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Abstract 
How does niche expansion occur when the habitual (high-productivity) and marginal (low-productivity) niches are simultaneously available? 
Without spatial structuring, such conditions should impose fitness maintenance in the former while adapting to the latter. Hence, adaptation 
to a given marginal niche should be influenced by the identity of the simultaneously available habitual niche. This hypothesis remains untested. 
Similarly, it is unknown if larger populations, which can access greater variation and undergo more efficient selection, are generally better at 
niche expansion. We tested these hypotheses using a large-scale evolution experiment with Escherichia coli. While we observed widespread 
niche expansion, larger populations consistently adapted to a greater extent to both marginal and habitual niches. Owing to diverse selec-
tion pressures in different habitual niches (constant vs. fluctuating environments; environmental fluctuations varying in both predictability and 
speed), fitness in habitual niches was significantly shaped by their identities. Surprisingly, despite this diversity in habitual selection pressures, 
adaptation to the marginal niche was unconstrained by the habitual niche’s identity. We show that in terms of fitness, two negatively correlated 
habitual niches can still have positive correlations with the marginal niche. This allows the marginal niche to dilute fitness trade-offs across habit-
ual niches, thereby allowing costless niche expansion. Our results provide fundamental insights into the sympatric niche expansion.
Keywords: niche expansion, marginal environment, trade-off dilution, fluctuating environments, fluctuation predictability, fluctuation speed

Introduction
Marginal niches, where most individuals of the species under 
consideration have initially poor survival and reproduction, 
are critical sources of ecological opportunities for evolution-
ary changes (Kawecki, 2008). Adaptation to such niches can 
lead to significant changes in the species’ ecological capa-
bilities, ultimately reshaping the set of conditions that sup-
port its growth and reproduction, also known as the niche 
width (Holt & Gaines, 1992; Hutchinson, 1961). Adaptation 
to marginal niches has been conventionally studied in mac-
roscopic organisms near the physical boundaries of species 
ranges (Hoffmann & Blows, 1994), making dispersal dynam-
ics a vital determinant of this phenomenon (Kawecki, 2000; 
Lenormand, 2002). However, marginal niche adaptation 
remains understudied in sympatric ecological scenarios where 
spatial constraints are absent and the habitual niche is simul-
taneously available. Addressing this gap, here we investigate 
how various population genetic and ecological factors inter-
act to shape bacterial adaptation to a new marginal niche in 
the presence of various habitual niches.

Imagine that a marginal niche becomes available to an 
asexual bacterial population in a habitat that simultane-
ously offers access to the habitual niche. For example, this 
can occur if a bacteriophage simultaneously encounters two 

bacterial hosts in its environment: one, habitual and the other, 
novel (Bono et al., 2013, 2015; Duffy et al., 2006). Moreover, 
the mammalian gut can be a representative of such an envi-
ronment (Scanlan, 2019). The nutrient niche theory states 
that ecological niches in the gut are defined and delimited by 
the available nutrients (Freter et al., 1983; Pereira & Berry, 
2017). A change in the host’s diet can make a novel low- 
productivity carbon source (the marginal niche) available to 
the bacteria in addition to the habitual niche comprising high- 
productivity carbon source(s) (Payne et al., 2012; Phillips, 
2009). Moreover, this notion of nutrient niches has also been 
used in evolution experiments with bacteria (Jasmin & Kassen, 
2007). Owing to the marginal niche’s low-productivity, bacte-
rial growth will be largely dependent on the high-productivity  
habitual niche until there is sufficient adaptation to the mar-
ginal carbon source. The first step toward such an adapta-
tion will be the appearance of a mutation that increases the 
usability of the marginal carbon source. Such a mutation will 
then need to survive genetic drift before it comes under the 
purview of selection (Sniegowski & Gerrish, 2010). The per 
generation rate at which mutations with a beneficial effect 
size s survive drift is NU

bs, where N is the population size and 
Ub is the rate of beneficial mutations (Desai & Fisher, 2007; 
Desai et al., 2007). Moreover, apart from having better access 
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to rare large-effect beneficial mutations, larger populations 
also show greater efficiency of natural selection (Chavhan et 
al., 2019; Desai & Fisher, 2007; Neher, 2013). This leads to 
our first hypothesis that the larger populations should show 
greater adaptation to the marginal niche.

Under sympatric conditions, the selection coefficient s in the 
expression NUbs is influenced by the simultaneous presence 
of the habitual (high-productivity) and the marginal (low- 
productivity) niches. Given the differences in productivi-
ties across the habitual and marginal niches, mutations that 
increase fitness in the marginal niche would have a greater 
chance of surviving drift if they were not too deleterious in the 
habitual niche. In other words, mutations that are beneficial 
in the marginal niche are more likely to succeed if they do 
not show antagonistic pleiotropic effects in the habitual niche. 
Thus, maintaining fitness in the sympatric habitual niche 
should be a strong constraint while adapting to the marginal 
niche. An extension of Fisher’s geometric model (FGM) that 
includes multiple fitness optima (Martin & Lenormand, 2015) 
can act as a useful theoretical framework for understanding 
marginal niche adaptation in the presence of a sympatric habit-
ual niche. In this model, the distance of the ancestral genotype 
from the fitness optimum in a given condition scales inversely 
with the ancestral fitness in that condition. Moreover, adapta-
tion to a given condition brings the evolved genotype closer to 
the fitness optimum in that condition. By definition, the dis-
tance between the ancestral genotype and the marginal niche 
optimum would be greater than that between the ancestral 
genotype and any given habitual niche optimum (Figure 1). 
At one extreme, if the ancestral genotype falls between the 
two optima, marginal niche adaptation is expected to lead to a 
concomitant habitual niche maladaptation (Figure 1A). In this 
case, fitness maintenance in the habitual niche should strongly 
constrain marginal niche adaptation. Alternatively, if the 
ancestral genotype is not present between the marginal and 
habitual niche optima, adaptation to the marginal niche can 
be achieved without concomitant loss of fitness in the habitual 
niche (Figure 1C). At the other extreme, the habitual niche 
optimum can be situated between the ancestral genotype and 
the marginal niche optimum; in this case, adaptation to the 
marginal niche is expected to show a high positive correlation 
with habitual niche adaptation (Figure 1D). Thus, how the 
ancestral genotype will adapt to a marginal niche under con-
sideration will be determined by the location of the habitual 
niche optimum, and the latter would depend on the identity 
of the habitual niche. This leads to our second hypothesis that 
adaptation to the marginal niche should be influenced by the 
habitual niche’s identity.

A comprehensive test of hypothesis 2 should include a large 
variety of habitual niches that can present diverse selection 
pressures. This is particularly important because the demand 
to maintain fitness can be considerably different in cases 
where the habitual niche applies a single constant selection 
pressure vs. cases where it imposes multiple dynamically fluc-
tuating selection pressures. Whereas fluctuations in selection 
pressures make fitness trade-offs instrumental in shaping evo-
lution, the constant application of a single selection pressure 
makes evolution oblivious to such trade-offs (Bono et al., 
2017; Kassen, 2002). Thus, the constraint to maintain fitness 
in the habitual niche should be very different if the habitual 
niche presented constant vs. fluctuating selection pressure(s). 
On the one hand, an extension of FGM to understand mar-
ginal niche adaptation will require two fitness optima (one 
marginal and the other habitual) if the habitual niche presents 

a single unchanging selection pressure. On the other hand, 
several more fitness optima (and the trade-offs between them) 
will need to be incorporated into the extended FGM if the 
habitual niche fluctuates over multiple selection pressures.

Previous experiments have shown that the speed of selec-
tion pressure fluctuation can significantly influence both 
fitness correlations across different component selection 
pressures and the underlying genetic architecture (Boyer et 
al., 2021; Salignon et al., 2018). Moreover, both theoretical 
(Tagkopoulos et al., 2008) and empirical studies (Boyer et al., 
2021; Dhar et al., 2013; Hughes et al., 2007; Karve et al., 
2018; Mitchell et al., 2009) suggest that the predictability of 
environmental fluctuations can be important determinants 
of evolutionary outcomes. Adding a further layer of nuance, 
adaptation to the marginal niche can also be influenced by the 
interactions of the above ecological factors with each other 
and with the population size. Indeed, a recent study shows that 
the relative significance of fitness trade-offs under constant 
vs. fluctuating selection pressures depends on the population 
size (Chavhan et al., 2021). To the best of our knowledge, 
the effects of the various ecological factors described earlier 
(in combination with the population size) and their interac-
tions on adaptation to marginal niches remain uninvestigated 
experimentally.

