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EVOLUTIONARY BIOLOGY

A limit on the evolutionary rescue of an Antarctic
bacterium from rising temperatures

Macarena Toll-Riera'*t, Miriam Olombrada't, Francesc Castro-Giner?, Andreas Wagner

Climate change is gradual, but it can also cause brief extreme heat waves that can exceed the upper thermal limit
of any one organism. To study the evolutionary potential of upper thermal tolerance, we evolved the cold-adapted
Antarctic bacterium Pseudoalteromonas haloplanktis to survive at 30°C, beyond its ancestral thermal limit. This
high-temperature adaptation occurred rapidly and in multiple populations. It involved genomic changes that
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occurred in a highly parallel fashion and mitigated the effects of protein misfolding. However, it also confronted
a physiological limit, because populations failed to grow beyond 30°C. Our experiments aimed to facilitate evolu-
tionary rescue by using a small organism with large populations living at temperatures several degrees below
their upper thermal limit. Larger organisms with smaller populations and living at temperatures closer to their
upper thermal tolerances are even more likely to go extinct during extreme heat waves.

INTRODUCTION

Organismal populations experience incessant environmental changes,
especially in light of ongoing global warming. Average global tem-
peratures have already increased by 1°C since the preindustrial era
(1) and are predicted to increase an additional 0.4° to 4.8°C in the
21st century (2). Moreover, climate change is associated with an
increase in the frequency and length of heat waves (3, 4), including
marine heat waves. The most important marine heat waves up to
date lasted between 10 and 380 days and showed maximum intensities
between 3.5 and 9.5°C above sea surface temperatures (5). The
frequency of marine heat waves has already increased more than
20 times because of ongoing climate change. These heat waves are
predicted to increase even more in frequency, length, and intensity
if warming continues, especially if global temperatures rise by 3°C or
more (6). As a result, the upper thermal limit of organismal growth
is expected to experience increased selective pressure (7). It is not
known whether adaptive evolution can rapidly extend upper thermal
limits (7, 8) to respond to heat waves, but hard physiological bound-
aries may limit their extension (9, 10). These boundaries may be
caused by the effect that temperature has on organisms, especially
on protein denaturation and membrane fluidity, which single-step
adaptive mutations may not be able to overcome.

When exposed to severe environmental stress, populations can
avoid extinction through evolutionary adaptation, a phenomenon
known as evolutionary rescue (11). The success of evolutionary rescue
depends on the severity of the stressor, on the speed of its onset, and
on population size (11-17). Successful rescue is more likely in large
populations facing gradual change (13-16). Temperature changes
are important stressors, because temperature affects how organisms
grow and reproduce, how fast their biochemical reactions proceed,
and how well their proteins function (18). For example, above a
temperature threshold called the melting temperature, proteins lose
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their tertiary structure and their ability to function, which is why the
biophysics of protein folding limits the temperature range in which
organisms can survive (19). Thermostable proteins tend to be en-
riched in charged and hydrophobic residues, the latter of which
preferentially occur in protein cores to reduce solvent exposure (20).
Adaptation to high temperatures has been studied in many organisms,
both in the wild, for example, in water fleas and cornflowers, and in
the laboratory, for example, by experimentally evolving fruit flies,
fish, and the bacterium Escherichia coli (1, 10, 18, 21-29). Bacteria
have large population sizes, short generation times, and small ge-
nomes, which make them ideal candidates to study rapid adaptation
to high temperature and its genomic basis. Adaptive evolution
allows E. coli to improve survival at temperatures that are above its
optimal growth temperature (28, 29). It adapts rapidly to high tem-
peratures (27), but the genomic basis of adaptations to temperatures
that exceed its ancestral upper thermal limit—and their eventual
failure—is unknown (30).

