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Letting go: bacterial genome reduction solves the
dilemma of adapting to predation mortality in a
substrate-restricted environment
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1Limnological Station, Department of Plant and Microbial Biology, University of Zurich, Kilchberg,
Switzerland and 2Department of Plant and Microbial Biology, University of Zurich, Zurich, Switzerland

Resource limitation and predation mortality are major determinants of microbial population dynamics,
and optimization for either aspect is considered to imply a trade-off with respect to the other. Adaptation
to these selective factors may, moreover, lead to disadvantages at rich growth conditions. We present an
example of a concomitant evolutionary optimization to both, substrate limitation and predation in an
aggregate-forming freshwater bacterial isolate, and we elucidate an underlying genomic mechanism.
Bacteria were propagated in serial batch culture in a nutrient-restricted environment either with or
without a bacterivorous flagellate. Strains isolated after 26 growth cycles of the predator–prey co-
cultures formed as much total biomass as the ancestor at ancestral growth conditions, albeit largely
reallocated to cell aggregates. A ~273 kbp genome fragment was lost in three strains that had
independently evolved with predators. These strains had significantly higher growth yield on substrate-
restricted media than others that were isolated from the same treatment before the excision event. Under
predation pressure, the isolates with the deletion outcompeted both, the ancestor and the strains
evolved without predators even at rich growth conditions. At the same time, genome reduction led to a
growth disadvantage in the presence of benzoate due to the loss of the respective degradation pathway,
suggesting that niche constriction might be the price for the bidirectional optimization.
The ISME Journal (2017) 11, 2258–2266; doi:10.1038/ismej.2017.87; published online 6 June 2017

Introduction

Baas-Becking’s classic proposition about the ubiqui-
tous dispersal but concomitant environmental filter-
ing of microorganisms (Baas-Becking, 1934) implies
that bacteria are incessantly transported between
habitats or biomes. Such transitions are likely
accompanied by a qualitative or quantitative change
of selective factors, often more than one. Terrestrial
microbes are continuously introduced into fresh-
waters (Ruiz-González et al., 2015), where they face
both reduced substrate availability (Guildford and
Hecky, 2000) and high mortality due to free-living
protistan predators (Pernthaler, 2005). Adaptations
to the former constraint include motility to track
patchy substrates (Mitchell and Kogure, 2006), or the
investment in high-affinity substrate uptake systems
(Tang et al., 2012). Resistance to grazing can be
realized by a variety of mechanisms, including the
formation of protist-inedible morphotypes or of cell
aggregates (Corno and Jürgens, 2008). Both optimiza-
tions may restrict the ability of planktonic bacteria to

perform at rich growth conditions, for example,
common freshwater genera such as Polynucleobacter
and Limnohabitans need to be gradually acclima-
tized to higher substrate levels before isolation (Hahn
et al., 2004; Kasalicky et al., 2010). In addition, these
two strategies are widely considered to reflect an
obligatory trade-off between high mortality rates and
high defense costs and, therefore, to be mutually
exclusive (Lenski and Levin, 1985). However, it has
also been proposed that some bacteria may success-
fully overcome the dilemma of simultaneous ‘bottom
up’ limitation and high predation risk (Thingstad
et al., 2005). So far, this so-called ‘Winnie-the-Pooh’
strategy is, by and large, a conceptual model backed
by a limited set of field observations. Here we show
that, starting with inducible predation resistance
(Blom et al., 2010b), it is possible to experimentally
evolve bacteria that adopt such a strategy, that is, a
simultaneously improvement in growth efficiency
and predation resistance, even leading to superior
competitive abilities at ancestral growth conditions.
We subsequently elucidate and experimentally con-
firm an underlying genomic mechanism.