We conducted experimental evolution with Escherichia 
coli at two population sizes in several constant and fluctu-
ating environments to determine the population genetic and 
ecological determinants of the adaptation to a marginal niche 
under sympatric availability of habitual niches. We also inves-
tigated if and how population size interacted with the habitual  
niche’s identity to shape fitness in high-productivity habit-
ual niches. We further determined if fitness in fluctuating  
habitual niches is shaped by the interactions of population 
size and the speed and predictability of environmental fluctua-
tions. To our knowledge, such three-way interactions have not 
been put to experimental tests yet. We found that larger popu-
lations gained higher fitness in marginal niche regardless of the 
habitual niche’s identity. Surprisingly, despite the differences 
in the constant and fluctuating selection pressures applied by 
the various habitual niches across our treatments, adaptation 
to the marginal niche was not influenced by the identity and 
stability of the sympatric habitual niche(s). Moreover, larger 
populations consistently gained greater fitness in both con-
stant and fluctuating habitual niches.

In contrast to marginal niche adaptation, fitness in con-
stant habitual niches was significantly influenced by the 
habitual niches’ identities. Moreover, neither the speed nor 
the predictability of environmental fluctuations significantly 
influenced adaptation to the fluctuating habitual niches. We 
found that two negatively correlated habitual niches can still 
exhibit positive fitness correlations with the marginal niche. 
Incorporating this within an extension of FGM accounted 
for our observations across both the habitual and marginal 
niches in both constant and fluctuating environments at mul-
tiple population sizes. Our results elucidate the substantial 
evolutionary potential for rapid and costless expansion of 
bacterial niche width in the face of a new sympatric ecological 
opportunity, even at low mutational supply rates.

Materials and methods
Experimental evolution
We founded E. coli MG1655 populations from a single com-
mon ancestral clone and cultured them in eight different 
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Figure 1. The rationale behind the design of our evolution experiment. (A) When the ancestral genotype is situated between the marginal and habitual 
fitness peaks, adaptation to the former will likely lead to a concomitant maladaptation in the latter. (B) If both the marginal niche peak and the habitual 
niche peak are on the same side of the ancestral genotype but the three are not colinear, adaptation to the marginal niche should lead to a relatively 
weaker adaptation to the habitual niche (the small green arrow). The gray arrow depicts an adaptation to the marginal niche that is neutral in the habitual 
niche. (C) If both the marginal niche peak and the habitual niche peak are on different sides of the ancestral genotype but the three are not colinear, 
adaptation to the marginal niche should lead to maladaptation to the habitual niche, albeit such maladaptation should be weaker than in case of case 
“a” (red arrow). (D) When the habitual niche is situated between the marginal fitness peak and the ancestral genotype, adaptation to the marginal 
niche should lead to a concomitant adaptation to the habitual niche. (E) A schematic representation of our experimental design: There were 16 distinct 
environmental regimens (populations derived from a common ancestor evolved in eight different environmental conditions at two different population 
sizes). In all the eight environmental conditions, the marginal niche (Acetate) was always present in addition to the habitual niche, which had distinct 
attributes in different environments. See the text for details.
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environmental conditions at two distinct population sizes 
(Figure 1; see Supplementary Appendix S1 for detailed infor-
mation about the ancestral strain and culture media). All eight 
environments offered Acetate as the low-productivity carbon 
source that constituted the marginal niche. Out of the eight 
environments, four offered a single distinct high-productivity 
carbon source (constant habitual niche) for bacterial growth 
(one of thymidine [Thy], galactose [Gal], sorbitol [Sor], or 
arabinose [Ara]). In the other four environments, the habit-
ual niche (high-productivity carbon source) fluctuated over 
time in all combinations of predictable vs. unpredictable and 
fast (switching every ~13.3 generations) vs. slow (switching 
every ~40 generations) fluctuations. We designated these fluc-
tuations in the habitual niche as predictable and fast (PF), 
predictable and slow (PS), unpredictable and fast (UF), and 
unpredictable and slow (US). Taken together, a combination 
of two different population sizes and eight different environ-
ments gave rise to 16 separate evolutionary regimens (Thy-
L, Thy-S, Gal-L, Gal-S, Sor-L, Sor-S, Ara-L, Ara-S, PFL, PFS, 
PSL, PSS, UFL, UFS, USL, and USS; here L and S refer to 
large and small population sizes, respectively; Figure 1). We 
chose Acetate as the marginal carbon source because it could 
only support severely restricted growth as compared to the 
substantial growth supported by Ara, Gal, Sor, or Thy (the 
habitual carbon sources; see Supplementary Figure S1). We 
included Gal and Thy as the habitual carbon sources because 
E. coli showed strong reciprocal fitness trade-offs across Gal 
and Thy in an earlier study (Chavhan et al., 2020), which 
suggests that maintaining fitness in Gal vs. Thy as the habitual 
carbon sources should impose contrasting selection pressures.

We note that the categorization of the five carbon sources 
used here into marginal and habitual niches is based on 
the differences in the absolute ancestral fitness in them 
(Supplementary Figures S1 and S3). We also add that fast 
evolving microbes like E. coli can show significant and rapid 
fitness gains in the habitual carbon sources. For example, 
E. coli showed sustained fitness gains over >50,000 genera-
tions on its most preferred carbon source (glucose, a sugar 
whose uptake involves the phosphotransferase system [PTS]) 
in Richard Lenski’s long-term evolution experiment (Wiser 
et al., 2013). Our experiment only concerns non-PTS car-
bon sources (four habitual and one marginal). These carbon 
sources are less preferred by E. coli as compared to glucose 
and can thus also allow rapid fitness gains/losses. At the 
beginning of each growth phase, the environment of each fit-
ness regimen contained equal quantities (in terms of weight 
per unit volume) of both the habitual and the marginal car-
bon source.

We propagated six independently evolving biological rep-
licates of each regimen, making a total of 96 independently 
evolving experimental populations. All the populations were 
allowed to evolve for ~480 generations in 96-well plates at 
a culture volume of 300 µl incubated at 37 °C while being 
shaken continuously at 150 rpm. We followed the standard 
methodology for growing microbial populations of different 
sizes at identical culture volumes (Desai et al., 2007; Raynes 
et al., 2014; Vogwill et al., 2016). The large (L) populations 
underwent a 1:10 periodic bottleneck for every 12 hr. The ten-
fold growth between successive bottlenecks corresponded to 
~3.3 generations. In contrast, the small (S) populations were 
bottlenecked 1:104 for every 48 hr. The 10,000-fold growth 
between successive bottlenecks in these populations corre-
sponded to ~13.3 generations. This bottlenecking protocol 

ensured that for a given environmental regimen, both the 
large and the small populations spent similar durations in the 
stationary phase. We also ensured that the starting concentra-
tion and composition of the liquid media were identical for 
the small and the large populations.

Fitness measurement
At the end of the experiment, we measured the fitness of each 
of the 96 independently evolving populations in five differ-
ent environments (where the sole carbon source was one of 
Acetate, Thy, Gal, Sor, or Ara). To this end, we first revived 
samples derived from the endpoint cryo-stocks by allowing 
them to grow a hundredfold in a glucose-based M9 minimal 
medium. We then grew all the 96 revived populations in each 
of the five environments and measured their optical density 
at 600 nm for every 20 min using an automated well-plate 
reader (Synergy HT, BIOTEK Winooski, VT, USA). The physi-
cal conditions during the growth measurement were identical 
to those during the evolution experiment. As a single 96-well 
plate was insufficient for all the fitness assays, we used a ran-
domized complete block design (RCBD) and assayed one 
replicate of each of the 16 regimens in each environment on 
a given day (Milliken & Johnson, 2009). We used the max-
imum slope of the growth curves, calculated over a moving 
window of 10 readings, as the measure of fitness (Chavhan et 
al., 2021; Karve et al., 2015; Leiby & Marx, 2014).

