lower
fitness gains by the one with higher gains. This indicates
that Darwinian selection can occur between mutations
in different adaptive directions, consequently leading
to the preservation of adaptive directions with high fit-
ness gains and the elimination of those with lower gains,
thereby resulting in biased species evolution, consistent
with previous studies [17-22]. This Darwinian selection
occurring between different adaptive directions is largely
different from traditional Darwinian selection. Therefore,
our results indicate the existence of two distinct forms
of Darwinian selection: one occurring between differ-
ent adaptive directions and the other occurring within
a particular adaptive direction. For convenience, we
refer to these two forms of selection as “inter-directional
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selection” and “intra-directional selection,” respectively.
Traditional Darwinian selection, or intra-directional
selection, cannot explain why a species adapts toward a
particular direction; it only accounts for adaptive evolu-
tion in a certain direction. In contrast, inter-directional
selection can explain why a species evolves adaptively
toward a particular direction while not adapting toward
others, thus indicating evolutionary bias. Therefore, dis-
tinguishing these two forms of Darwinian selection is
fundamentally important for our understanding of how
the adaptive direction of species is formed.

In this study, we primarily analyzed the significant role
of inter-directional selection in determining the evolu-
tionary direction of species. Inter-directional selection
can lead to the elimination of directions with low fitness
returns and the preservation of directions with high fit-
ness returns. Our findings indicate that directions with
high fitness returns competitively eliminate those with
low fitness returns, resulting in their extinction, consis-
tent with previous studies [18, 20-22]. Apart from intra-
specific competition mentioned here, previous research
suggests that for sexually reproducing organisms, factors
such as genetic swamping and outbreeding depression
may also contribute to the destruction of local adapta-
tion [2—4, 9-13]. This suggests that these genetic dis-
turbance from directions with high fitness returns may
further exacerbate the demise of directions with low fit-
ness returns.

Individuals in directions with high fitness returns
potentially have faster growth rates and may contribute
to larger populations, and its negative effects (e.g. com-
petition and genetic swamping) on directions with low
fitness returns may outweigh any impact in the reverse
direction [3]. This asymmetry in negative genetic and
ecological effects may ultimately lead to the extinction
of directions with low fitness returns, as directions with
high fitness returns consistently exert evolutionary sup-
pression over them [18, 20—22]. Consequently, species as
a whole can only evolve towards directions with high fit-
ness returns due to this evolutionary inhibition exerted
by directions with high fitness returns. Thus, inter-direc-
tional selection generates a force that directs species
evolution towards directions with high fitness returns.
Consistent with our findings, a long-term experimental
evolution study reported that when glucose was scarce,
E. coli underwent evolutionary transition towards the
consumption of sodium citrate [42, 43]. Mutants unable
to consume sodium citrate went extinct after coexist-
ing with mutants able to consume sodium citrate for
approximately 10,000 generations [44, 45], as the latter
had relatively higher fitness gains [44]. Similarly, numer-
ous studies have reported that scarcity of one resource
can lead to adaptive evolutionary transitions of bacteria
towards the utilization of alternative resources [46—51].
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Furthermore, previous theoretical and experimental evo-
lutionary research has also shown that in heterogeneous
environments, organisms tend to adapt towards the most
productive resource [18—22]. All of these studies, along
with our findings, suggest that inter-directional selection
plays a pivotal role in shaping the adaptive evolution of
species towards directions with high fitness gains.

This directional force from inter-directional selec-
tion makes each species’ evolutionary trajectory appear
biased towards a specific direction, devoid of deviation
towards other directions, thereby exhibiting evolutionary
bias. This aligns with previous findings that in heteroge-
neous environments, species tend to adapt evolutionarily
towards the most productive resources [17-22]. Inter-
directional selection could generate an evolutionary
force causing each species’ evolution to appear attracted
to particular directions. Given this force’s “attraction”
characteristic, it could be termed “evolutionary gravi-
tation,” drawing an analogy to gravitational forces in
physics. Evolutionary gravitation ensures that a species’
evolutionary trajectory always points towards directions
with high fitness gain. Unlike the concept of Darwinian
selection, the concept of evolutionary gravitation empha-
sizes the tendency of a species’ evolution towards a par-
ticular direction. It provides a more intuitive explanation
for why species evolve towards specific directions. For
example, aphids commonly evolve to prefer eating young
and tender leaves while avoiding older leaves, we could
say this is due to the stronger evolutionary gravitation of
young leaves for aphids, which potentially offer higher
fitness returns to them.