Materials and methods
Evolution experiment
Sphingobium sp. Z007 (16 S rRNA gene accession
number: FN293045), originally isolated from Lake
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Zurich (Blom et al., 2010b) was evolved for 200 days
(approximately 600 generations; 29 growth cycles) in
sequential batch culture in Artificial Lake Water (ALW)
medium (Zotina et al., 2003) containing 1mg l−1 of
glucose, yeast extract and soytone peptone (that is, 0.1%
of the substrate concentrations on which the strain had
been maintained before). Bacterial cultures were grown
at 18 °C in triplicates of 100ml, either with (P+) or
without (P− ) the bacterivorous flagellate Poterioochro-
monas sp. DS (Hahn and Höfle, 1999). Previous
experiments with this predator–prey system revealed
that the bacterial strain responds to a chemical cue from
the flagellate with enhanced formation of cell aggregates
(Blom et al., 2010a). Every 168 h, the cultures were 1:10
diluted into fresh ALW medium for the subsequent
growth cycle. Five strains from all parallel treatments
were isolated biweekly on solid DSMZ 7 medium and
stored at −80 °C. Eight strains per treatment were
isolated from the last time point (growth cycle 26).

Genome sequencing, assembly and annotation
Altogether six bacterial strains were genome
sequenced: the ancestor and five evolved strains
isolated from different experimental replicates (three
from P+, two from P− ) after 26 re-inoculation cycles.
The ancestor strain was first sequenced on the Pacific
Bioscience RS platform at the Functional Genomics
Center Zurich, and all six strains were sequenced
with the Illumina MySeq platform in the Genetic
Diversity Centre at ETH Zurich. Library preparation
was done with PacBio Template Prep Kit and the
truseq DNA PCR-free kit (Illumina Inc., San Diego,
CA, USA), respectively. To produce a high-quality
reference genome of the ancestor strain, the corre-
sponding Illumina reads served for error correction of
the de novo assembly from the Pacific Bioscience
sequencing using CLC Genomics Workbench 7.0 (CLC
bio, Aarhus, Denmark). Gene calling and annotation
of the reference genome was then performed with the
RAST automated annotation pipeline (Aziz et al.,
2008; Overbeek et al., 2014) and refined with the
Artemis genome browser (Rutherford et al., 2000). In a
second step, Illumina reads from the other strains
were mapped to the ancestor reference genome and
analysed with CLC Genomics Workbench 7.0. For the
detection of single-nucleotide polymorphisms and of
insertion and deletions (InDels) across all the evolved
genome-sequenced strains, the variant caller tool of
CLC Genomics Workbench 7 was used using default
settings with a minimum coverage of five reads and a
minimum frequency of 70%. Stand-alone versions of
Blast (Altschul et al., 1990) and Dotter (www.ubuntu.
com) were used for an in-depth analysis of differences
between ancestor and evolved strains. Genomes of all
sequenced isolates were submitted to European
Nucleotide Archive under the accession no.
PRJEB12244.

Verification of excision
To confirm the excision in strains of the P+
treatments, four primers were designed that target

its flanking regions (Supplementary Table S1). DNA
of the ancestor and evolved strains grown for 72 h in
DSMZ 7 medium was extracted with the bacterial
genome extraction Gen elute Kit (Sigma, Buchs,
Switzerland). Three separate PCR reactions were
performed for each strain (see Supplementary
Figures S1A and B for details): two with the flanking
primers for each side of the excision to verify its
occurrence and one with the forward primer of the
left side and with the reverse primer of the right side
as an indicator of its absence. Colony PCR was
performed on strains from growth cycle 26, to check
whether the excision had spread through the whole
population in the P+ treatment, and whether this
excision was also present in any strains of the P−
treatments. For this, eight additional isolates per
biological replicate were tested for the presence and
absence of the excision (N=40 per treatment) using
the primers described above.