Statistical analysis
We determined if our experimental populations had adapted 
or maladapted significantly to their habitual and marginal 
niches. To this end, we used single-sample t-test against the 
ancestral fitness (scaled to 1 in each of the five assay environ-
ments). This statistical approach has been widely used in bac-
terial experimental evolution where a single ancestral clone 
founds all the evolving populations (Bennett & Lenski, 1996; 
Buckling et al., 2007; Dillon et al., 2016; Kassen, 2014). Since 
the ancestor is a single clone, its fitness measures are highly 
reproducible and show negligible variation, making it a suit-
able benchmark for single sample t-tests. Indeed, the ancestral 
fitness showed almost no variation in replicated measurements 
in our experiments (Supplementary Figure S2). We corrected 
for family-wise error rates using the Holm–Šidàk procedure, 
categorizing fitness >1 (corrected p < .05) as adaptations and 
cases with fitness <1 (corrected p < .05) as maladaptations. 
For the eight regimens with fluctuating habitual niches, we 
used the geometric means of the fitness values in Thy, Gal, Sor, 
and Ara (the habitual niche components) and compared them 
to the ancestral value (=1) using single sample t-tests followed 
by Holm–Šidàk correction.

To investigate the effects of population size and the habit-
ual niche’s identity on fitness in the marginal niche, we used 
a mixed model ANOVA (RCBD) with “population size” (two 
levels: L and S) and “habitual niche” (eight levels: Ara, Gal, 
Sor, Thy, PF, PS, UF, and US) as fixed factors crossed with 
each other and “day of assay” as the random factor. We also 
used partial η2 as the measure of effect size (Cohen, 1988), 
where small, medium, and large effects were identified with 
partial η2 < 0.06, 0.06 < partial η2 < 0.14, and 0.14 < partial 
η2, respectively.

We used a similar mixed model ANOVA (RCBD) to analyze 
how population size and the identity of the constant habitual 
niche shaped fitness in the latter. Specifically, we treated “pop-
ulation size” (two levels: L and S) and “constant habitual niche 

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad212/7457024 by U

m
ea universitet user on 19 D

ecem
ber 2023

http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data


Evolution (2023), Vol. XX 5

identity” (four levels: Thy, Gal, Ara, and Sor) as fixed factors 
crossed with each other and “day of assay” as the random factor.

Analogously, to analyze how population size and the fluc-
tuating niche’s identity shaped fitness in the latter, we con-
ducted a mixed model ANOVA (RCBD) on geometric mean 
fitness values over the four component environments of the 
fluctuating habitual niche. Here we treated “population size” 
(two levels: L and S), “fluctuation predictability” (two levels: 
predictable and unpredictable), and “fluctuation speed” (two 
levels: fast and slow) as fixed factors crossed with each other 
and “day of assay” as the random factor.

Results
Adaptation to the marginal niche was shaped by 
the population size, not by the habitual niche’s 
identity or stability
Our evolution experiment resulted in widespread adaptation 
to exploit the marginal ecological opportunity presented by 

Acetate. Specifically, 15/16 regimens underwent significant 
adaptation to Acetate during the ~480 generations of evo-
lution (Figure 2; see Supplementary Table S1 for statistical 
details). For the regimens with constant habitual niches, we 
measured the fitness values in the following carbon sources: 
Ara (for Ara-L and Ara-S); Gal (for Gal-Land Gal-S); Sor (for 
Sor-L and Sor-S); and Thy (for Thy-L and Thy-S). In contrast, 
for the fluctuating regimens (PFL, PFS, PSL, PSS, UFL, UFS, 
USL, and USS) fitness in the habitual niche was measured as 
the geometric mean fitness across Ara, Gal, Sor, and Thy. We 
found that while 15/16 of these regimens avoided maladap-
tation to their respective habitual niches, 12 of them also 
showed significant habitual niche adaptation (Supplementary 
Tables S2 and S3). In other words, in terms of fitness in the 
habitual niche, 12/16 regimens showed adaptation, 3/16 regi-
mens showed no significant difference, and 1/16 showed mal-
adaptation. Next, we determined the population genetic and 
ecological factors that could explain the extent of adaptation 
to the marginal niche.

Figure 2. Fitness in the marginal niche after ~480 generations. (A) Larger populations had significantly better fitness in the marginal niche than smaller 
populations. (B) The habitual niche’s identity did not significantly influence fitness in the marginal niche. The colored plots correspond to regimens 
with a constant habitual niche, black and white plots correspond to regimens with a fluctuating habitual niche. L and S represent large and small 
populations, respectively. In both the plots, the lower and upper hinges of boxes show the 25% and 75% quantiles, respectively. The horizontal line 
within boxes represents the median. The whiskers denote the two extremes within the data that are less than or equal to 1.5 times the length of the 
box, extending away from the box. While the larger populations adapted more to the marginal niche, surprisingly, such adaptation was unconstrained by 
the composition of the habitual niche.
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We found that the population size had a significant effect 
on fitness in the marginal niche (mixed model ANOVA: popu-
lation size [fixed effect] F1,75 = 6.62; p = .01; partial η2 = 0.081 
[medium effect]). Specifically, larger populations gained 
higher fitness in Acetate (Figure 2A). This aligns with our first 
hypothesis that the larger populations should show greater 
adaptation to the marginal niche.

The identity of the habitual niche (constant [Ara, Gal, Sor, 
or Thy] or fluctuating [PF, PS, UF, and US]) did not have a sig-
nificant effect on fitness in the marginal niche (mixed model 
ANOVA: habitual niche identity [fixed effect] F7,75 = 0.96; 
p = .46) (Figure 2B). Moreover, we did not find any significant 
statistical interaction of population size and the habitual niche 
identity in shaping the fitness in the marginal niche (F7,75 = 0.20; 
p = .98). Both these observations contradict our second hypoth-
esis that the adaptation to the marginal niche should be influ-
enced by the habitual niche’s identity. Taken together, we found 
that population size shaped marginal niche adaptation uncon-
strained by the identity of the sympatric habitual niche.

Before presenting a population genetic explanation of this 
unexpected pattern of niche expansion and discussing its 
implications, we describe the fitness changes in the habitual 
niches of our experimental regimens. Since the constant habit-
ual niches in our study were qualitatively different from the 
fluctuating habitual niches, we conducted separate analyses of 
the drivers of adaptation in them.

Fitness gains in constant habitual niches were 
shaped by their identities and the population size
We found that larger populations tended to have signifi-
cantly greater fitness in their constant habitual niches (mixed 
model ANOVA: population size [fixed effect] F1,35 = 8.099; 
p = .007; partial η2 = 0.188 [large effect]) (Figure 3). We 
had shown earlier that the habitual niche identities had no 
effect on fitness in the marginal niche (Figure 2B). In con-
trast, the identities of the habitual niches significantly affected 
fitness changes in them (mixed model ANOVA: identity of 

the constant habitual niche [fixed effect] F3,35 = 136.08; 
p < 10−5; partial η2 = 0.921 [large effect]) (Figure 3). There 
was no statistically significant interaction of population size 
and constant habitual niche’s identity in influencing fitness 
in the habitual niche (F3,35 = 1.532; p = .223). Specifically, the 
extent of adaptation to habitual niches showed the follow-
ing trend: Thy > Gal > Ara ≈ Sor (based on post hoc test using 
Tukey’s HSD) (Figure 3; Supplementary Table S2). We also 
found that absolute ancestral fitness in habitual niches had 
an inverse trend relative to the extent of adaptation in them 
(Supplementary Figure S3).

Adaptation to the fluctuating habitual niche was 
not affected by the predictability or speed of 
fluctuations
Analogous to the observation in the constant habitual niches 
(Figure 3), larger populations gained significantly higher fitness 
in their fluctuating habitual niches (Figure 4). Specifically, we 
found that larger populations gained greater geometric mean 
fitness across Ara, Gal, Sor, and Thy (mixed model ANOVA: 
F1,35 = 104.43; p = 4.792 × 10−12). Moreover, the predictabil-
ity (F1,35 = 0.003; p = .954) and speed (F1,35 = 0.526; p = .473) 
of fluctuations failed to significantly shape fitness changes in 
the fluctuating habitual niche (Figure 4). This trend was so 
unambiguously evident that neither the three possible two-
way interactions nor the three-way interaction between the 
three fixed effects were significant: population size × pre-
dictability (F1,35 = 1.191; p = .283); population size × speed 
(F1,35 = 0.409; p = .527); predictability × speed (F1,35 = 0.230; 
p = .635); and population size × predictability × speed 
(F1,35 = 4.9 × 10−4; p = .983).

