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Abstract

Mutation supply can influence evolutionary and thereby ecological dynamics in
important ways which have received little attention. Mutation supply influences
features of population genetics, such as the pool of adaptive mutations, evolution-
ary pathways and importance of processes, such as clonal interference. The re-
sultant trait evolutionary dynamics, in turn, can alter population size and species
interactions. However, controlled experiments testing for the importance of muta-
tion supply on rapid adaptation and thereby population and community dynamics
have primarily been restricted to the first of these aspects. To close this knowl-
edge gap, we performed a serial passage experiment with wild-type Pseudomonas
Sfluorescens and a mutant with reduced mutation rate. Bacteria were grown at two
resource levels in combination with the presence of a ciliate predator. A higher
mutation supply enabled faster adaptation to the low-resource environment and
anti-predatory defence. This was associated with higher population size at the eco-
logical level and better access to high-recurrence mutational targets at the genomic
level with higher mutation supply. In contrast, mutation rate did not affect growth
under high-resource level. Our results demonstrate that intrinsic mutation rate in-
fluences population dynamics and trait evolution particularly when population

size is constrained by extrinsic conditions.

KEYWORDS
eco-evolutionary dynamics, experimental evolution, mutation supply, population dynamics,
predator—prey interaction, trait evolution

dramatically during an adaptation process. This feed-
back where the genetic make-up and size of a population

Evolvability, the ability of a population to undergo
adaptive evolution, depends on the presence of standing
genetic variation, mutation supply, as well as recombina-
tion and gene flow. Mutation supply is the per genome
mutation rate times the number of genomes replicated
per unit time, which is influenced by population size in
a growing population. Yet, this simple definition is far
from static and mutation supply may be the product of a
positive feedback loop, since population size can increase
when mutations provide new, more adapted alleles. As
a consequence, the net mutation supply may increase

interact at the same time scale is part of eco-evolutionary
dynamics (Pimentel, 1961). However, mutation supply
has received little interest despite its potential to strongly
influence other aspects of eco-evolutionary dynamics,
such as predator—prey dynamics, by modulating rapid
adaptation.

The emergence of novel adaptive alleles can lead to
larger population sizes when the overall fitness of the
population is low before the mutation arises. These ef-
fects have been described in populations when exposed
to novel and detrimental environments and adaptive
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mutations lead to population ‘rescue’ (Gomulkiewicz &
Holt, 1995). Adaptive mutations have no or little effect on
population size when density-dependent processes lead
only to within-population allele frequency changes over
time. Similarly, the effects of mutation load, that is, re-
duction in fitness due to presence of deleterious mutations
(Crow, 1993; Muller, 1950), can differ as a function of pop-
ulation size. When individuals die selective deaths due to
resource competition among lineages possessing detri-
mental mutations, mutation load decreases population
size. Population size remains unaffected if individuals die
without consuming any resources and these are available
for other individuals. Finally, mutation load might have
no effect on population size when density dependence
compensates for the effect of detrimental mutations.

Understanding and predicting the effects of mutation
supply on population size are less intuitive when consid-
ering species interactions. Changes in the growth abil-
ity of one species can lead to a change in the population
size of another interacting species (Becks et al., 2005;
Berryman, 1992; Kaunzinger & Morin, 1998). Species
interactions are typically described by some non-linear
process, for example, consumer uptake or reproduction
rates as a function of resources available (Jeschke et al.,
2002). Changes in the size of one population might not
directly translate into changes in the size of another pop-
ulation, but this may instead occur with a delay or non-
linearly. Furthermore, species interaction may also affect
mutation supply, although the sign of the effect may vary.
For instance, predation not only reduces population size
but also increases mortality, and thereby the number of
generations by increasing the population turnover rate.
Nevertheless, the effects of the eco-evolutionary feed-
back can be especially pronounced in interacting pop-
ulations (Frickel et al., 2016; Retel et al., 2019; Yoshida
et al., 2003). It is, thus, of high interest to understand
the feedback between population size changes caused by
species interactions and mutation supply.