Conclusion

Our findings suggest that species generally exhibit an
evolutionary bias, tending to adapt towards directions
that offer higher fitness gains. The competitive exclusion
of directions with lower fitness gains by those with higher
fitness gains plays a crucial role in driving this bias. Dar-
winian selection acting on mutations across different
adaptive directions propels species towards paths with
high fitness gains, either transitioning from low fitness-
gain directions to high ones or maintaining an evolution-
ary inclination towards high fitness without deviation.
Thus, our findings highlight that the evolutionary con-
straint effects of high-fitness-gain directions on low-fit-
ness-gain directions are a significant factor contributing
to evolutionary bias.

Materials and methods

Bacterial strain

The E. coli strain used in this experiment is E. coli K-12
GM4792. This strain is asexual and its genome has been
publicly disclosed, making it suitable for experimental
evolution studies [28]. E. coli K-12 GM4792 differs from
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other closely related strains in that it has a continuous
212 bp deletion in its lactose operon region, and its lacl
and lacZ fusion genes has a frameshift mutation caused
by a single base insertion, rendering it unable to utilize
lactose (lac-) [28]. However, previous studies have shown
that when cultured in a medium where lactose is the sole
carbon source, this strain undergoes revertant mutations,
resulting in the emergence of lactose-utilizing mutants,
lac+ [28, 29]. The presence of lac+and lac- can be easily
distinguished through blue-white screening [30].

Culture conditions

We retrieved E. coli K-12 GM4792 from the —80 °C
freezer and allowed it to thaw at room temperature. Sub-
sequently, we conducted three consecutive liquid cul-
tures and streak plate cultures on LB agar, selecting a
single clone each time. The culture from the third picking
was designated as the ancestral strain (lac-(ancestor)) for
the experiment, and we stored multiple backups in glyc-
erol at -80 °C. During blue-white screening, the ancestral
strain displayed white colonies, indicating its inability to
metabolize lactose. Furthermore, partial gene sequenc-
ing of the ancestral strain identified a 212 bp deletion,
confirming its consistency with the strain utilized in the
experiment.

The ancestral strain was cultured in two distinct
media types (L and G) for the experimental evolution,
with 5 replicates for each medium, totaling 10 experi-
mental populations (L1-5, G1-5). The composition of
1 L of L medium comprised basic M9 salts (Na,HPO,
6.8 g, KH,PO, 3.0 g, NaCl 0.5 g, NH,Cl 1.0 g), supple-
mented with 2 ml of 1.0 M MgSO, solution, 0.1 ml of
1.0 M Cad(l, solution, 10 g sodium acetate, and 20 g lac-
tose. The G medium mirrored the L medium but substi-
tuted 10 g sodium acetate with 50 g glucose. All reagents
were sourced from Sangon Biotech, Shanghai. In the L
medium, sodium acetate and lactose functioned as car-
bon sources, whereas in the G medium, lactose and glu-
cose served as the carbon sources.

Every 24 h, 100 pl of culture from each population was
transferred to 9.9 ml of fresh corresponding medium in
50 ml plastic tubes and then placed in an incubator at
37 °C with shaking at 220 rpm. Blue-white screening was
conducted on the cultures every 5 days, with a tally of the
blue and white colonies (each population was spread on
two plates). Subsequently, a 4 ml aliquot of culture mixed
with an equal volume of 50% glycerol was stored at -80 °C
every 5 days for preservation purposes.