Two negatively correlated habitual niches can 
each show positive fitness correlations with the 
marginal niche
A previous study had shown that Gal and Thy show nega-
tive fitness correlations in E. coli (Chavhan et al., 2020). 

Figure 3. Fitness in the constant habitual niche after ~480 generations. All data points show fitness values relative to the ancestor. L and S represent 
large and small populations, respectively. The box and whisker notations are similar to those in Figure 2. Overall, fitness in the constant habitual niches 
was influenced significantly by the population size and the constant habitual niche’s identity. However, the effects of either of these factors were not 
contingent on the other.
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Agreeing with this notion, we also found a strong negative 
Gal-Thy fitness correlation in regimens with either Gal or Thy 
in their constant habitual niche (Figure 5A; Gal-Thy fitness 
correlation calculated over Gal-L, Gal-S, Thy-L, and Thy-S: 
Pearson’s r = −0.924; p = 6.021 × 10−11). Thus, the presence 
of the ever-present marginal niche (Acetate) could not pre-
vent the realization of such negative Gal-Thy fitness correla-
tions. Moreover, over these four regimens, the marginal niche 
(Acetate) did not show any significant fitness correlation with 
either of the habitual niches (Gal for Gal-L and Gal-S; Thy for 
Thy-L and Thy-S; Figure 5B and C). Specifically, over the four 
regimens, we did not find any Acetate-Gal correlation (the 
gray shaded region and dashed line in Figure 5B: Pearson’s 
r = 0.021; p = .461). Analogously, over these four regimens, 
there was no Acetate-Thy correlation (the gray shaded region 
and dashed line in Figure 5C: Pearson’s r = 0.118; p = .290).

Notwithstanding the lack of an Acetate-Gal correlation 
over Gal-L, Gal-S, Thy-L, and Thy-S described earlier, we 
found that the regimens with Gal as their constant habit-
ual niche (Gal-L and Gal-S) showed a significant positive 
Acetate-Gal correlation (Pearson’s r = 0.573; p = .026; the 
pink shaded region and solid line in Figure 5B). Furthermore, 
there was no significant Acetate-Gal correlation over Thy-L 
and Thy-S (p = .108).

Similarly, despite the lack of an Acetate-Thy correlation 
over Gal-L, Gal-S, Thy-L, and Thy-S described earlier, the 
regimens with Thy as their constant habitual niche (Thy-L 
and Thy-S) showed a significant positive Acetate-Thy cor-
relation (Pearson’s r = 0.670; p = .009; the blue shaded 
region and solid line in Figure 5C). Moreover, we found no 
significant Acetate-Thy correlation over Gal-L and Gal-S 
(p = .850).

Taken together, the two negatively correlated habitual 
niches (Gal and Thy) do not show an overall fitness correla-
tion with the marginal niche (Acetate). However, regimens 
with one of these constant habitual niches can still exhibit a 
positive correlation between Acetate and their habitual niche 
(Acetate-Gal for Gal-L and Gal-S; Acetate-Thy for Thy-L 
and Thy-S). This way, two negatively correlated habitual 
niches can individually exhibit a positive correlation with the 
ever-present marginal niche.

Having demonstrated widespread adaptation to a newly 
available marginal niche shaped by the population size but 
unconstrained by the composition of the sympatric habitual 
niche, we turn to the ecological and population genetic expla-
nations of the observed fitness trends.

Discussion
The rapid adaptation to a new, low-productivity (marginal) 
niche observed in our study reveals a potential for wide-
spread bacterial niche expansion in the face of novel ecolog-
ical opportunities. Such rampant adaptation to the marginal 
niche aligns with the “rule of declining adaptability” (Couce 
& Tenaillon, 2015). Specifically, this rule predicts that our 
experimental populations should adapt much more to Acetate 
than the habitual carbon sources, in which the ancestral gen-
otype had a relatively greater absolute fitness (Supplementary 
Figure S1). In other words, the fitness gains in the marginal 
niche should be much greater than fitness changes in the 
habitual niches. Our observations match this general expecta-
tion (Supplementary Figure S3; also compare Figure 2B with 
Figure 3, noting the difference of the scale on the Y-axis).

We found that the extent of marginal niche adaptation 
was consistently greater in larger populations (Figure 2). 
This observation can be explained by the relatively greater 
supply of variation and better efficiency of natural selection 
in larger populations (Chavhan et al., 2019, 2020; Desai & 
Fisher, 2007; Desai et al., 2007). Moreover, the larger pop-
ulations showed a relatively lower variation in fitness than 
the smaller populations (Figures 2A, 3, and 4). This observa-
tion aligns with the theoretical prediction that the stochas-
tic effects of drift would be weaker in larger populations, 
which would lead to more repeatable fitness changes in 
them (Chavhan et al., 2019; Sniegowski & Gerrish, 2010). 
Although contrasting habitual niches could have led to dif-
ferent population sizes at saturation (N

f), we note that the 
pairwise difference in Nf was never greater than an order of 
magnitude across the four habitual niches (Supplementary 
Figure S1). As pointed out by Chavhan et al. (2019), Nf has a 
much weaker influence on the dynamics of adaptation than 
the periodic bottleneck ratio. Moreover, differences in Nf 

Figure 4. Fitness in the fluctuating habitual niche after ~480 generations. All data points show geometric mean fitness values relative to the ancestor. 
L and S represent large and small populations, respectively. The box and whisker notations are similar to those in Figure 2. The fitness in fluctuating 
habitual niches was significantly shaped by the population sizes but not by either the predictability or the speed of habitual niche fluctuations. In the 
three-letter labels on the x-axis, the first letter refers to the predictability of environmental fluctuation (P for predictable and U for unpredictable), the 
second letter stands for fluctuation speed (F for fast and S for slow), while the third letter represents the population size (L for large and S for small).
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smaller than an order of magnitude are unlikely to result 
in significantly different adaptive dynamics. Our experi-
ment was designed in such a way that the influence of such 
minor population size differences across distinct habitual 
niches could still be captured by the effects of habitual niche 

identities. Hence, our observation that the habitual niche 
identity did not have a significant influence on marginal 
niche adaptation strengthens the notion that minor differ-
ences across different habitual niches should not affect mar-
ginal niche adaptation.

Figure 5. Fitness correlations across Gal, Thy, and Acetate. See the text for statistical details. (A) Fitness was negatively correlated across Gal and Thy in 
regimens that had either Gal or Thy as the only habitual carbon source. (B) When calculated over Gal-L, Gal-S, Thy-L, and Thy-S, there was no significant 
fitness correlation between Acetate and Gal (gray shaded region and dashed line). However, the regimens with Gal as their constant habitual niche 
(Gal-L and Gal-S, depicted with filled pink symbols) showed a significant positive Acetate-Gal correlation. (C) When calculated over Gal-L, Gal-S, Thy-L, 
and Thy-S, there was no significant fitness correlation between Acetate and Thy (gray shaded region and dashed line). However, the regimens with Thy 
as their constant habitual niche (Thy-L and Thy-S, depicted with filled blue symbols) showed a significant positive Acetate-Thy correlation (blue shaded 
region and solid line). Also see Supplementary Figure S4.
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In contrast, our other key observation is surprising: we 
found that adaptation to the marginal niche (Acetate) was 
unaffected by the identities of the several distinct constant 
and fluctuating sympatric habitual niches in our study (Figure 
2B). We use the following chain of arguments to emphasize 
why this observation was unexpected. First, as the marginal 
niche could not support the growth on its own at the outset 
(Supplementary Figure S1), our experimental regimens faced 
a strong selection for maintaining (or gaining) fitness in their 
respective habitual niches. Indeed, we found that 15/16 reg-
imens either gained or maintained fitness in their respective 
habitual niches (Supplementary Tables S2 and S3). Second, the 
selection pressures to maintain (or gain) fitness in the habit-
ual niches were expected to be qualitatively different across 
our distinct experimental regimens. In other words, the fitness 
optima relevant to our different habitual niche regimens were 
not expected to align with each other. For example, Gal-S and 
Gal-L adapted to Gal (i.e., moved toward the Gal optimum) 
but became maladapted to Thy (i.e., moved farther away 
from the Thy optimum as compared to the ancestor), which 
shows that the Gal and Thy optima were likely not aligned 
with each other. Moreover, the extent of adaptation to the 
unchanging habitual niche was significantly different across 
the different regimens with a constant habitual single-carbon 
source (Figure 3). Finally, the regimens with a single unchang-
ing habitual carbon source faced markedly different selection 
pressures as compared to those with fluctuating habitual 
carbon sources. Since the location of the habitual niche 
optimum should influence adaptation to the marginal niche 
(Figure 1) and given that our regimens experienced multiple 
constant and fluctuating habitual niches whose optima were 
likely unaligned, it is surprising that adaptation to the mar-
ginal niche was unaffected by the identities of the contrasting 