Growth experiments on substrate-restricted and
benzoate media
Growth experiments were performed using strains
isolated from each of the biological replicates of the
P+ treatment. Three such sets of three independently
evolved strains were tested that originated (i) from
the early second half of the experiment (16 growth
cycles), (ii) from immediately before the excision
(isolated after 24 (PA), 20 (PB), 22 (PC) growth
cycles) and (iii) from after the excision (26 growth
cycles). Growth experiments with each individual
isolate were carried out in technical triplicates. The
strains were inoculated directly from frozen stock
cultures into 50ml of DSMZ 7 medium. After 72 h,
the strains were transferred into ALW medium and
grown for another 24 h. Thereafter, 5 × 105 bacterial
cells ml− 1 were inoculated into 50ml of ALW
medium either without flagellate predator or with
8×103 Poterioochromonas sp. DS cells ml− 1. Bacter-
ial cell densities were determined after 96 h of
growth in the dark at 18 °C.

The ancestor and three independently evolved
bacterial strains isolated after 26 growth cycles from
each replicate of the evolution experiment (that is,
the strains that had been genome sequenced) were
first pre-cultivated from frozen stock cultures as
described above. A total 5 × 105 bacteria ml−1 of each
strain were then inoculated into triplicate 300ml
vessels with 50ml ALW medium and grown in the
dark at 18 °C either with or without benzoate (1 g l− 1,
Sigma). The cell densities were determined every
24 h for 72 h.

Competition assays on rich media
The ancestor and three strains isolated from separate
vessels of the P+ and P− treatments after 26 growth
cycles were pre-grown in DSMZ 7 medium for 72 h
as described above. Thereafter, strains were grown in
DSMZ 7 medium at an initial bacterial cell density of
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2.5 × 105 cells ml− 1, either without or with 104

predator cells ml− 1. In the competition assays, each
strain from P+ was either grown in triplicates with
the ancestor or fully factorial with each strain from
P− (n=9). Quantification of cell densities and DNA
extraction (Bacterial DNA extraction kit, Sigma) was
carried out at the beginning of the experiment, after
48 and 72 h, respectively.

The cell ratios of competing strains was deter-
mined by quantitative PCR. The primers for the 16 S
rRNA region of Sphingobium sp. Z007 were
designed to determine total cell numbers. To
distinguish strains from different evolutionary back-
ground, a second primer pair was constructed for a
single copy gene involved in the metabolism of
aromatic compounds (nitriloacetate monoxygenase
component A, ntaA). It is situated on the excision
and is, therefore, absent in all P+ strains. The
specificity of the primers was tested in pure cultures
of the different strains. The quantitative PCR ampli-
fication was performed with the CFX96 real-time
PCR detection system (Bio-Rad, Richmond, CA,
USA) using the HOT FIREPol EvaGreen quantitative
PCR Mix Plus (Solis BioDyne, Tartu, Estonia) and the
protocol recommended by the manufacturer. Copy
numbers of genes (corrected by copy numbers per
cell) were used to determine frequencies of strains at
the beginning and the end of the experiment.
Changes in relative frequencies between the start
and the end of the experiments was used to calculate
relative fitness (Wr) according to the equation: Wr

= (at(1− a0)/a0(1− at)), where a0 and at are the cell
densities of the focal strain a at the beginning and the
end, respectively (Ross-Gillespie et al., 2007).

Cell numbers and biomass determination
Bacterial cell densities were determined by flow
cytometry. Subsamples of 1ml were fixed with
glutaraldehyde (v/v 2.5%) and stained for
20min with DAPI (4',6-diamidino-2-phenylindole,
1 μgml− 1). The cell numbers were measured with an
Influx V-Gs cell sorter (Becton Dickinson Inc.,
San Jose, CA, USA). DAPI fluorescence was excited
with a UV laser (60mW, 355 nm) and a blue laser
(200mW, 488 nm) was used for side scatter light and
the autofluorescence of Poterioochromonas sp. DS.
Bacterial cells were detected side scatter light vs
DAPI fluorescence (431 nm) and flagellates were
determined using side scatter light vs green fluores-
cence (531 nm).