Gene sequencing

We conducted colony PCR amplification and sequenc-
ing on various segments of the lactose operon to identify
target strains or analyze sequence evolution. For strain
identification, we utilized two sets of primers at different
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experimental stages. The first primer set was employed
to determine if the target bacterial culture harbored a
212 bp deletion of E. coli K-12 GM4792. The PCR ampli-
fication primers used were LaclF1: TATCCCGCCGT
TAACCACCATCAAAC and LaczRl: CTTCCTGTA
GCCAGCTTTCATCAACAT. The amplification setup
consisted of a 25 pl reaction volume, comprising 12.5 pl
of PrimeSTAR Max premix (Takara, Beijing), 0.75 ul of
each primer, 1 pl of template (colony), and 10 pl of ster-
ile water. The PCR amplification process involved an ini-
tial denaturation at 98 °C for 60 s, followed by 35 cycles
of denaturation at 98 °C for 10 s, annealing at 60 °C for
15 s, extension at 72 °C for 5 s, and a final extension at
72 °C for 2 min. Subsequently, the PCR products were
detected by 1% agarose gel electrophoresis and were sent
for sequencing (ABI3730, GENEWIZ) using the same
primers as the PCR amplification. The second primer
set was utilized to assess whether the target bacterial
strain carried the 212 bp deletion and mutation region
of E. coli K-12 GM4792. The PCR amplification primers
used were LacIF2: CATCTGGTCGCATTGGGTCA and
LaczR2: CCAGTTTGAGGGGACGACGACAGT. The
amplification system and conditions were akin to the first
set, except that the annealing temperature during the 35
cycles was set at 55 °C, and the extension time was 10 s.

We performed full-length sequencing of the lactose
operon region. For sample selection, considering the
changes in the blue/white clone ratio over time, we chose
samples that contained blue and white clones at the same
time point for the experiment. Specifically, we selected
frozen glycerol stocks from day 15 for populations L1 and
L4, and frozen glycerol stocks from day 10 for popula-
tions L2, L3, and L5. From each population, we selected
one white clone and five blue clones; additionally, we
included lac-(ancestor). For these 31 samples, we cul-
tured them overnight and then directly performed colony
PCR to amplify the target fragments. The PCR primers
used were LaclF: CCATCGAATGGCGCAAAACCTTT
C and LacAR: TGCCGGATGCGGCTAATGTAGATC.
The PCR amplification system was 25 pl, which included
12.5 pl of PrimeSTAR Max premix (Takara, Beijing),
0.75 pl of each primer, 1 pl of template (colony), and 10 pl
of sterilized water. The PCR amplification conditions
included an initial denaturation at 98 °C for 60 s, followed
by 35 cycles of: denaturation at 98 °C for 10 s, annealing
at 55 °C for 15 s, and extension at 72 °C for 60 s, with
a final extension at 72 °C for 2 min. After detecting the
PCR products with 1% agarose gel, they were sent for
sequencing (ABI3730, GENEWIZ) with the relevant
sequencing primers (Table S2).

Genome sequencing
We conducted whole-genome sequencing on the ances-
tral strain used in this study, as well as on single clones
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from 10 populations that had undergone experimental
evolution for 25 days. For the ancestral strain, we per-
formed both second- and third-generation sequenc-
ing and de novo assembly of its genome, resulting in
a complete genome. For the single clones from the 10
experimental evolution populations, we conducted sec-
ond-generation genome resequencing.

We conducted overnight plate cultures of the ancestral
strain and the 10 populations from day 25 of experimen-
tal evolution. The following day, a single clone was ran-
domly selected from the ancestral strain plate, and two
single clones were picked from each of the 10 population
plates, resulting in a total of 21 samples, which were then
placed in G medium for overnight culture. PCR ampli-
fication sequencing was performed on these samples to
confirm the presence of a 212 bp deletion, indicating that
they belonged to the strains used in this study. Subse-
quently, 5 milliliters of each of the 21 samples were used
for DNA extraction using the Bacteria Genomic DNA
Extraction Kit (TaKaRa, Beijing) following the provided
instructions.

We conducted second-generation genome sequencing
on 21 samples using the DNBSEQ platform (BGI, Shen-
zhen). Initially, we randomly fragmented the genomic
DNA of the samples, recovered the necessary DNA frag-
ments through electrophoresis, added adapters for clus-
ter preparation, and finally sequenced them using the
MGISEQ-2000 platform. We utilized the SOAPnuke
software [52] to filter raw reads (150 bp) and generate
high-quality clean reads, which excluded low-quality
sequences and adapter sequences.