To study the evolutionary potential of upper thermal tolerance,
identify its limits, and characterize their genomic basis, we used a
cold-adapted (psychrophilic) bacterium. Organisms from cold-adapted
environments are understudied but ecologically important. They
produce the largest fraction of biomass on Earth and are thus central
to global biogeochemical cycles (31). Cold-adapted bacteria have a
larger thermal safety margin than mesophiles, that is, they live at
temperatures that are several degrees below their upper thermal
tolerance. In addition, while the fastest growth of mesophiles is close
to their environmental temperature, cold-adapted bacteria grow faster
at temperatures that are far beyond the temperature in their natural
habitat (32). Cold-adapted bacteria might thus adapt more rapidly
to high temperatures than mesophiles.

RESULTS

Adapting a cold-adapted bacterium to high temperatures
The Antarctic y-proteobacterium Pseudoalteormonas haloplanktis strain
TACI125 is one of the best-studied cold-adapted bacteria (33). Its
genome consists of two chromosomes and two plasmids (34-36). It
is able to grow between —2.5° and 29°C, but it already shows signs of
heat stress above 20°C (37, 38). Because P. haloplanktis is a natural
isolate from Antarctic coastal seas with limited exposure to laboratory
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conditions (34), we first adapted it to these conditions for 145 gen-
erations at 15°C. We then started all further experiments from
the preadapted clone with the highest growth increase relative to the
wild-type P. haloplanktis TAC125 strain. The likely reason for the
clone’s growth increase is a duplication of its entire chromosome 2,
which encodes a gluconate transporter and a gluconokinase, both
involved in the transport and metabolism of p-gluconic acid, the
sole carbon source in our growth medium (table S1).

Starting from this preadapted clone, we challenged populations
of P. haloplanktis to adapt to gradually increasing temperatures that
eventually surpassed the upper thermal limit of our wild-type strain
TACI125, resembling a heat wave. Briefly, we evolved 30 replicate
populations by serial transfer in batch culture, gradually increasing
the temperature from 20° to 22°, 24°, 26°, 28°, 29°, and 30°C. In
parallel, we evolved 12 replicate control populations at a constant
temperature of 15°C, the wild-type optimal growth temperature
(Fig. 1A). At 30°C, i.e., beyond the temperature limit of the wild
type and the preadapted clone (fig. S1), population size decreased

A

30

Preadaptation experiment populations

w ~—~
P. haloplanktis

wild type L 1
15°C

OO0

__ BB
OO0

& 2-S—Boeo
OO0

OO0

OO0

OO0V

Generations ¢ populations

Generations 0

v o}
o

Temperature (°C)

Bacterial density (ODggo)
o

Generations

considerably at first (by 26% on average compared to growth at
29°C and by 37% compared to growth at 28°C). However, popula-
tion size recovered in all populations. Recovery showed the typical
U-shaped curve of evolutionary rescue, where a dip in population
size is followed by an increase (Fig. 1B). This rescue was very rapid.
Depending on the population, it required only between 70 and 270
generations (fig. S2). In summary, after 900 generations of evolution
at gradually increasing temperatures, all 30 replicate populations
were able to grow at a temperature beyond the ancestor’s thermal
limit (Fig. 1C and fig. S3). Adaptation to 30°C did not involve, in
general, trade-offs with growth at lower temperatures (fig. S4 and
Supplementary Text), but trade-offs at the level of individual muta-
tions might exist.

Fitness increased throughout the experiment, but the highest
relative increase occurred at the highest temperatures (Fig. 1C),
which is consistent with previous experiments (27). However, even
after 300 generations of evolution at 30°C, our populations failed to
grow at higher temperatures. Less than half of the populations grew

Adaptation to temperature experiment

230 280 370 560 900
C
s 20°C 22°C 24°C

302 /

o

g 01 J

2 0.0+ —_— b

(%}

S 26°C 28°C 30°C — Adapted

; 0.3 Preadapted

3 02

[$3

& 0.1 f /

0.0 el -

0 5101520 0 5101520 0 5101520
Time (hours)