As it was not possible to quantify cells within the
aggregated subpopulations, the comparison of
growth yield between the ancestor and the evolved
strains at ancestral growth conditions was based on
biomass rather than cell counts. The total protein
biomass of the ancestor strain and of bacteria
isolated after 26 re-inoculation cycles from P+ and
P− was determined in pre-grown cultures after 72 h
on DSMZ 7 medium. The subsamples were concen-
trated by centrifugation, the pellet was re-suspended

in inorganic ALW, and the cells were disrupted by
4× 30 s of sonication (Skan, Sonifier 250, Basel-
Allschwil, Switzerland). Protein fluorescence was
measured on a Qubit 2.0 (Invitrogen, Carlsbad, CA,
USA) after staining with Qubit protein reagent
according to the manufacturer’s specification. The
biomass of free cells was determined separately by
pre-filtration of subsamples through 3 μm pore size
filters (Millipore, Bedfird, MA, USA).

Statistical analysis
The data sets were first tested for normalcy by the
Shapiro–Wilk tests. Non-normally distributed data
sets were analysed using nonparametric tests. To test
for significant changes in the final cell densities
between the treatments during the evolution experi-
ment, a one-way analysis of variance (ANOVA)
followed by a Tukey post hoc test was applied
(N=5 per treatment). To examine the differences in
biomass and biomass distribution between the
ancestor strain and the evolved isolates, a Kruskal–
Wallis ANOVA (N=3 per treatment) followed by a
Dunn–Bonferroni post hoc test was used. For
statistical analysis of the other phenotypic assays,
that is, growth efficiency, competition and benzoate
assay, the mean values of the technical replicates
were compared. The difference in growth yield
before and after the excision of the genetic element
was tested for significance by ANOVA (N=3 per
treatment) followed by a Tukey post hoc test.
Significance of the change in relative fitness between
the P+ and the ancestor or the P− strain was
analysed with a one-sample t-test (N=3). The
influence of benzoate on growth of the evolved and
ancestor strains was tested by unpaired t-test.

Results

Consequences of substrate limitation and predation
Cultures evolving without predation (P− ) exhibited
a gradual but moderate increase of final cell densities
—as compared with the ancestor—over the course of
the experiment (ANOVA; treatment without preda-
tor: F(2,12) = 63.78, Po0.001,Tukey post hoc test for
P-26 growth cycles vs ancestor, Po0.001; treatment
with predator: F(2,12) = 13.61, P=0.001, Tukey post
hoc test for P+ 26 growth cycles vs ancestor
P=0.001, Figure 1a). The cell yield of the P−
cultures after 26 growth cycles was on average 1.7
times higher than at the beginning. The P+ cultures
showed a more drastic adaptation, and their final cell
densities were 15 times higher than their initial
numbers. Strains isolated from the P+ treatment after
26 growth cycles formed slightly (but not signifi-
cantly) higher total biomass than the P− and
ancestor strains if grown in the rich DSMZ 7 medium
that was used to maintain the ancestor (Figure 1b). In
the P− strains, a significantly larger fraction of total
biomass was present in free cells, in agreement with
the notion of aggregate formation being a predation
defence (Kruskal–Wallis test, χ2(2) = 9.9, P=0.007,
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post hoc Dunn–Bonferroni test: P− vs ancestor,
P=0.04; P− vs P+, P=0.021).

Genomic organization and characteristics of the
ancestor
The genome of the Sphingobium sp. Z007 ancestor
strain consists of two circular chromosomes and five
plasmids with a final genome size of 4.9Mbp. In all,
3276 from a total of 4998 coding sequences could be
functionally annotated. A summary for each genetic
element is listed in Table 1. The genome includes
four rRNA operons and 60 tRNA genes that cover all
amino acids. The closest relative of Sphingobium sp.
Z007 is Sphingobium japonicum, with a 16 S rRNA
gene identity of 98%. Chromosome 1 contains all
genes essential to maintain a living cell (Gil et al.,
2004). Chromosome 2 is only half the size of
chromosome 1; it mainly harbours genes involved
in substrate degradation, as well as nearly half of all
transposons. We also found genes involved in
quorum sensing, namely one autoinducer gene on
plasmid 1 and three receptor genes on chromosomes
1, 2 and plasmid 1.