The role of adaptive mutation supply also differs in the
presence (as opposed to absence) of species interactions
as populations often need to optimise several traits simul-
taneously, for example, traits related to competition and
that reduce death through predator or parasite consump-
tion. Low mutation supply (and lack of recombination)
increases the time before separate mutations confer-
ring each trait occur in the same genetic background,
and thus reduces selection efficacy (Hill & Robertson,
2007). Furthermore, mutation supply alters the possi-
bility of clonal interference (Bollback & Huelsenbeck,
2007; Gerrish & Lenski, 1998). Both processes can sub-
sequently result in lower population sizes than expected
with multiple alleles affecting different traits present in
the population. Increased mutation supply through larger
population sizes or mutator presence (Good & Desali,
2016) can obviate the need for recombination.

Here, we tested the hypothesis that mutation supply
is a key evolutionary process involved in ecological and

evolutionary dynamics using microcosm experiments with
bacteria and ciliates (Figure 1). We manipulated the muta-
tion supply in the population of the bacterium Pseudomonas
Sfluorescens F113 by using a wild-type (hereafter “‘WTL’ for
‘wild-type-like’ owing to xerD::lacZ gene fusion) strain and
a strain where the site-specific recombinase xerD (Blakely
et al., 1993) has been insertionally inactivated. The muta-
tion rate of the latter (hereafter ‘IM’ for ‘insertional inacti-
vation mutant’) is 0.4 times of the WTL (Jousset et al., 2016;
Martinez-Granero et al., 2005). We followed changes in
population size and growth yield as an adaptive trait over
190 generations of replicate populations of the two strains.
This allowed us to test the predictions that adaptive muta-
tions (influenced by mutation supply) lead to higher pop-
ulation size in a competitive environment. To characterise
the mutational events underlying evolutionary differences
inferred through ecological and phenotypic measure-
ments, we subsequently whole-genome sequenced bacterial
populations from the experimental end-point. Since our
system involves a relatively small mutation rate difference
between a mutation supply defective and a wild-type strain
compared to previous experiments using high mutation
rate (mutator) strains, we predicted that differences may be
caused either by a difference in mutation counts or by a
difference in access to key mutations.

Subsequently, we introduced the ciliate Tetrahymena
thermophila to the system as a consumer of the bacte-
ria. P. fluorescens evolves typically anti-predatory traits
within a few generations when exposed to the ciliate
(Cairns et al., 2018; Hiltunen & Becks, 2014). We pre-
dicted that lower mutation supply in IM populations
slows down evolution of defence and resource-use traits
compared to higher mutation supply in WTL popula-
tions. Finally, we repeated all these experiments with
a four-fold increased resource level for bacteria. In line
with theoretical prediction, the higher resource level
led to four-fold higher bacterial population size in the
predator-free treatment, suggesting that competition
level did not change compared to the low resource level.
Thus, the higher resource level reduced the effect of a
lower mutation supply in IM. We further assume that
selection was not different for the two resource levels in
the predator-containing treatment, as the system was
top-down controlled (i.e. by predator). Therefore, we ex-
pected the presence of predation to reduce the effect of
mutation supply on evolutionary dynamics.

MATERIALS AND METHODS
Strains and culture conditions

As bacterial prey species, we used xerD mutant strains
of P. fluorescens F113. One mode of recombination, site-
specific recombination, catalyses genetic rearrangements
that can lead to phenotypic variation that plays a key role
in survival and competitive ability in new environments
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Experimental design for testing effect of mutation supply on trait evolution and population dynamics. The full-factorial

setup consisted of two bacterial prey strains (regular and defective mutation supply), two resource levels and the presence/absence of ciliate
predation, with four replicates for each unique treatment combination. A serial passage experiment was performed including 29 cycles of
1% culture transfer every 48 h (i.e. 58 days in total). The experiment was accompanied by measuring phenotypic trait development over time
(bacterial growth ability and anti-predatory defence level) and genomic evolution at the experimental end-point for predator-free treatments

(where largest phenotypic differences were seen)