For our ancestral strain, in addition to second-gener-
ation sequencing, we also performed third-generation
genome sequencing using the PacBio sequencing plat-
form (BGI, Shenzhen). We processed its DNA into
appropriately-sized fragments (20-40 K) using g-TUBE,
followed by fragment damage repair and end repair.
Adapters with hairpin structures were attached to both
ends of the DNA fragments to form a dumbbell structure
known as SMRTbell. The annealed smrtbell and the poly-
merase at the bottom of the ZWM were mixed and used
for the final sequencing (PacBio Sequel II). Due to the
presence of low-quality sequences and adapter sequences
in the original sequencing data, it was necessary to filter
out these impurities to obtain reliable subreads. Mul-
tiple subreads from a single pore were used to obtain a
circular consensus sequencing (CCS) data. We utilized
the FalconConsensus [53] and Proovread [54] software
to generate corrected reads, which were then used for
sequence assembly using the Canu software [55]. Finally,
we employed the GATK software [56, 57] for single
nucleotide correction using second-generation sequenc-
ing short sequences to obtain reliable assembled genome
sequences.
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SNP, indel analyses and phylogenetic relationships
construction

We detected SNPs and indels by aligning the short reads
of 20 single clone samples from evolving populations
with the complete genome sequence of the ancestral
strain, used as a reference. We employed the Burrows-
Wheeler Aligner [58, 59] to align the clean data of each
sample to the reference genome, resulting in initial align-
ment results in BAM format. To ensure accurate vari-
ant detection, we followed the optimal variant detection
analysis workflow recommended by the official GATK
website (Genome Analysis Toolkit, GATK). Following
alignment, Picard tools (http://broadinstitute.github.io/p
icard/) were used to remove duplicate reads, and the soft-
ware GATK [56, 57] was employed for local realignment
and base quality recalibration. Evaluation metrics such as
sequencing depth, coverage, and alignment rate were sta-
tistically analyzed based on the alignment results for each
sample.

The genome-level SNP and indel matrix of the 21 sam-
ples was then used to construct a neighbor-joining (NJ)
tree using MEGA X [60], with the Jukes-Cantor model
selected as the best-fit model and bootstrap values set
to 1000. Additionally, we reconstructed a maximum
likelihood (ML) tree using IQ-TREE [61] based on the
genome-level SNP data, selecting K2P+ASC as the best-
fit model. The ML tree exhibited high similarity to the NJ
tree, and only the NJ tree was presented.

Fitness assay in L culture medium

We compared the relative fitness differences between lac-
and lac+in L medium. Considering the changes in blue-
white clone ratios over time in L1-5, we selected samples
with both blue and white clones at specific time points
for the experiment. Specifically, frozen glycerol bacteria
saved on day 15 were chosen for L1 and L4, while those
saved on day 10 were selected for L2, L3, and L5. After
thawing the frozen glycerol bacteria at room tempera-
ture, a certain amount of bacterial solution was diluted
and subjected to blue-white screening. Two blue single
clones and two white single clones were selected from
each of L1-5, totaling 20 single clones. Each single clone
was then placed in 10 ml of L medium for liquid culture
at 37 °C and 220 rpm for 24 h to achieve a similar physi-
ological state. After 24 h, the OD values of these 20 sub-
populations were measured three times. Based on the
OD values and following a blue: white ratio of 10 : 1 and
1 : 10, two blues and two whites from the same experi-
mental population were paired into competition pairs,
resulting in a total of 20 pairs. The paired blue-white
bacterial solutions were mixed and prepared as 100 pl
bacterial solutions added to 9.9 ml of L medium in 50 ml
plastic tubes. Immediately after mixing, bacterial solu-
tions were diluted and plated (3 plates per competition
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pair), totaling 60 plates. After incubation at 37 °C for
24 h, blue-white screening was performed to count the
number of blue and white colonies, calculating the den-
sity of blue-white colonies before competition. After 24 h
of competition, the same method was used to calculate
the density of blue-white colonies after competition.
Based on the densities of blue and white colonies before
and after competition, the selection rate constant "ij was
calculated, which is given by

~ I [N;(1)/N;(0)] = In [N;(1)/N;(0)]

" 1 day

where N;(0) and N;(0) are the initial densities of
lac+and lac-, respectively, and IV; (1) and N; (1) are their
densities after 24 h [31, 32].