Low number of polymorphisms and plasmid
overexpression
In general, all sequences of the evolved isolates
showed low numbers of single-nucleotide poly-
morphisms (between 10 and 20 per isolate), and
the majority of these variants were synonymous
transitions with no effect on the amino acid
composition. The non-synonymous substitutions
were mainly found on chromosome 1 and plasmid
1. However, we could not assign a function to these
substitutions because all except one site were
annotated as hypothetical proteins. The annotated
site with a non-synonymous substitution was found
in a gene coding for a TonB-dependent transporter
and present in all evolved isolates.

We examined the distribution of Illumina reads
among all sequenced isolates to see whether there
are treatment-dependent changes in copy numbers of
genes or genomic elements. We found that the
plasmid 1 had proportionally more reads in the
strains evolved with predator then in the strains
isolated from the P− treatment or the ancestor strain,
which suggests that this plasmid might be present in
a higher copy number in the P+ strains. Plasmid 1
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Figure 1 Increase of total growth yield during experimental evolution and reallocation of biomass between planktonic and aggregate
associated cells. (a) Cell densities of the ancestor Sphingobium sp. Z007 strain (168 h of growth at oligotrophic conditions) and of three
strains evolving without (P− ) or with (P+) predators that were isolated after 16 and 26 growth cycles. (b) Biomass of planktonic cells
(hatched) and aggregates (white) of the ancestor and of strains with different evolutionary background isolated after 26 growth cycles when
grown on the original rich medium.

Table 1 Genomic features of Sphingobium sp. Z007

Features CC1 CC2 P1 P2 P3 P4 P5

Size (bp) 3 251 406 1 165775 298459 168066 30817 13179 10308
G+C (%) 63.9 62.4 62.4 61.9 63 59.1 59.5
Protein coding (bp) 2 952 693 1 064189 266541 149157 26997 11028 8667
Protein coding (%) 90.8 91.2 89.3 88.7 90.7 83.7 84.1
Protein-coding genes 3240 1092 333 207 37 21 18
With functional assignment 2137 654 177 76 18 8 5
Hypothetical genes 1103 438 156 131 19 13 13

Insertion sequences 57 74 25 11 4 1 1
Ribosomal RNAs 1 3 – – – – –

Transfer RNAs 51 9 – – – – –
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harbours a quorum-sensing system with a receptor
and autoinducer gene and also the complete operon
for the type 4 secretion system.

Loss of a genome fragment
All three strains from different experimental repli-
cates of the P+ treatment had a smaller genome size
than both, the ancestor and the P− strains. In all
three cases, the lost genomic fragment is located on
chromosome 2 (Figure 2); it is nearly 274 kbp in size
and contains 306 coding sequences, 164 of which
could be sorted into different metabolic groups. The
most abundant annotated coding sequences on the
excision are mobile elements (insertion sequences
from different families) and unique sets of
genes involved in the metabolism of aromatic
compounds. Consequently, the P+ strains have
completely lost these degradation pathways. Mobile
elements and large stretches of repeats are found
on both flanking sites of the excision and might
be responsible for its loss. In fact, the deleted
274 kbp fragment is flanked by direct repeats, which
presumably have served as templates in the
recombination event that led to the loss of the
fragment. Screening of a collection of 450 isolates
from different replicates and time points of the
P+ treatment by the specific PCR assay (supple-
mentary Figure 1A) revealed that the excision
had occurred in the three isolates after 20, 22
and 24 re-inoculation cycles, respectively (corre-
sponding to 136, 150 and 164 days). The same PCR
assay also showed that the excision was not present
in any of the 40 examined P− strains (eight isolates
per biological replicate), whereas all 40 tested
isolates evolved with the predator appeared to have
lost the genetic element (Supplementary Figures 1B
and C).