(Martinez-Granero et al., 2005; Sanchez-Contreras et al.,
2002). Because of this feature, the XerD site-specific re-
combinase (Blakely et al., 1993) in P. fluorescens F113 has
been established as a molecular model for mutation sup-
ply (Jousset et al., 2016). We compared dynamics between
(1) F113 xerD:lacZ(Kan") (hereafter, wild-type like, or
‘WTL) that is phenotypically wild-type but contains a f-
galactosidase-based reporter fusion for tracking xerD ex-
pression, and (2) F113 xerD~(Kan") (hereafter, inactivation
mutant, or ‘IM’) in which the xerD gene has been inser-
tionally inactivated using the suicide vector pK18mobsac
(Martinez-Granero et al., 2005). IM has 0.4 times the mu-
tation supply (estimated by the phenotypic variant produc-
tion) of WTL (Jousset et al., 2016; Martinez-Granero et al.,

2005). This model system differs from mutator systems
where a wild-type strain is compared to a strain containing
a mutator mutation (e.g. mutL or mutS gene) with a mu-
tation rate higher by one or several orders of magnitude
(Chao & Cox, 1983; Morgan et al., 2010; Pal et al., 2007;
Visser et al., 1999). The advantage of mutator systems is a
stronger difference in mutation supply while the disadvan-
tages include a high fitness cost from the accumulation of
deleterious mutations (Couce et al., 2017) and the potential
for widespread changes in gene expression (Torres-Barceld
et al., 2013). As the predator species, we used the ciliated
protist Tetrahymena thermophila strain CCAP 1630/1 U,
a model organism widely used in experimental evolution
studies (Friman & Buckling, 2013; Hiltunen & Becks, 2014).
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We followed standard protocols for microcosm ex-
periments with bacteria—ciliate systems (Hiltunen et al.,
2015; Hiltunen & Becks, 2014). To manipulate resource
level, we used culture media for bacteria containing
M9 salts and King's B (KB) nutrients at either 0.5%
(hereafter, low resource level) or 2% (hereafter, high re-
source level) concentration compared to full-strength
medium (concentrations in 100% medium: 20 g Peptone
number 3 and 10 ml of 85% glycerolin 1 L of dH,0). The
high resource level was chosen based on being close to
but slightly lower than 5% KB previously shown to pro-
vide abundant resources for Pseudomonas growth, while
the low resource level was chosen as the lowest level sup-
porting ciliate growth. The high resource level supported
a population size of approximately 5 x 10° cells mI™" after
48-h culture, and a population size representing a four-
fold lower level was supported by the low resource level.
All media and microcosm vials were sterilised by auto-
claving prior to use and were kept at 28°C (+0.1°C) with
shaking at 50 rpm. during the experiments.

Evolutionary experiment

To test the effect of reduced mutation supply on adaptation
to predation and resource, we conducted a 58-day micro-
cosm experiment. We employed a full factorial experimen-
tal design manipulating the bacterial genotype (WTL or
IM), presence/absence of predator and resource level (0.5%
KB medium for low or 2% KB medium for high level). All
treatments were started from a single colony of the respec-
tive bacterial strain (cultured overnight for acclimation)
and 300 cells mI ™! of dead or live ciliates (to control effect of
carryover nutrients). Treatments were replicated four times
in 25-ml glass vials containing 6 ml of culture medium.
Every 48 h, vials were well mixed and 1% (60 ul) of each
culture was transferred to a vial containing fresh medium.
With the minimal assumption that populations multiply
by the dilution rate (100-fold) until reaching stationary
phase, each transfer interval represents 6.64 generations
for both prey and predator (Lenski et al., 1991), constitut-
ing approximately 190 generations in total. During each
transfer, species abundances were estimated (Figure 2) and
a 1-ml subsample was frozen with 0.5 ml of 85% glycerol
and stored at —80 °C. Bacterial density was estimated as
optical density (OD) at 600 nm (UV-1800 spectrophotom-
eter, Shimadzu, Japan) and ciliate density was enumerated
directly from live samples using a compound microscope
(Zeiss Axioskop 2 plus, Oberkochen, Germany), similar to
previous studies (Hiltunen & Becks, 2014).