Fitness assay in G culture medium

We conducted an analysis of relative fitness differences
between lac- and lac+in G medium. Since no lac+ (blue
clones) were found in the G-populations during the
25-day experimental evolution period, we compared the
relative fitness differences between lac- in the G-pop-
ulations and lac+from the L-populations. Blue-white
screening was performed on the frozen glycerol bacte-
ria from the G and L-populations on the 25th day. Two
white single clones were selected from each of the five
G-populations, and two blue single clones were selected
from each L-population, resulting in a total of 20 single
clones. These clones were individually placed in 10 ml of
G medium and cultured at 37 °C and 220 rpm for 24 h
to achieve similar physiological states. After 24 h, the
OD values of these 20 subpopulations were measured
three times each. We adjusted the OD values to set the
blue-white colony ratio of the competitive pairs at 10 : 1
and 1 : 10. We paired 10 lac- and 10 lac+into 10 com-
petition pairs, totaling 20 pairs. Each competition pair
was mixed and prepared as 100 pl of bacterial solution
added to 9.9 ml of fresh G medium in 50 ml plastic tubes.
The tubes were then cultured at 37 °C and 220 rpm for
24 h. Immediately after mixing, bacterial solutions were
diluted and plated (3 plates per competition pair), fol-
lowed by incubation at 37 °C for 24 h and subsequent
blue-white screening to count the number of blue and
white colonies for density calculation. After 24 h of com-
petition, the density of blue and white colonies was calcu-
lated using the same method. The selection rate constant,
r;, was calculated in the same manner as described above,
with N; and N, representing lac- and lac+, respectively.

Competitive exclusion experiment

To investigate competitive exclusion effect, we con-
ducted competition experiments between lac- and
lac+under varied experimental conditions. From each
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of the 5 L-populations, two white clones (lac-) and two
blue clones (lac+) were selected, resulting in a total of
10 white clones and 10 blue clones. Among these, sam-
ples preserved in glycerol on the 15th day were chosen
for L1 and L4, while samples preserved on the 10th day
were selected for L2, L3, and L5 for the experiment.
These 20 clones were cultured in L medium at 37 °C and
220 rpm for 24 h. Subsequently, two blue and two white
clones from the same population were paired to create 10
competition pairs (10 replicates). In each pair, lac- and
lac+were mixed in a 1 : 1 ratio (50 ul : 50 pl) by volume,
generating 4 parallel subpopulations for each competi-
tion pair, totaling 40 subpopulations. These four sets
were then subjected to competition experiments under
four distinct conditions.

The first group (Group C) was cultured under the same
conditions as the experimental evolution culture con-
ditions used in this study, with each competition pair
placed in 10 ml of L medium at 37 °C and 220 rpm for
shaking incubation. The second group (Group J) had
similar conditions to Group C, except that the cultures
were kept stationary. The third group (Group L) main-
tained the same conditions as Group C, except that the
amount of sodium acetate was reduced from 10 gto 1 g.
The fourth group had conditions akin to Group C, but
with the mass of other nutrients tripled while keeping
the masses of sodium acetate and lactose constant. The
final culture volume was increased from 10 ml to 30 ml,
with shaking incubation at 37 °C and 220 rpm. Every 24 h
for each of these four experimental groups, 100 pl of the
culture was sampled and transferred into fresh medium
(9.9 ml for Groups C, J, L, and 29.9 ml for Group H) for
subsequent generations. For the 40 experimental sub-
populations, samples were taken before competition and
every 24 h thereafter, and subjected to blue-white screen-
ing to count the number of blue and white colonies until
no white colonies appeared on two consecutive plating
rounds.