Growth efficiency at oligotrophic conditions after
genome streamlining
The growth on oligotrophic medium of P+ strains
from before (16 growth cycles) and after (26 growth
cycles) the excision revealed beneficial effects of
genome streamlining. Significantly higher growth
yield of all strains with reduced genomes was
observed, and this was equally pronounced in the
absence (ANOVA, F(2,6) = 54.07, Po0.001, Tukey post
hoc test for reduced vs non-reduced genomes
P=0.0003) and presence (ANOVA, F(2,6) = 89.39,
Po0.001, Tukey post hoc test for reduced vs non-
reduced genomes Po0.0001) of predators (Figure 3).
To verify that change in growth was mainly related
to the loss of the genomic element and not to the
prolonged cultivation in the medium, strains evol-
ving for 16 growth cycles in the evolution experi-
ment were compared with strains isolated directly
before the genome reduction. No significant differ-
ences in growth between the two isolation time
points was observed (Supplementary Figure 2).

Direct competition assays at ancestral growth
conditions
To examine the respective competitiveness of the
evolved strains and the competition between P+
strains and the ancestor at the substrate-rich ances-
tral growth conditions, we measured their fitness in
co-culture as the change in relative frequency of
marker genes. Prior tests confirmed that comparable
abundance estimates of the ancestor strain were
obtained using primers either for 16 S rRNA genes or
for the excision region (data not shown). The
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Figure 2 Location of the genomic excision (marked in grey) on
chromosome 2, and distribution of transposable elements (black
bars) and genes involved in metabolism of aromatic compounds
(yellow bars). The size of the excision was approximately 273 kbp.
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quantitative PCR efficiencies, as determined from
standard curves, were always between 98% and
102%. Significantly higher fitness of the P+ than the
P− strains was observed, both, in the absence (one-
sample t-test, t(8) = 4.03, P=0.004) and the presence
of predators (one-sample t-test, t(8) = 3.14, P=0.014,
Figure 4a). The P+ strain had a significant fitness
advantage in the presence of the predator (one-
sample t-test: treatment with predator, t(2) = 4.98,
P=0.038, Figure 4b), and a trend towards higher
competitiveness (albeit not statistically significant)
was also apparent in the absence of the predator.

Growth in the presence of benzoate
One consequence of the genome reduction in P+
strains was the loss of genes involved in the
metabolism of aromatic compounds, including the
complete pathway for benzoate degradation
(Figure 3). The ancestor and the P− strains, both
with an intact gene cluster for this metabolic
function, grew to higher densities in media contain-
ing benzoate than in control treatments (unpaired
t-test: Ancestor, t(4) =− 4.8, P=0.008; evolved without
predator, t(4) =− 2.96, P=0.042, Figure 5), indicating
that they utilized this compound as an additional
substrate source. By contrast, benzoate negatively
affected the growth of the P+ strains (unpaired t-test,
t(4) = 3.66, P=0.022, Figure 5).

Discussion

Sphingomonadaceae are distributed across a range
of non-aquatic and aquatic habitats. Their genome
evolution is characterized by a high extent of
horizontal gene transfer, recombination and genome
rearrangements (Aylward et al., 2013). Genome
reduction within this phylogenetic lineage appears
to reflect ecological transitions to less substrate-rich
environments (Lauro et al., 2009), in agreement with
a general trend of smaller genomes in bacteria from
aquatic than from terrestrial habitats (Dini-Andreote
et al., 2012).

Although the smallest, most eroded genomes are
found in obligate endosymbionts (Andersson et al.,
1998,Stephens et al., 1998), the hallmark examples
of extreme genome reduction in free-living bacteria
are from oligotrophic marine and freshwater envir-
onments (Dufresne et al., 2003; Giovannoni et al.,
2005; Garcia et al., 2013; Ghylin et al., 2014).
Genome streamlining of waterborne bacteria is
considered to be a consequence of positive selection
rather than of genetic drift (Giovannoni et al., 2014),
to increase growth efficiency in a resource-limited
environment. Both natural and experimentally intro-
duced gene loss resulted in increased fitness of
Salmonella enterica (Koskiniemi et al., 2012).
Genome reduction in our strain was exclusively
triggered under predation (supplementary Figure
2C), and only after several 100 generations. In the