Evolution of growth yield and prey defence
Growth yield evolution of the bacteria was measured

from frozen population samples by preculturing for 48 h
at 28°C in experimental medium, followed by culturing

in experimental medium (0.5 or 2% KB) for 48 h at 28°C
using the Bioscreen C well-plate reader (Labsystems Oy)
to determine optical density (OD) at 420-580 nm with
a wideband filter at 5-min intervals. The biomass yield
of the population was interpreted as mean OD during
the last 2 h of measurement in relation to the ancestral
strain.

Prey defence evolution was estimated according to
our previously established protocol (Hiltunen & Becks,
2014). Briefly, population samples were used to inoculate
6 ml of 5% KB medium, followed by culturing for 24 h at
28°C and using 100 pl together with 2100 ciliate cells to
inoculate 2 ml of 5% KB medium in 24-well plates. Prey
defence level was estimated based on the predator count
after culturing for 48 h at 28 °C as P=1-72= where pre-
Yoy, and prey  represent predator counts when fed on
evolved and ancestral prey respectively. Values below or
close to zero indicate no or only a small difference in the
defence level of evolved compared to ancestral prey while
values close to 1 indicate a high level of defence.

See Supplementary Information for control experi-
ments testing for differences in initial growth capacity
and predator feeding rate for the two bacterial strains
and controlling for xerD gene expression in the WTL
strain (Figures S1-S4).

Whole-genome sequencing

Since mutation supply had the largest impact on popula-
tion dynamics at the low resource level in the absence
of predation, to investigate underlying mutations, we
whole-genome sequenced bacterial populations from the
two resource levels at the experimental end-point (day
58). This included 16 populations in total (two strains
x two resources x four replicates). DNA was extracted
from 0.5 ml freeze-stored whole-population samples
without regrowth steps to keep allele frequencies intact
using the DNeasy Blood & Tissue Kit (Qiagen) accord-
ing to manufacturer's instructions. Sequencing libraries
were prepared using Illumina Nextera XT, followed by
paired-end sequencing with the Illumina Nextseq 500
high output platform (for coverage, see Figure S5).
Sequencing reads were mapped to the reference ge-
nome (P. fluorescens F113 NCBI RefSeq NC_016830.1, as-
sembly ASM23706v1) (Redondo-Nieto et al., 2012) using
Bowtie 2 v2.3.4 (Langmead & Salzberg, 2012) with default
settings. This was followed by SAM to BAM conversion,
sorting and indexing using SAMtools vl1.4 (Li et al., 2009)
aswell as marking duplicates, adding read group informa-
tion and computing genome coverage and alignment met-
rics using Picard v2.18.10 (http://broadinstitute.github.io/
picard). We called variants (short indels and SNPs) with
the Genome Analysis Toolkit (GATK) v3.8 (McKenna
et al., 2010), including indel realignment and variant call-
ing for each population separately with HaplotypeCaller
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FIGURE 2 Ecological dynamics and trait evolution for bacteria alone without ciliate predation (mean + SE; N =4 replicates). (a) Bacterial

population size (OD at 600 nm). (b) Bacterial yield change (day’l) based on OD data (

w). (c) Bacterial growth yield evolution (yield

relative to ancestral strain). The left panel shows results for the low-resource environment (0.5 % KB medium) and the right panel shows results
for the high-resource environment (2.0 % KB medium). The colour denotes the bacterial strain, with green indicating the wild-type-like strain

(WTL) and purple indicating the mutation supply defective strain (IM)

(sample ploidy set to 20) and GenotypeGVCFs. Thus,
for each population, we could detect variants at each
locus at a frequency detection limit and resolution of 5%.
Subsequently, GATK was used to hard filter SNP and
indel data using the following criteria: for both, the ab-
sence of variants detected in the ancestral strains, QD >2,
clusterSize 2 and clusterWindowSize 20; for SNP data, FS
<60, MQ >40, MQRankSum > —12.5, ReadPosRankSum
> —8.0; for indel data, FS <200 and ReadPosRankSum
> -20. Subsequently, the variants were annotated using
SnpEff v4.3i (Cingolani et al., 2012). Prior to further anal-
yses, variant ploidy (maximum 20) was converted into
frequency (0—1). Mutation data could not be obtained
for one population (WTL replicate 1 from low-resource
treatment) due to low volume of sequencing data, re-
sulting in genome-wide variant data for 15/16 sequenced
populations.