habitual niches (Figure 2B). In other words, our observations 
did not match the expectations based on the simplistic FGM 
scenarios presented in Figure 1, which included two distinct 
fitness optima, one each for the habitual and marginal niches, 
respectively. To fix this, we drew upon a more nuanced exten-
sion of FGM that includes three distinct fitness optima, two in 
habitual niches and one in the marginal niche.

Although our experiment deals with four distinct habitual 
niches, we prefer an FGM with two habitual niches and one 
marginal niche for two reasons: (1) It is relatively easier to 
visualize in 2D images. (2) Two of the habitual niches (Ara 
and Sor) showed a much smaller fitness changes than Gal 
and Thy (Figure 3). Based on the four key notions described 
below, we created a schematic fitness landscape with Acetate, 
Gal, and Thy, and tested the predictions emerging from it 
using our experimental observations in both constant and 
fluctuating environment regimens (Figure 6):

1. Gal and Thy are expected to show reciprocal fitness 
trade-offs, indicating antagonistic pleiotropy across these 
two niches (Chavhan et al., 2020). Thus, (based on the 
theory presented by Martin and Lenormand (2015)), the 
ancestral genotype should be located between the Gal 
and Thy optima.

2. Based on the rule of declining adaptability (Couce & 
Tenaillon, 2015), we expect the following trends for the 
scope of adaptation: Acetate >> Thy > Gal. Therefore, 
the distance of the ancestor from the fitness optima in 
the three niches should also have the same order.

3. Based on the fitness correlations shown in Figure 5, it 
was likely to simultaneously increase fitness in Gal and 
Acetate or Thy and Acetate, but not in Gal and Thy. 
Therefore, the Acetate optimum cannot be along the 

Figure 6. A schematic fitness landscape based on Fisher’s geometric model with three niches (Acetate, Gal, and Thy). The darkest blue and brown areas 
represent genotypes with ancestral level of fitness in Gal and Thy, respectively. The red spot represents the ancestral genotype. The lighter the blue 
shade the higher the fitness in Gal. Similarly, lighter shades of brown correspond to higher fitness in Thy. Black triangles represent fitness peaks in the 
niche in question. All gray regions that are outside the blue area have lower fitness in Gal as compared to the ancestor. Similarly, all regions outside the 
brown area have lower fitness than the ancestor in Thy. The dashed green curves show the fitness gradient in acetate (the brighter the green shade, 
the higher the fitness in acetate). We emphasize that while our placement of the three fitness optima is based on the rule of declining adaptability, it is 
merely schematic as our data does not allow us to have the precise knowledge of the locations of these optima.
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axis joining the Gal and Thy optima; instead, the Acetate 
optimum should be substantially distant from it.

4. The large scope of adaptation offered by Acetate can pull 
genotypes away from the trade-off axis connecting the 
Gal and Thy optima, thereby diluting the Gal-Thy trade-
offs.

Combining the above notions, we created the schematic fit-
ness landscape shown in Figure 6. We then used our empiri-
cal observations to test several distinct predictions emerging 
from it. We emphasize that the FGM schematic of Figure 6 
applies to the triplet of optima used here (Acetate, Gal, and 
Thy); like most other evolution experiments, it may not work 
in a generalizable manner. Moreover, we use this extended 
FGM to evaluate and understand our many different results 
using a single framework. Thus, the model should be looked 
at as an interpretative guide to our observations and not as 
another standalone result of our study.

The FGM predicts that Gal-L and Gal-S should travel to 
the blue region with higher fitness in Gal and Acetate, which 
should lead to their maladaptation to Thy. This is indeed 
what we observed in our experiments (Supplementary Tables 
S1 and S2).

Since the regimens with fluctuating habitual niches are 
shaped by selection pressures in both Gal and Thy, the FGM 
predicts that they should adapt to Acetate without losing sig-
nificant fitness in either Gal or Thy (the overlap between blue 
and brown regions allows this possibility). Agreeing with this 
prediction, we found that none of the regimens with fluctuat-
ing habitual niches became maladapted to either Gal or Thy.

Since the ancestral genotype is situated between the Gal 
and Thy optima, the FGM predicts that no single mutation 
is likely to increase fitness simultaneously in both Gal and 
Thy. Thus, simultaneous adaptation to Gal and Thy, if it hap-
pens at all, should require the enrichment of multiple distinct 
mutations. Since such an event is expected to be relatively 
rare, adaptation to both Gal and Thy should occur primarily 
in larger populations with high enough mutational supply for 
enriching multiple mutations. This is similar to the scenario 
presented by Chavhan et al. (2021), where large populations 
evolved in fluctuating environments could adapt to both Gal 
and Thy by fixing multiple distinct mutations (at least one 
linked to Gal and another to Thy), but small populations 
could not do so. Indeed, we found that all the large popula-
tion regimes with a fluctuating habitual niche (PFL, PSL, UFL, 
and USL) became adapted to both Gal and Thy but the anal-
ogous small population regimens (PFS, PSS, UFS, and USS) 
could adapt to neither (Supplementary Table S2).

Finally, the FGM predicts that Thy-L and Thy-S should 
adapt to both Acetate and Thy, but either maladapt to or 
do not change their fitness in Gal. Agreeing with this, we 
observed that Thy-L gained fitness in Acetate and Thy but 
became maladapted to Gal. Thy-S adapted to Acetate and 
Thy as predicted. However, its fitness remained unchanged in 
Gal (Supplementary Table S2). Among TL and TS, TS should 
end up closer to the axis joining the ancestral genotype with 
the Acetate optimum. This is because due to its lower muta-
tion supply than Thy-L, Thy-S should adapt via the most 
readily accessible mutations, which should be more frequent 
for Acetate than for Thy, as predicted by the rule of declining 
adaptability (Couce & Tenaillon, 2015). Consequently, the 
fitness of Thy-S in Gal may not be statistically distinguishable 
from the ancestral fitness, as we observed in our experiment 

(Supplementary Table S2). Taken together, the extended FGM 
of Figure 6 can explain the fitness trends in both the marginal 
and habitual niches in both constant and fluctuating environ-
ments in our study.

In our study, adaptation to the fluctuating habitual niche 
was not significantly shaped by the predictability or speed of 
fluctuations (Figure 4). This observation contrasts with some 
previous studies that have found the predictability and/or the 
speed of environmental fluctuations to be important deter-
minants of fitness changes (Boyer et al., 2021; Hughes et al., 
2007). In contrast, another recent study has found that the 
predictability of environmental fluctuations does not signifi-
cantly influence the extent of adaptation in E. coli (Karve et 
al., 2018). We note that a crucial difference between these 
previous studies and our experiment is the sustained pres-
ence of a marginal niche that the bacteria could adapt to. 
Adaptation to this unchanging marginal niche likely masked 
the subtle effects of the speed and predictability of habitual 
niche fluctuations, particularly given that Acetate diluted the 
Gal-Thy trade-offs. Indeed, we found another manifestation 
of trade-off dilution in the presence of the marginal niche in 
the fluctuating habitual niche regimens. In a previous experi-
mental evolution study on E. coli that did not involve Acetate, 
the small populations evolving in an environment that fluc-
tuated across several sole carbon sources (including Gal and 
Thy) adapted to Thy but became significantly maladapted to 
Gal (Chavhan et al., 2021). In contrast, in the present study 
(where Acetate was always available), all the small popula-
tions evolving in the fluctuating environment regimens (PFS, 
PSS, UFS, and USS) maintained their fitness in both Gal and 
Thy (Supplementary Table S2).