absence of predators, growth efficiency could be
increased by re-tuning the resource allocation trade-
off between growth and defence (Cressler et al.,
2010), that is, by largely abandoning the aggregated
phenotype (Figure 1b). This shift to the free-living
phenotype at oligotrophic conditions, moreover,
speaks for a growth disadvantage of the aggregated
growth form, which at times may even be advanta-
geous due to increased advective transport during
sinking (Kiørboe et al., 2001). In any case, this
evolutionary path was no option for the P+ strains,
which maintained or even increased aggregate
formation, likely due to the high mortality inflicted
on the planktonic subpopulation. A preferential
adaptation of bacteria to defence rather than to
abiotic factors has been observed before in viral–
bacterial co-cultures (Scanlan et al., 2015).

During the 1-week growth cycles, flagellates
removed approximately 80% of newly formed free
bacterial cells already after 24 h and subsequently
reduced them to o25% of their maximal abun-
dances. Consequently, the starter populations of
Sphingobium sp. Z007 at each re-inoculation in P+
were two to three orders of magnitude smaller than
in P− . Population size is a crucial factor to influence
the total genetic diversity and fixation of mutations
may be more likely if strong selection acts on a small
population (Raynes et al., 2012). Such a growth
scenario might also favour the success of a singular,
more radical adaptation, as represented by the
genomic excision. Moreover, 10 to 100 times more
cells in the freshly re-inoculated P+ variant origi-
nated from aggregates rather than from planktonic
bacteria, so that this phenotype constituted by far the
largest effective subpopulation. It is, thus, conceiva-
ble that the excision event occurred in the aggregated
phenotype, and was rapidly established by convey-
ing a growth advantage to cells that were not
subjected to predation mortality (Figure 3). This
might also explain why it was never observed in the
P− strains. Alternatively, the excised genome
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Figure 4 Competitive performance of strains evolved with
predators. (a) Differences in fitness between strains from the P+
and P− treatments (26 growth cycles) cultivated either without or
with predators. (b) Differences in fitness between strains from the
P+ and the ancestor (Anc) without or with predators.
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fragment might have harboured elements that were
beneficial for planktonic growth. We previously
observed that the growth performance of Sphingo-
bium spp. strains in rich medium substantially
improved after their transient residence at oligo-
trophic conditions (Baumgartner et al., 2016). Here
we expand these results by showing that there may
be additional beneficial effects in populations that
simultaneously face both, oligotrophy and high
mortality, which is a common fate of soilborne or
plant associated bacteria transported into fresh-
waters (Ruiz-González et al., 2015).

Metabolic costs associated with larger genome size
arise from regulation overhead and to a lesser extent
from actual synthesis (Ranea et al., 2005). The
superior growth of P+ strains after the excision on
oligotrophic media irrespective of predation
(Figure 3) suggests that the overall fitness benefit of
the genome reduction for the P+ strains may have
exceeded the 5% of saved nucleotides. Interestingly,
it also bestowed an advantage on P+ strains at the
original substrate-rich growth conditions, as they
had a higher fitness than both, the ancestor and the
P− strains under predation (Figure 4) and at least
matched the fitness of the ancestor without preda-
tion. Streamlining might thus be interpreted as a
compensatory adaptation to attenuate the metabolic
cost of the formation of the defence trait (aggrega-
tion), which already developed during the initial
growth cycles. Such compensatory evolution in
trade-off situations or due to disproportional accu-
mulation of deleterious mutations are common
in pro- and eukaryotes (Maisnier-Patin and Anders-
son, 2004). In fact, the P+ strains after the excision
event might be regarded as the first examples
for an experimentally induced ‘Winnie-the-Pooh’
type of adaptation (Thingstad et al., 2005), that
is, the simultaneous increase of growth and

defence-related fitness aspects. However, the
involved mechanism is unrelated to the originally
proposed one.