Data analysis

Statistical analyses for ecological, phenotypic and down-
stream genomic variant data were conducted in R v3.5.1

(R Core Team, 2018). Prior to analysis, the first time point
was discarded as transient. For ecological (response
variable: bacterial or ciliate population size) and pheno-
typic (response variable: evolution of growth yield or de-
fence level D) time-series data, we used generalised least
squares models (gls) with nlme package (Pinheiro et al.,),
assuming AR1 residual correlation structure within rep-
licates. For growth yield maxima (single day value for
each population), we constructed a Poisson glm model.
We used the function stepAIC in the MASS (Venables &
Ripley, 2002) package to select simplest models from full
interaction models (covariates: bacterial strain, resource
level, presence/absence of predation and time). This in-
cludes the assessment of all factors and interactions in
our full-factorial setup, as the lack of a particular factor
or interaction in the simplest model indicates that it was
not statistically significant.

For genomic variant data from experimental end-
point populations, we performed permutational analysis
of variance (PERMANOVA) (Zapala & Schork, 2006)
using the adonis function in the vegan package (Dixon,
2003) to test whether the strain or resource level affected
the genes mutated. The data were prepared by scoring
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each population by the presence (1) or absence (0) of
non-synonymous mutation in a recurrent gene mutated
independently in at least two populations, followed by
computing the Euclidian distance between populations
based on these binary vectors.

RESULTS

Effect of mutation supply on population
dynamics and trait evolution

In the absence of ciliate predation, WTL population size
increased faster compared to IM at the low-resource
level (ANOVA for gls model: strain F; 220~ 1.8, p<0.00L;
time F 5y = 372, p < 0.00L; strain x time F, 120 = 21.2,
p < 0.001; Figure 2a). In contrast, at the high-resource
level, although bacterial population size increased over
time, suggesting adaptation to the new environment,
the rate of adaptation did not differ between the strains
(ANOVA for gls model: strain F),,, = 1.06, p = 0.305;
time F),,, = 625, p < 0.001; interaction term dropped
from best model; Figure 2a). The difference between the
strains in population size development was not reflected
in daily yield change or growth yield evolution. Daily
yield change did not differ between the strains or re-
source levels (all covariates dropped from best gls model;
Figure 2b). Growth yield (biomass yield in relation to an-
cestral strain measured separately for frozen time-series
population samples) evolved to increased levels over
time relative to initial trait values but the temporal pat-
tern did not differ between the strains (ANOVA for gls
model for high-resource level: time F| ¢¢=73.1, p <0.001;
ANOVA for gls model for low-resource level: time F, ¢, =
8.28, p=0.005; Figure 2c).

In the presence of ciliate predation, bacterial popula-
tion size in both resource levels increased significantly
over time but was unaffected by strain (ANOVA for gls
model for high-resource level: time Fi = 251, p<0.001;
ANOVA for gls model for low-resource level: time

Fi 5y =5. 01, p = 0.026; Figure 3a). Daily yield change did
not differ between the strains (all terms dropped from gls
models except for temporal increase at the low resource
level, ANOVA for gls model: time F; 220 = 149, p <0.00L;
Figure 3b). Similarly, predator population size only
showed a temporal increase (ANOVA for gls model for
high-resource level: time F) ,,, = 48.6, p <0.001; ANOVA
for gls model for low-resource level: time F ), = 35.3,
p <0.001; Figure 3c¢). Growth yield evolved to increased
levels relative to initial trait values with both strains in
the high-resource environment and achieved higher
levels with IM compared to WTL in the low-resource
environment (ANOVA for gls model for high-resource
level: strain F oo = 8.23, p = 0.005; time F| o5 = 11.0,
p = 0.001; ANOVA for gls model for low-resource level:
strain F) g3 = 29.9, p < 0.00L; time F) g, = 0.235, p = 0.629;
Figure 3d). This was contrasted by evolution of increased

levels of anti-predatory defence level D over time rela-
tive to initial trait value only in the low-resource level
and more so for WTL (ANOVA for gls model for high-
resource level: all covariates dropped in stepwise model
selection; ANOVA for gls model for high-resource level:
strain Fi 13, =26.0, p <0.001; time F 1133 = 111, p=0.001;
Figure 3e).