Fig. 1. Adaptation to gradual temperature increases. (A) Experimental design. We evolved 30 replicate populations started from a single preadapted clone during 900
generations at gradually increasing temperatures. To determine the genetic basis of adaptation to rising temperatures, we sequenced the genomes of clones isolated
throughout the experiment. (B) Bacterial density, quantified by the optical density of a bacterial culture at 600 nm (ODgqo) as a function of time, for each of 30 evolving
populations. Each line corresponds to data from one population. Background color (see legend) indicates the temperature at which we measured bacterial density.
(C) Fitness gains increase with temperature. Growth curves measured during 23 hours at different temperatures (see panel labels) using the initial preadapted clone (blue line)
or populations adapted to each temperature (red line). The growth curve for the preadapted clone is the average of 12 biological replicates, and the growth curve for the
evolved populations is the average of 90 biological replicates (three replicate population samples for each of 30 evolving populations). Shaded areas and dashed lines
indicate 95% confidence intervals.
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to very low optical density at 31°C, and no population could grow at
32°C (fig. S5). To confirm these observations, we revived end point
populations and, after an acclimation period at 30°C, grew them at
31°C for two serial transfers. In these experiments, end point popu-
lations could not grow at 31°C, even if we performed serial transfer
every 48 hours instead of every 24 hours. While populations incu-
bated (and nongrowing) at 31°C resumed growth after incubation
at 15°C, populations incubated at 32°C did not resume growth at
15°C. These results suggest that while the upper thermal limit for
growth lies somewhere between 30° and 31°C, the upper thermal
limit for survival lies between 31° and 32°C. In summary, we uncovered
a limit, within the context of our experiments, for evolutionary rescue
in this bacterium.

Genetic changes implicated in temperature adaptation

To identify mutations associated with thermal adaptation, we se-
quenced 192 single clones isolated from populations adapted to
different temperatures, that is, from different time points during
the experiment (22°, 26°, 28°, and 30°C), as well as from the control
populations evolved at 15°C. For intermediate time points and control
populations, we sequenced one clone per population, and for end
point populations adapted to 30°C, we sequenced three clones per
population. We note one inherent limitation of our experimental
design, namely, that clones isolated from higher temperatures have
been evolving for longer and in populations with a higher background
genetic variation than clones isolated from lower temperatures.

We identified 940 mutations in the sequenced genomes (data file
S1), all of which must have occurred de novo, because we started the
experiment from a single clone with known genomic sequence.
Genetic drift is negligible on the time scale of our experiment, because
our populations comprised at least ~10° individuals. Most observed
mutations are thus beneficial or hitchhike to high frequency with
beneficial mutations. The most frequent mutations are point muta-
tions (62%), followed by indels (32%) (table S2 and data file S2). Of
the 585 point mutations that we identified, 498 (85.1%) are missense
variants, and only 20 (3.4%) are synonymous point mutations. Half
of the indels cause in-frame insertions and deletions, and only 10%
of all mutations cause frameshifts and stop codon gains that might
abolish protein function. Only 12% of the mutations fall outside
coding regions (table S3).

At 30°C, we detected a higher number of new variants per clone
than at all other temperatures [Wilcoxon rank sum test, two-tailed
false discovery rate (FDR)-adjusted P value of <0.005 in all pairwise
comparisons] (Fig. 2A), possibly because selection intensifies as
temperature increases. These variants preferentially occur in genes
involved in protein turnover and chaperone functions, in cell wall/
membrane biogenesis, as well as in energy production and conversion
(Fisher test, one-tailed FDR-corrected P value of <0.05) (fig. S6, table
S4, and Supplementary Text). The two main effects of temperature
increases on cell physiology are protein denaturation and the disrup-
tion of membrane integrity caused by increased fluidity (39). Muta-
tions in protein turnover and chaperone functions, as well as in cell
wall and membrane biogenesis might help to overcome both.

In addition, at high temperatures, we preferentially observe amino
acid substitutions that tend to increase protein stability. These sub-
stitutions reduce the content of glycine and alanine, which increase
protein flexibility, and they increase the frequency of leucine and
isoleucine (both hydrophobic), which help to stabilize protein cores
(tables S5 and S6 and Supplementary Text) (40).