Carbon source consumption measurement

We evaluated the consumption of carbon sources by lac-
and lac+in L and G media. The frozen glycerol bacteria
from the 15th day were used for the experiment. Through
blue-white screening, we selected one blue clone (L3-B)
and one white clone (L3-W) from the L3 population, and
one white clone (G3-W) from the G3 population, making
a total of three single clones for the experiment. Initially,
these three single clones were cultured overnight in LB
liquid medium. The next day, 0.1 ml of overnight cultures
of L3-W and L3-B were each added to 9.9 ml of fresh L
medium for cultivation, while 0.1 ml of overnight cul-
tures of L3-B and G3-W were added to 9.9 ml of fresh G
medium for cultivation, resulting in a total of four experi-
mental populations cultured for 24 h. On the third day,
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bacterial cultures from these four experimental popula-
tions were streaked, single clones were picked again, and
placed in their respective 10 ml fresh culture medium
for another 24 h of cultivation. This 48-hour physiologi-
cal conditioning ensured that lac- and lac+reached simi-
lar physiological states in their respective culture media.
For the formal experiment, after the 48-hour condition-
ing period, 100 pl of bacterial culture from each of the
four experimental populations was added to the corre-
sponding 9.9 ml culture medium, with five replicates for
each population, and cultivated at 37 °C and 220 rpm for
24 h. At intervals of 3, 6, 9, 12, and 24 h, we alternated in
extracting 1 ml samples from one of the five replicates,
stored at -20 °C, and sent for liquid chromatography
detection the following day. To ensure result reliability,
PCR amplification sequencing was conducted on the
three single clone bacterial cultures used in this experi-
ment before starting to confirm a 212 bp deletion, vali-
dating the intended strains for the study. Additionally, to
prevent potential cross-contamination between lac+and
lac-, blue-white screening tests were carried out on the
bacterial cultures before and after the 24-hour experi-
ment to verify the absence of any cross-contamination
among the four experimental populations. No mixed
contamination was found among the total of 6483 colo-
nies observed, eliminating the possibility of cross-con-
tamination and evolutionary shift from lac- to lac+.

For the measurement of acetate content, detection was
carried out using a high-performance liquid chromatog-
raphy system (Agilent 1200) with a Welch Ultimate AQ
C18 column (5 pm, 250 mm X 4.6 mm). The samples
were diluted 50 times with pure water and directly tested
on the machine. The mobile phase used was potassium
dihydrogen phosphate: methanol=99 : 1, with a column
temperature of 40 °C, flow rate of 0.5 ml/min, detection
wavelength of 210 nm, and an injection volume of 10 pl.

For the measurement of lactose and glucose, detection
was performed using a high-performance liquid chroma-
tography system (Agilent 1200) equipped with a differ-
ential refractive index detector and an Agilent ZORBAX
NH2 column (5 pm, 250 mm x 4.6 mm). The sample solu-
tion was diluted 20 times with pure water and directly
tested on the machine. The mobile phase used was water:
acetonitrile=30 : 70, with a column temperature of 40 °C,
flow rate of 1 ml/min, and an injection volume of 20 pl.

Growth curve measurement

We measured the growth of lac- and lac+in L medium.
One white clone (lac-) and one blue clone (lac+) were
selected from each of the five L-populations, resulting in
a total of 5 white clones and 5 blue clones for the experi-
ment. For populations L1 and L4, frozen glycerol bacteria
saved on the 15th day were chosen, while for populations
L2, L3, and L5, frozen glycerol bacteria saved on the 10th
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day were used. The 10 clones were each cultured with
shaking at 37 °C and 220 rpm in L medium for 24 h to
achieve a similar physiological state. The OD values of
these 10 clone cultures were measured three times each,
and based on the OD values, the initial OD values of the
10 clone cultures were adjusted to be the same. Subse-
quently, 350 pl of bacterial culture was taken from each of
the 10 clone cultures and added to 10 tubes of L medium,
making up to 35 ml, and then incubated with shaking at
37 °C and 220 rpm for 24 h. Every 2 h, 1 ml was trans-
ferred from each tube to a sterile 1.5 ml centrifuge tube
and stored in a refrigerator at 4 °C. Once all samples
were collected, the OD600 of each sample was measured
sequentially using a UV-visible spectrophotometer (Shi-
madzu UV-1240) in triplicate, with consistent results for
each measurement.

Statistical analyses

We conducted data analysis using the R statistical soft-
ware. We employed a one-sample t-test to examine the
two-tailed probability of potential deviation of the selec-
tion rate constant (r;) from the null hypothesis that the
selection rate constant is zero, indicating equal fitness
for lac+and lac-. For the growth rate analysis of lac- and
lac+in L medium, as well as the competition experiment
results of lac- and lac+under four different conditions,
we utilized repeated measures ANOVA to assess the sta-
tistical significance of corresponding variables at various
time points. Prior to the analysis, we performed a nor-
mality test on the samples, which indicated a normal or
near-normal distribution for all cases. Furthermore, the
homogeneity of variance test (p>0.05) was conducted,
and pairwise comparisons were adjusted using the Holm
method for p values.
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