Both in the presence and absence of ciliate predation,
growth yield reached maximal value (i.e. peaked) earlier
for WTL compared to IM as well as in the high-resource
compared to low-resource environment (Figures 2¢ and
3d). The presence of predation was associated with an
earlier peak as well as increasing the difference in the tim-
ing of the peak between the strains (ANOVA for Poisson
glm model: strain ;(2 =234.5, df = 30, p < 0.001; resource
level * = 220.7, df = 29, p < 0.001; predation y* = 176.5,
df=28, p<0.001; strain x resource level;(2 =164.3,df =27,
p <0.001; strain x predation y* = 143.8, df = 26, p < 0.001;
resource level x predation 4> = 139.8, df = 25, p = 0.048;
strain x resource level x predation 4> = 135.1, df = 24,
p = 0.029). Regardless of strain, bacterial growth yield
level was overall positively correlated with bacterial pop-
ulation size (Figures lc and 2d). The correlation between
resource level and population size was higher in the high-
resource environment and, with marginal significance,
in the absence of ciliate predation (ANOVA for gls model
with population size as response variable: growth yield

F 545= 678, p<0.001; resource level F| 5,5 =916, p <0.001;
predation F 1,345 =2.94, p=0.087; growth yield xresource
level F| 3,5 = 413, p < 0.001; growth yield xpredation
F s =3.45,p=0.064).

Genomic evolution

The recurrent mutational profiles of the populations
at the experimental end-point in the two resource lev-
els were influenced both by strain and resource level
(PERMANOVA for binary vectors of recurrent non-
synonymous mutations: strain F, =5 32, R’ = 0.20,
p = 0.022; resource level F\ |, = 4. 13, R’ = 0.15, p = 0.037,
strain xresource level Fiy= 6 33, R2 0.24, p =0.010; see
Table S1 for a full list of genomic variants identified, in-
cluding the allele frequency of each variant; Figure 4).
Two genes, mgtE (10 out of 15 sequenced populations,
i.e., 10x/15; encoding magnesium transporter MgtE) and
ptsP (13x/15; encoding phosphoenolpyruvate—protein
phosphotransferase PtsP), harboured recurrent non-
synonymous mutations across WTL and IM populations
at both resource levels. The two genes have been linked
to both nutrient transport and biofilm formation (Coffey
et al., 2014; Ertesvag et al., 2017), and the mutations may,
therefore, represent adaptations to either the well-mixed
laboratory environment or resource. In addition, both
strains had one gene recurrently mutated across re-
source levels (WTL: 2x/7 for PSF113_RS56485, encoding
hypothetical protein; IM: 3x/8 for folE, encoding GTP
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FIGURE 3 Ecological dynamics and trait evolution for bacteria with ciliate predators (meaniSE 4rep11cates) (a) Bacterial

population size (optical density at 600 nm). (b) Bacterial yield change (day™') based on OD data (

M) (c) Ciliate population size

(cells m1™). (d) Bacterial growth yield evolution (yield relative to ancestral bacterial strain). (e) Bacterial anti-predatory defence (D) evolution.
The left panel shows results for the low-resource environment (0.5 % KB medium) and the right panel shows results for the high-resource
environment (2.0 % KB medium). The colour denotes the bacterial strain, with green indicating the wild-type-like strain (WTL) and purple
indicating the mutation supply defective strain (IM). Dots indicate bacterial (prey) measurements and triangles predator measurements

cyclohydrolase), as well as one (WTL: 2x/4 at higher
resource level for PSF113_RS56485, encoding hypo-
thetical protein) or two (IM: 3x/4 at lower resource for
both gl/tB, encoding glutamate synthase subunit alpha,