Toll-Riera et al., Sci. Adv. 8, eabk3511 (2022) 15 July 2022

Highly parallel mutations are concentrated in few genes

and genomic regions

A new genetic variant is especially likely to be adaptive if it occurs
multiple times in populations that evolve in parallel. To identify the
variants primarily responsible for evolutionary rescue, we next ex-
amined the parallel mutations occurring at 30°C in greater detail.
The main target of these mutations was the Lon protease: 90% of
clones adapted to 30°C harbor mutations in the lon gene. In addi-
tion, 87.5% of the clones harbor mutations that decrease the number
of copies of chromosome 2 (via two genetic routes; figs. S7 and S8,
table S7, and Supplementary Text), and 85% carry mutations in one
or several genes involved in cell wall biosynthesis (among others
mipA, lapB, bamA, and IpxC). Taken together, all clones adapted to
30°C display at least one change in one of these three categories of
variants (Fig. 2B, fig. S9, and Supplementary Text).

Both mutations in lon and mutations that decrease the number
of chromosome 2 copies appear at sublethal temperatures (28° and
26°C, respectively) and increase with temperature (Fig. 2B, fig. S9,
table S8, and Supplementary Text). Moreover, growth curves mea-
sured at different temperatures reveal that the chromosome 2 dupli-
cation favors growth below 26°C (fig. S1), most probably because
it increases the transport and metabolism of p-gluconic acid
(chromosome 2 harbors a gluconate transporter), which is the only
carbon source present in our minimal medium. However, at tem-
peratures above 26°C, the duplication reduces growth (fig. S1).

In summary, our analysis strongly suggests that the two most
frequent mutations at 30°C, mutations in lon and decreasing chro-
mosome 2 copy number, are driving adaptation to high temperatures
and are crucial to rescue populations from extinction. Moreover, our
observations validate a prediction from evolutionary rescue theory,
namely, that variants favored during sublethal conditions facilitate
adaptation to lethal conditions (11I).

Protein misfolding limits the extension of upper

thermal tolerance

The Lon protease is an ATP (adenosine 5’-triphosphate)-dependent
protease that is found in bacteria, Archaea, and Eukaryota (41). It
degrades misfolded and mutant proteins, including many regulatory
proteins (41). The Lon protease recognizes hydrophobic motifs,
which are typically located in a protein’s core and only exposed when
the protein is misfolded (41).

It is remarkable that 90% of clones surviving at 30°C harbor Lon
protease mutations but even more remarkable that 72.5% of these
clones (58 clones from 20 different populations) share the exact
same mutation, a three—amino acid insertion (table S9). We can ex-
clude cross-contamination as a possible origin for this extreme
parallelism because we find the insertion in clones isolated from
populations located in noncontinuous wells and even on different
plates. Furthermore, the amino acid insertion is the only mutation
shared among clones. Because our ancestor did not harbor the mu-
tation, these parallel mutations must have occurred independently
in our evolving populations. The most plausible explanation is that
the insertion, which falls inside a repetitive region (TGC CGA CAT
TGG CGA CAT), originated by DNA replication slippage, which
led to the addition of a third repeat unit (TGG CGA CAT). An in-
sertion like this might reduce protein expression, but Western blot
experiments reveal that this is not the case (fig. S10). The insertion
is also not likely to be beneficial by stabilizing the Lon protease, be-
cause it localizes to the protein surface. Stability assessments using
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Fig. 2. The number of genetic variants, as well as the incidence of parallel evolution, increases with temperature, and variation accumulates preferentially in
some classes of genes. (A) Ratio of the number of variants identified at each temperature, normalized by the number of generations (x100) elapsed since the preceding
temperature. This number of generations equaled 232 generations from 20° to 22°C, 139 generations from 22°to 26°C, 182 generations from 26° to 28°C, and 350 generations
from 28° to 30°C. Each data point represents a clone. (B) We clustered mutated genes into functional categories (data file S3), and we indicate for each sequenced clone
at each temperature in which gene category mutations occur. The temperature is displayed on the top horizontal axis and the functional gene categories on the right
vertical axis. Small colored vertical bars denote each of the sequenced clones. Clones adapted to 30°C are grouped by population. Next to each functional category, a bar
plot indicates the proportion of clones that harbor a mutation falling in that category at a given temperature. Only some functional categories are displayed; the full list

is displayed in fig. S9.

the FoldX (42) software suggest that the mutation is destabilizing
(AAG = 5.523 kcal/mol). The insertion occurs in the N-terminal do-
main (Fig. 3A and Supplementary Text), which is essential for the
binding of Lon to misfolded protein substrates (41).