Despite the drastic reduction of genome size in the
strains evolved with predator, other genomic altera-
tions in the evolved strains were rare. Single-
nucleotide polymorphism calling revealed only a
very small number of InDels, the majority of which
did not affect the amino acid composition of the
respective protein. In our experiments, all strains
evolved towards higher growth yield at 1000-fold
reduced substrate levels (Figure 1a). This adaptation
to substrate restriction irrespective of predation
might have been related to a non-synonymous
substitution in a TonB-dependent transporter
observed in all evolved isolates. These high-affinity
transporters are specialized for siderophores or
dissolved organic matter, and they are often found
in bacterial strains that are adapted to oligotrophic
environments (Tang et al., 2012). The Sphingomona-
dales show a particular high diversity of TonB
transporters; our strain shares high similarities in
some mobile elements with Sphingomonas wittichii,
which features the highest number of these trans-
porter of all so-far sequenced microorganisms (Miller
et al., 2010). The high numbers of TonB transporters
in the Sphingomonadacea hint at their importance
for the interaction with their environment, and it is
conceivable that the evolved strains improved in
performance by mutation in a transporter involved in
the uptake of scarce nutrients. However, the testing
of this hypothesis was beyond the scope of the
current study.

The excision clearly further mitigated the counter-
acting selection pressures of nutrient limitations and
high mortality (Figures 1 and 3). However, it did not
appear to be involved in the enhanced formation of
aggregates, as the number of aggregates did not
change substantially before and after the excision
(Supplementary Figure 2). Instead, the analysis of
sequence-read distributions indicated a higher copy
number of plasmid 1 in strains evolved with
predators. A positive effect of elevated plasmid copy
number has been shown in bacteria evolving under
antibiotic selection (San Millan et al., 2016): The
increased gene dosage at higher copy numbers
resulted in elevated resistance to the applied anti-
biotics. In analogy with these findings, a higher
expression of plasmid 1, which harbours a complete
quorum sensing and type IV secretion system, might
have a positive effect on aggregate formation.
Quorum sensing is important for collaborative
behaviour in bacteria, such as the formation of
biofilms, and quorum-sensing knockout mutants of
Burkholderia thailandensis were not able to form
cell aggregates (Chandler et al., 2009). In addition,
the type IV secretion system, which is regulated by
the quorum-sensing system (Delrue et al., 2005), has
also been shown to be involved in the formation of
biofilms and cell aggregates (Bieber et al., 1998).
Therefore, it is feasible that enhancing quorum

Figure 5 Comparison of growth of the ancestor and of evolved
strains (isolated after 26 growth cycles) in the presence or absence
of benzoate.
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sensing and the resulting increased formation of
cell–cell connections by the type IV secretion system
might account for the elevated aggregate formation in
the P+ strains.

Interestingly, the three independently evolved
isolates from the P+ treatment lost the exact same
genomic region. Moreover, additional PCR assays
suggested that all 40 strains randomly isolated at the
end of the experiment from the five biological
replicates of P+ jettisoned this genomic region; this
strongly suggests that the excision had swept
through the whole population. The excised genome
segment most likely represents an eroded remnant of
an integrated plasmid, as deduced from plasmid-
related genes and the disproportionally high number
of transposable elements. The fact that this segment
is flanked by repetitive elements that probably
served as recombination templates suggests that a
re-integration of that genomic segment might also be
possible if environmental conditions change and the
corresponding plasmid is available. Indeed, this
segment harboured a fully functional pathway for
the degradation of aromatic compounds (Figure 2),
as demonstrated by enhanced cell yield of the
ancestor and P− strains in the presence of benzoate
(Figure 5). By contrast, this compound, which is
known for its antimicrobial activity but is also
common in terrestrial habitats such as the rhizo-
sphere (Whitehead et al., 1981), constituted a growth
disadvantage for the P+ strains. Thus, the price of
genome reduction in Sphingobium sp. strain Z007
seems to be a constriction of its potential niche
space. It is conceivable that similar eco-evolutionary
mechanisms might lead to the loss of other functions
that are acquired by lateral gene transfer, for
example, antibiotic resistance.
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