and PSF113_RS30440, encoding hypothetical protein)
strain-specific genes divergently mutated across the two
resource levels. Genomic differences between the strains
at the low resource level included not only the presence
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FIGURE 4 Recurrent mutational profiles for bacterial populations sequenced from the two resource levels (in the absence of predation) at
the evolutionary experimental end-point (N =4 replicates except 3 for WTL at low-resource level where adequate sequence data could not be
obtained for one replicate). The top panel shows results for the low-resource environment (0.5 % KB medium) and the bottom panel results for
the high-resource environment (2.0 % KB medium). The colour denotes the number of non-synonymous hits in the gene (max = 4 except 3 for
WTL at low-resource level). Strain codes: WTL, wild-type-like strain with regular mutation supply; IM, insertional inactivation mutant with

deficient mutation supply

of multi-hit mutations in two genes (one of which, gi/tB,
is associated with nitrogen metabolism) in the IM strain
absent from the WTL strain, but also the presence of
mutations in mgtE and ptsP in all sequenced WTL pop-
ulations compared to only 1/4 (mgtE) or 2/4 (ptsP) IM
populations. No signals of major copy number aber-
rations were detected in either strain, nor did the type,
number or total derived allele frequency of mutations
differ between the strains (Figures S5-S7).

DISCUSSION

We used a serial passage experiment to investigate the
role of mutation supply in population dynamics and
trait evolution, manipulating resource level and the pres-
ence of predation. All populations adapted to novel ex-
perimental environments as we saw increasing bacterial
population sizes in all treatments independent of muta-
tion supply, resource level and presence of predator. In
line with previous studies reporting that higher intraspe-
cific diversity leads to higher population growth (Travis
et al., 2013; Turcotte et al., 2013), we show that the rate
at which intraspecific diversity is generated (mutation
supply) determines the development of population size
and evolution of traits over time in a serial transfer setup.
However, in our model system with a relatively small dif-
ference in mutation supply between two bacterial strains,
to manifest this effect required low resource level as an
additional environmental constraint. Under resource
limitation, higher mutation supply allowed bacteria to
evolve higher population size and reach population size
maxima more rapidly. Under resource limitation and
predation pressure, higher mutation supply was accom-
panied by enhanced defence evolution. Notably, we find

differences in population size and trait evolution in the
absence of predator but only differences in trait evolu-
tion for bacterial populations in the presence of preda-
tor. However, this may be a trivial observation, since
because predation exerts top-down control on the prey
population, trait evolutionary changes in prey may not
readily translate into prey population size when meas-
ured in the presence of predators. Notably, these effects
were largely lost at the high-resource level, potentially as
selection was weaker owing to abundant resources or the
baseline population size was high enough to be saturated
by mutations. This suggests that extrinsic conditions in-
tensifying selection or constraining population size are
critical for intrinsic mutation supply rate to alter evolu-
tionary and thereby ecological dynamics.

In the presence of ciliate predation in the low re-
source environment, enhanced prey defence evolution
was coupled with weaker growth yield evolution in the
wild-type-like compared to mutation supply defec-
tive strain. Such an outcome could be produced by a
trade-off between prey defence and resource use pre-
viously documented in similar systems (Huang et al.,
2017). Intriguingly, the mutation supply defective strain
evolved yield at a higher rate than defence and at a
higher rate compared to the wild-type mutation supply
strain. One potential explanation for this could be that
resource use enhancing mutations are less limiting than
defence enhancing mutations accompanied by a growth
cost. Nevertheless, the differences between the strains
were relatively minor, causing the practical implications
of these findings to remain unclear, and further exper-
iments and genomic data are required to establish the
causal basis for the differences.