Every independently evolving population in our experiment 
had simultaneous access to equal quantities (w/vol) of two 
distinct carbon sources, one habitual (high-productivity) and 
the other marginal (low-productivity). Whether two simul-
taneously available carbon sources are used hierarchically is 
straightforward to explain if one of them is a PTS sugar (i.e., 
a sugar whose uptake involves the PTS; e.g., glucose) and the 
other is a non-PTS sugar. In such a scenario, which has been 
studied extensively, the PTS sugar tends to be utilized prefer-
entially before the non-PTS sugar (Brückner & Titgemeyer, 
2002). In contrast, the utilization hierarchies (if any) within 
mixtures of two non-PTS sugars remain much less under-
stood (Aidelberg et al., 2014). Moreover, the hierarchical uti-
lization (if any) among the five non-PTS carbon sources (four 
habitual and one marginal) used in our study has not been 
established in the current literature. While speculating in this 
regard is out of scope of our study, it is worth noting that the 
presence or absence of such utilization hierarchies does not 
change the interpretation of our key results. Regardless of the 
presence or absence of hierarchical carbon source utilization, 
our experimental populations faced selection for maintaining 
(or gaining) fitness in the habitual niche while adapting to 
the marginal niche. This is because although our experimen-
tal populations had access to equal quantities (w/vol) of both 
the habitual and marginal carbon sources, at the outset of 
our experiment, this quantity of the marginal carbon source 
could not sustain substantial bacterial growth on its own 
(Supplementary Figure S1). In other words, bacterial growth 
was largely supported by the habitual niche at the beginning 
of our evolution experiment. Moreover, our interpretation of 
the observed fitness changes relies on two distinct notions, 
none of which depend on the presence/absence of resource 
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utilization hierarchies. The first notion concerns the rule of 
declining adaptability in microbial populations, which posits 
that within a fixed time frame, the extent of adaptation to an 
environment varies inversely with the ancestral fitness in it 
(Couce & Tenaillon, 2015). The second notion involves the 
FGM with distinct fitness optima in three different environ-
ments presented in Figure 6. Since none of these two notions 
are affected by carbon utilization hierarchies, our interpreta-
tions are robust to the presence/absence of such hierarchies.

Finally, although our experimental populations had simul-
taneous access to both the marginal and habitual niches with-
out any spatial constraints, one of our key results can also be 
interpreted using the relatively simple framework of source–
sink dynamics, which was primarily designed to understand 
evolution in spatially constrained systems involving immigra-
tion from one environment (the source) into another (the sink) 
(Holt, 1985; Perron et al., 2007; Pulliam, 1988). Specifically, 
the habitual niche (which supported most of the bacterial 
growth in the beginning of our experiment) can be imagined 
as a “source” for supporting genetic variation that can lead to 
adaptation to the marginal niche (which can be imagined as 
the sink). In this framework, adaptation to the marginal niche 
would only depend on the amount of variation the source can 
provide, which would be a simple function of the population 
size. This can explain why adaptation to the marginal niche 
was shaped by the population size in our experiment but was 
unconstrained by the identity of the sympatric habitual niche. 
The biological insignificance of differences in N

f across the 
different sympatric habitual niche regimens (described earlier 
in the Discussion) also agrees with this notion. Specifically, 
the differences in the amounts of beneficial variation supplied 
by the different habitual niche sources were unlikely to be 
biologically important because the differences in Nf across the 
habitual niche regimens were smaller than an order of magni-
tude. Thus, the relatively more elaborate scaffold of the FGM 
may not be required to explain the result that adaptation to 
the marginal niche is unconstrained by the habitual niche’s 
identity. However, we also note that such simple explanations 
based merely on the population size would be inadequate for 
simultaneously accounting for fitness changes in both habit-
ual and marginal niches. Specifically, the important result that 
adaptation to the habitual niches observed in our experiment 
was shaped by both the identity of the habitual niche and 
the population size (but not by their statistical interaction; 
see Figure 3) cannot be explained based on the population 
size alone. In contrast, a more nuanced setup like the FGM 
in Figure 6 can help interpret all our results simultaneously.

Our observations imply a pervasive evolutionary poten-
tial for the expansion of bacterial niche width that is uncon-
strained by the composition of the habitual niche, even at 
low population sizes. Furthermore, despite employing four 
different habitual niches with different unchanging (constant) 
sole carbon sources and four others with different fluctua-
tions, only one out of the 16 regimens showed fitness trade-
offs across their habitual and marginal niches (Supplementary 
Table S4). Such a pervasive and costless manner of niche 
expansion in the face of a new ecological opportunity can 
potentially explain why E. coli tends to show a substantial 
metabolic niche breadth (Sajed et al., 2016). We note that 
notwithstanding the “immediately costless” nature of niche 
expansion observed in our study, there can be costs of such 
niche expansion in terms of evolvability, as proposed recently 
by Bono et al. (2019). Determination of such evolvability 

costs of niche expansion represents a key future direction. We 
also note that most of the 16 regimens in our study adapted 
to both the marginal and the habitual niches (Supplementary 
Table S4). This observation contrasts with the results of an 
experimental evolution study with Pseudomonas fluorescens, 
where the populations adapted largely to the low-productivity  
niche but not to the high-productivity niche (Jasmin & 
Kassen, 2007).

To the best of our knowledge, this is the first study to pro-
pose that fitness trade-offs between two habitual environ-
ments can be diluted by the presence of a marginal ecological 
opportunity. This finding can be a critical step in understand-
ing ecological specialization in bacteria.

Conclusion
Our explanations are likely to work generally in the pres-

ence of a marginal niche with a large scope of adaptation. 
Moreover, unlike Gal and Thy, if the environments in the 
habitual niche do not show reciprocal trade-offs, relatively 
greater niche expansion is expected. Given the relatively short 
span of our study (~480 generations), our results demonstrate 
that bacteria can quickly adapt to multiple environmental 
components to expand their niches if a new opportunity 
becomes available, regardless of the properties of the habit-
ual niche still at their disposal. Our observations and their 
population genetic explanations should act as stepping-stones 
for more nuanced tests of niche expansion theories by target-
ing direct and pleiotropic mutational effects in large vs. small 
populations in constant vs. fluctuating habitual niches.

Supplementary material
Supplementary material is available online at Evolution.

Data availability
All the data relevant to this study are available on Dryad at 
DOI: 10.5061/dryad.k0p2ngff8

Author contributions
Y.C. and S.D. designed the study. Y.C. and S.M. conducted the 
experiments. Y.C. and S.M. analyzed the data. Y.C. and S.D. 
wrote the manuscript with inputs from S.M.

Funding
Y.C. was supported by a Senior Research Fellowship ini-
tially sponsored by Indian Institute of Science Education and 
Research (IISER) Pune and then by Council for Scientific and 
Industrial Research (CSIR), Government of India. Y.C. also 
acknowledges the Department of Biotechnology, Government 
of India for postdoctoral funding for this work. Y.C. was 
supported by a postdoctoral fellowship awarded by the 
Wenner-Gren Foundations (Sweden) during the composi-
tion and writing of this manuscript (Grants UPD2020-0113, 
UPD2021-0182). S.M. was supported by an INSPIRE under-
graduate fellowship sponsored by the Department of Science 
and Technology (DST) of the Government of India. This 
project was supported by an external grant (BT/PR22328/
BRB/10/1569/2016) from the Department of Biotechnology, 
Government of India, and internal funding from IISER Pune.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad212/7457024 by U

m
ea universitet user on 19 D

ecem
ber 2023

http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data
http://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpad212#supplementary-data


12 Chavhan et al.

Conflict of interest: Editorial processing of the manuscript 
was done independently of S.D., who is an Associate Editor 
of Evolution. The other authors declare no conflict of interest.

Acknowledgments
We thank Milind Watve and M. S. Madhusudhan for their 
valuable inputs.

References
Aidelberg, G., Towbin, B. D., Rothschild, D., Dekel, E., Bren, A., & 

Alon, U. (2014). Hierarchy of non-glucose sugars in Escherichia 
coli. BMC Systems Biology, 8, 133.

Bennett, A. F., & Lenski, R. E. (1996). Evolutionary adaptation to 
temperature v adaptive mechanisms and correlated responses in 
experimental lines of Escherichia coli. Evolution, 50(2), 493–503. 
https://doi.org/10.1111/j.1558-5646.1996.tb03862.x

Bono, L. M., Draghi, J. A., & Turner, P. E. (2019). Evolvability costs of 
niche expansion. Trends in Genetics, 36(1), 14–23.

Bono, L. M., Gensel, C. L., Pfennig, D. W., & Burch, C. L. (2013). 
Competition and the origins of novelty: Experimental evolution of 
niche-width expansion in a virus. Biology Letters, 9, 20120616.

Bono, L. M., Gensel, C. L., Pfennig, D. W., & Burch, C. L. (2015). Evo-
lutionary rescue and the coexistence of generalist and specialist 
competitors: An experimental test. Proceedings of the Royal Soci-
ety B: Biological Sciences, 282, 20151932.

Bono, L. M., Smith, L. B., Pfennig, D. W., & Burch, C. L. (2017). The 
emergence of performance trade-offs during local adaptation: 
Insights from experimental evolution. Molecular Ecology, 26(7), 
1720–1733. https://doi.org/10.1111/mec.13979

Boyer, S., Hérissant, L., & Sherlock, G. (2021). Adaptation is influenced 
by the complexity of environmental change during evolution in a 
dynamic environment. PLoS Genetics, 17(1), e1009314. https://
doi.org/10.1371/journal.pgen.1009314.

Brückner, R., & Titgemeyer, F. (2002). Carbon catabolite repression 
in bacteria: Choice of the carbon source and autoregulatory lim-
itation of sugar utilization. FEMS Microbiology Letters, 209(2), 
141–148. https://doi.org/10.1111/j.1574-6968.2002.tb11123.x

Buckling, A., Brockhurst, M. A., Travisano, M., & Rainey, P. B. (2007). 
Experimental adaptation to high and low quality environments 
under different scales of temporal variation. Journal of Evolu-
tionary Biology, 20(1), 296–300. https://doi.org/10.1111/j.1420-
9101.2006.01195.x

Chavhan, Y., Malusare, S., & Dey, S. (2020). Larger bacterial popu-
lations evolve heavier fitness trade-offs and undergo greater eco-
logical specialization. Heredity, 124(6), 726–736. https://doi.
org/10.1038/s41437-020-0308-x

Chavhan, Y., Malusare, S., & Dey, S. (2021). Interplay of population 
size and environmental fluctuations: A new explanation for fitness 
cost rarity in asexuals. Ecology Letters, 24(9), 1943–1954.

Chavhan, Y. D., Ali, S. I., & Dey, S. (2019). Larger numbers can 
impede adaptation in asexual populations despite entailing greater 
genetic variation. Evolutionary Biology, 46(1), 1–13. https://doi.
org/10.1007/s11692-018-9467-6

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. 
L. Erlbaum Associates.

Couce, A., & Tenaillon, O. A. (2015). The rule of declining adaptability 
in microbial evolution experiments. Frontiers in Genetics, 6, 99. 
https://doi.org/10.3389/fgene.2015.00099

Desai, M. M., & Fisher, D. S. (2007). Beneficial mutation–selec-
tion balance and the effect of linkage on positive selection. 
Genetics, 176(3), 1759–1798. https://doi.org/10.1534/genet-
ics.106.067678

Desai, M. M., Fisher, D. S., & Murray, A. W. (2007). The speed of 
evolution and maintenance of variation in asexual populations. 
Current Biology, 17(5), 385–394. https://doi.org/10.1016/j.
cub.2007.01.072

Dhar, R., Sägesser, R., Weikert, C., & Wagner, A. (2013). Yeast adapts 
to a changing stressful environment by evolving cross-protection 
and anticipatory gene regulation. Molecular Biology and Evolu-
tion, 30(3), 573–588. https://doi.org/10.1093/molbev/mss253

Dillon, M. M., Rouillard, N. P., Dam, B., Gallet, R., & Cooper, V. S. 
(2016). Diverse phenotypic and genetic responses to short-term 
selection in evolving Escherichia coli populations. Evolution, 70, 
586–599.

Duffy, S., Turner, P. E., & Burch, C. L. (2006). Pleiotropic costs of niche 
expansion in the RNA bacteriophage Φ6. Genetics, 172(2), 751–
757. https://doi.org/10.1534/genetics.105.051136

Freter, R., Brickner, H., Botney, M., Cleven, D., & Aranki, A. (1983). 
Mechanisms that control bacterial populations in continuous-flow 
culture models of mouse large intestinal flora. Infection and 
Immunity, 39(2), 676–685. https://doi.org/10.1128/iai.39.2.676-
685.1983

Hoffmann, A. A., & Blows, M. W. (1994). Species borders: Ecologi-
cal and evolutionary perspectives. Trends in Ecology & Evolution, 
9(6), 223–227. https://doi.org/10.1016/0169-5347(94)90248-8

Holt, R. D. (1985). Population dynamics in two-patch environments: 
Some anomalous consequences of an optimal habitat distribu-
tion. Theoretical Population Biology, 28(2), 181–208. https://doi.
org/10.1016/0040-5809(85)90027-9

Holt, R. D., & Gaines, M. S. (1992). Analysis of adaptation in het-
erogeneous landscapes: Implications for the evolution of funda-
mental niches. Evolutionary Ecology, 6(5), 433–447. https://doi.
org/10.1007/bf02270702

Hughes, B. S., Cullum, A. J., & Bennett, A. F. (2007). An experimental 
evolutionary study on adaptation to temporally fluctuating pH in 
Escherichia coli. Physiological and Biochemical Zoology, 80(4), 
406–421. https://doi.org/10.1086/518353

Hutchinson, G. E. (1961). The paradox of the plankton. The American 
Naturalist, 95(882), 137–145. https://doi.org/10.1086/282171

Jasmin, J. -N., & Kassen, R. (2007). Evolution of a single niche spe-
cialist in variable environments. Proceedings Biological Sciences, 
274(1626), 2761–2767. https://doi.org/10.1098/rspb.2007.0936

Karve, S. M., Bhave, D., & Dey, S. (2018). Extent of adaptation is not 
limited by unpredictability of the environment in laboratory popu-
lations of Escherichia coli. Journal of Evolutionary Biology, 31(9), 
1420–1426. https://doi.org/10.1111/jeb.13338

Karve, S. M., Daniel, S., Chavhan, Y. D., Anand, A., Kharola, S. S., & 
Dey, S. (2015). Escherichia coli populations in unpredictably fluctu-
ating environments evolve to face novel stresses through enhanced 
efflux activity. Journal of Evolutionary Biology, 28(5), 1131–1143. 
https://doi.org/10.1111/jeb.12640

Kassen, R. (2002). The experimental evolution of special-
ists, generalists, and the maintenance of diversity. Journal of 
Evolutionary Biology, 15(2), 173–190. https://doi.org/10.1046/
j.1420-9101.2002.00377.x

Kassen, R. (2014). Experimental evolution and the nature of biodiver-
sity. Roberts.