Bacterial population sizes are controlled by
the predator, being smallest in the low-resource



environments with the predator. Examining the
trajectory of trait changes in the WTL and the IM
strains in the low-resource environment with preda-
tors, we observe a pattern that resembles clonal inter-
ference, where both traits initially increase in value
but one trait value drops eventually back to initial
(i.e. smallest) levels. This is consistent with a trade-
off between resource use ability and anti-predatory
defence (Huang et al., 2017), which can cause the two
traits to arise in different lineages within a popula-
tion and undergo negative frequency-dependent se-
lection (Yoshida et al.,, 2004 Sep 22). Intriguingly,
defence evolution dominates over growth yield evolu-
tion with higher mutation supply by the experimental
end-point, while the opposite holds for a lower mu-
tation supply. Since the strain with higher mutation
supply reaches maximum growth yield level earlier,
this could cause competitive and defensive lineages to
fluctuate at a different rate between the two strains,
assuming that the fluctuation would continue in a
longer term setup. In the high-resource level envi-
ronments, defence evolves high levels in both strains,
suggesting that differences in mutation rate were bal-
anced by larger population sizes. As population size
is top-down controlled, growth yield does not evolve
higher levels at high-resource levels in the presence of
predator, independent of mutation rate.

There was a minor initial difference in growth capac-
ity between strains such that WTL reached higher car-
rying capacity at high resource level while not differing
from IM at low resource level (Figure S1). In contrast,
we observed differences between the strains in the serial
passage experiment particularly in the low-resource level
where initial trait differences did not occur. We take this
to indicate that initial differences between the bacterial
strains play a negligible in our results. We also note that
in general when two genetically different strains are com-
pared in evolutionary experiments (Hiltunen & Becks,
2014; Yoshida et al., 2003), initial differences in traits
other than the focal trait are always possible (Stearns,
2010; Zee et al., 2017) and can only be minimised but
never fully excluded.

Whole-genome data from the experimental end-
point for the two strains at the two resource levels
provide clues regarding the molecular basis of the eco-
logical and phenotypic dynamics. Importantly, the
highest recurrence mutational targets for all condi-
tions (mgtE and ptsP linked to nutrient transport and
biofilm formation (Ertesvag et al., 2017; Coffey et al.,
2014)), presumed to be important targets of selection
for growth yield evolution, are only mutated in a subset
of populations for the mutation supply defective strain
in the low-resource environment. Although the small
number of sequenced populations does not allow clear
conclusions to be drawn from this observation, it is
possible that reduced mutation supply prevented access
to important targets of selection in resource-limited
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conditions, which could explain why resource lim-
itation was required for mutation supply to enhance
adaptation in our study. Intriguingly, some of the tar-
gets of selection also differed between the strains and
resource levels. Recent studies have shown that even
slight changes in environmental conditions can affect
mutational targets in bacterial populations (Hiltunen
et al., 2018). This warrants care in experimental inves-
tigation of mutation supply whose effect under differ-
ent conditions may be difficult to disentangle from
other changes in the selective (external and internal
cellular) environment. Notably, we did not observe an
overall difference in mutation number between the two
strains, which was one possibility among the predicted
outcomes taken the small (2.5-fold) difference between
their mutation supplies. This contrasts with mutator
systems where mutation rates differ by several orders
of magnitude compared to wild-type strains (Chao &
Cox, 1983; Morgan et al., 2010; Pal et al., 2007; Taddei
et al., 1997; Visser et al., 1999), which is seen in muta-
tion counts after evolutionary experiments. Together
the genomic observations are, therefore, more consis-
tent with differences in access to individual key mu-
tations rather than differences in multiple mutation
accumulation capacity contributing to the observed
ecological and phenotypic differences between the two
strains.

In summary, we found that intrinsic mutation sup-
ply rate can have a strong influence on evolutionary
and thereby ecological dynamics when extrinsic con-
ditions (here low resource level) intensify selection or
constrain population size. This influence occurred
through increasing the rate of phenotypic trait evo-
lution, seen as better access to high-effect mutations
at the genomic level, in turn, increasing population
size and altering predator—prey (especially prey trait)
dynamics at the ecological level. Altered prey trait
dynamics may arise from altered negative frequency-
dependent fluctuation dynamics between competitive
and defensive prey types owing to higher trait evolu-
tion rate with higher intrinsic mutation supply rate,
although confirming this would require further ex-
periments. Moreover, more tightly linking phenotypic
trait and genomic evolution would require combining
phenotypic and genomic data at high temporal and
population sublineage resolution.
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