Kawecki, T. J. (2000). Adaptation to marginal habitats: Contrasting 
influence of the dispersal rate on the fate of alleles with small and 
large effects. Proceedings of the Royal Society B: Biological Sciences, 
267(1450), 1315–1320. https://doi.org/10.1098/rspb.2000.1144

Kawecki, T. J. (2008). Adaptation to marginal habitats. Annual Review 
of Ecology, Evolution, and Systematics, 39(1), 321–342. https://
doi.org/10.1146/annurev.ecolsys.38.091206.095622

Leiby, N., & Marx, C. J. (2014). Metabolic erosion primarily through 
mutation accumulation, and not tradeoffs, drives limited evolution 
of substrate specificity in Escherichia coli. PLoS Biology, 12(2), 
e1001789. https://doi.org/10.1371/journal.pbio.1001789

Lenormand, T. (2002). Gene flow and the limits to natural selection. 
Trends in Ecology & Evolution, 17(4), 183–189. https://doi.
org/10.1016/s0169-5347(02)02497-7

Martin, G., & Lenormand, T. (2015). The fitness effect of mutations 
across environments: Fisher’s geometrical model with multiple 
optima. Evolution, 69(6), 1433–1447. https://doi.org/10.1111/
evo.12671

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad212/7457024 by U

m
ea universitet user on 19 D

ecem
ber 2023

https://doi.org/10.1111/j.1558-5646.1996.tb03862.x
https://doi.org/10.1111/mec.13979
https://doi.org/10.1371/journal.pgen.1009314
https://doi.org/10.1371/journal.pgen.1009314
https://doi.org/10.1111/j.1574-6968.2002.tb11123.x
https://doi.org/10.1111/j.1420-9101.2006.01195.x
https://doi.org/10.1111/j.1420-9101.2006.01195.x
https://doi.org/10.1038/s41437-020-0308-x
https://doi.org/10.1038/s41437-020-0308-x
https://doi.org/10.1007/s11692-018-9467-6
https://doi.org/10.1007/s11692-018-9467-6
https://doi.org/10.3389/fgene.2015.00099
https://doi.org/10.1534/genetics.106.067678
https://doi.org/10.1534/genetics.106.067678
https://doi.org/10.1016/j.cub.2007.01.072
https://doi.org/10.1016/j.cub.2007.01.072
https://doi.org/10.1093/molbev/mss253
https://doi.org/10.1534/genetics.105.051136
https://doi.org/10.1128/iai.39.2.676-685.1983
https://doi.org/10.1128/iai.39.2.676-685.1983
https://doi.org/10.1016/0169-5347(94)90248-8
https://doi.org/10.1016/0040-5809(85)90027-9
https://doi.org/10.1016/0040-5809(85)90027-9
https://doi.org/10.1007/bf02270702
https://doi.org/10.1007/bf02270702
https://doi.org/10.1086/518353
https://doi.org/10.1086/282171
https://doi.org/10.1098/rspb.2007.0936
https://doi.org/10.1111/jeb.13338
https://doi.org/10.1111/jeb.12640
https://doi.org/10.1046/j.1420-9101.2002.00377.x
https://doi.org/10.1046/j.1420-9101.2002.00377.x
https://doi.org/10.1098/rspb.2000.1144
https://doi.org/10.1146/annurev.ecolsys.38.091206.095622
https://doi.org/10.1146/annurev.ecolsys.38.091206.095622
https://doi.org/10.1371/journal.pbio.1001789
https://doi.org/10.1016/s0169-5347(02)02497-7
https://doi.org/10.1016/s0169-5347(02)02497-7
https://doi.org/10.1111/evo.12671
https://doi.org/10.1111/evo.12671


Evolution (2023), Vol. XX 13

Milliken, G. A., & Johnson, D. E. (2009). Analysis of messy data, vol-
ume I: Designed Experiments. Chapman and Hall/CRC.

Mitchell, A., Romano, G. H., Groisman, B., Yona, A., Dekel, E., Kupiec, 
M., Dahan, O., & Pilpel, Y. (2009). Adaptive prediction of environ-
mental changes by microorganisms. Nature, 460(7252), 220–224. 
https://doi.org/10.1038/nature08112

Neher, R. A. (2013). Genetic draft, selective interference, and popula-
tion genetics of rapid adaptation. Annual Review of Ecology, Evo-
lution, and Systematics, 44(1), 195–215. https://doi.org/10.1146/
annurev-ecolsys-110512-135920

Payne, A. N., Chassard, C., & Lacroix, C. (2012). Gut microbial adap-
tation to dietary consumption of fructose, artificial sweeteners and 
sugar alcohols: Implications for host–microbe interactions con-
tributing to obesity. Obesity Reviews, 13(9), 799–809. https://doi.
org/10.1111/j.1467-789X.2012.01009.x

Pereira, F. C., & Berry, D. (2017). Microbial nutrient niches in the 
gut. Environmental Microbiology, 19(4), 1366–1378. https://doi.
org/10.1111/1462-2920.13659

Perron, G. G., Gonzalez, A., & Buckling, A. (2007). Source–sink dynam-
ics shape the evolution of antibiotic resistance and its pleiotropic 
fitness cost. Proceedings of the Royal Society B: Biological Sciences, 
274(1623), 2351–2356. https://doi.org/10.1098/rspb.2007.0640

Phillips, M. L. (2009). Gut reaction: Environmental effects on the 
human microbiota. Environmental Health Perspectives 117(5), 
A198–A205.

Pulliam, H. R. (1988). Sources, sinks, and population regula-
tion. The American Naturalist, 132(5), 652–661. https://doi.
org/10.1086/284880

Raynes, Y., Halstead, A. L., & Sniegowski, P. D. (2014). The effect of 
population bottlenecks on mutation rate evolution in asexual pop-

ulations. Journal of Evolutionary Biology, 27(1), 161–169. https://
doi.org/10.1111/jeb.12284

Sajed, T., Marcu, A., Ramirez, M., Pon, A., Guo, A. C., Knox, C., 
Wilson, M., Grant, J. R., Djoumbou, Y., & Wishart, D. S. (2016). 
ECMDB 20: A richer resource for understanding the biochemistry 
of E. coli. Nucleic Acids Research, 44(D1), D495–D501. https://
doi.org/10.1093/nar/gkv1060

Salignon, J., Richard, M., Fulcrand, E., Duplus-Bottin, H., & Yvert, G. 
(2018). Genomics of cellular proliferation in periodic environmen-
tal fluctuations. Molecular Systems Biology, 14(3), e7823. https://
doi.org/10.15252/msb.20177823

Scanlan, P. D. (2019). Microbial evolution and ecological opportunity in 
the gut environment. Proceedings Biological Sciences, 286(1915), 
20191964. https://doi.org/10.1098/rspb.2019.1964

Sniegowski, P. D., & Gerrish, P. J. (2010). Beneficial mutations and 
the dynamics of adaptation in asexual populations. Philosophi-
cal Transactions of the Royal Society of London, Series B: Bio-
logical Sciences, 365(1544), 1255–1263. https://doi.org/10.1098/
rstb.2009.0290

Tagkopoulos, I., Liu, Y. -C., & Tavazoie, S. (2008). Predictive behav-
ior within microbial genetic networks. Science, 320(5881), 1313–
1317. https://doi.org/10.1126/science.1154456

Vogwill, T., Phillips, R. L., Gifford, D. R., & MacLean, R. C. (2016). 
Divergent evolution peaks under intermediate population bottle-
necks during bacterial experimental evolution. Proceedings of the 
Royal Society B: Biological Sciences, 283(1835), 20160749. https://
doi.org/10.1098/rspb.2016.0749

Wiser, M. J., Ribeck, N., & Lenski, R. E. (2013). Long-term dynamics 
of adaptation in asexual populations. Science, 342(6164), 1364–
1367. https://doi.org/10.1126/science.1243357

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/advance-article/doi/10.1093/evolut/qpad212/7457024 by U

m
ea universitet user on 19 D

ecem
ber 2023

https://doi.org/10.1038/nature08112
https://doi.org/10.1146/annurev-ecolsys-110512-135920
https://doi.org/10.1146/annurev-ecolsys-110512-135920
https://doi.org/10.1111/j.1467-789X.2012.01009.x
https://doi.org/10.1111/j.1467-789X.2012.01009.x
https://doi.org/10.1111/1462-2920.13659
https://doi.org/10.1111/1462-2920.13659
https://doi.org/10.1098/rspb.2007.0640
https://doi.org/10.1086/284880
https://doi.org/10.1086/284880
https://doi.org/10.1111/jeb.12284
https://doi.org/10.1111/jeb.12284
https://doi.org/10.1093/nar/gkv1060
https://doi.org/10.1093/nar/gkv1060
https://doi.org/10.15252/msb.20177823
https://doi.org/10.15252/msb.20177823
https://doi.org/10.1098/rspb.2019.1964
https://doi.org/10.1098/rstb.2009.0290
https://doi.org/10.1098/rstb.2009.0290
https://doi.org/10.1126/science.1154456
https://doi.org/10.1098/rspb.2016.0749
https://doi.org/10.1098/rspb.2016.0749
https://doi.org/10.1126/science.1243357