Because P. haloplanktis is not a model organism, tools to engi-
neer specific genes in its genome are limited. To confirm that the
Lon protease insertion mutant confers adaptation to high tempera-
ture, we thus expressed both the wild-type Lon protease and the
insertion mutant in the E. coli strain BL21, which is deficient for
Lon protease. Because our experimental results predict that the
Lon protease mutant should improve growth, but only at high tempera-
tures, we measured its effect on growth at 30°, 37°, and 40°C. At 37°C,
the mutant conferred no advantage, and at 30°C, overexpression of
wild-type and mutated Lon protease was disadvantageous (Kyeg =
0.740, Kionwt = 0.658, Kionmut = 0.638, Wilcoxon rank sum test,
one-tailed P value of <0.01 in all pairwise comparisons). Crucially,
at 40°C E. coli grew to significantly higher densities when express-
ing mutant Lon protease (Kponwt = 0.800, Kionmut = 0.850, one-sided
Wilcoxon rank sum test, P = 0.006) (Fig. 3B, figs. S11 to S13, and
table S10).

Toll-Riera et al., Sci. Adv. 8, eabk3511 (2022) 15 July 2022

DISCUSSION

Although evolutionary rescue is key to avoid the extinction of popula-
tions exposed to environmental stress, it is not well known whether
it can rescue populations exposed to temperatures beyond their upper
thermal tolerance. Our experiments encountered a limit on evolu-
tionary rescue that exists for our experimental conditions. Specifically,
P. haloplanktis populations adapted to grow at 30°C, a temperature
that exceeds the upper thermal limit by 1°C, but they could not
adapt to survive at higher temperatures.

The mutations that allow P. haloplanktis to survive at 30°C can
also help us understand what prevents the further extension of this
temperature limit. The most prevalent mutation occurs in the
Lon protease, a protein found in all domains of life. The Lon pro-
tease is the main protease from the protein quality control mech-
anism, a mechanism that avoids the accumulation of misfolded
proteins by expressing chaperones and proteases (41). The second-
most abundant mutation reduces the copy number of chromosome
2. The fitness costs caused by protein misfolding increase with
protein abundance (43), thus the reduction in chromosome 2 copy
number may provide a fitness benefit because it can help reduce
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Fig. 3. Mutations in Lon protease are key for adaptation to high temperature.
(A) Homology modeling of the three-amino acid (Met-Ser-Pro) insertion mutation
(orange) of P. haloplanktis Lon protease (amino acids 253 to 775) using SWISS-MODEL
and PDB structure 6v11 (https://www.rcsb.org/structure/6V11) as a template.
The structure is a homohexamer in which four of the six monomers are bound to
ADP (adenosine 5'-diphosphate). The insertion occurs in a region known as the
three-helix bundle in the N-terminal domain, which is colored in turquoise. (B) Maxi-
mum population density (K) in E. coli BL21 strain carrying an empty plasmid (gray),
a plasmid expressing the wild-type Lon protease from P. haloplanktis (blue), or a plasmid
expressing the mutated (Met-Ser-Pro insertion) Lon protease from P. haloplanktis
(red). We performed 12 biological replicate measurements for each E. coliand plasmid
combination (circles). mut, mutant; wt, wild type.

the expression of hundreds of proteins (13.5% of the organism’s
genes). Notably, chromosome 2 duplication enhances fitness at
low temperatures and reduces fitness only at the highest tempera-
tures. A chromosome 2 duplication has not been reported in
natural populations, and its reversion may not be relevant to them,
but it is consistent with a key role for protein misfolding in our
experiment.

The connection between the thermal limit and protein mis-
folding is further strengthened by mutations that increase protein
stability, such as a gain of leucine and isoleucine residues, and a
loss of glycine and alanine residues at the highest temperatures.
Considering all the evidence, we hypothesize that adaptation to high
temperature reduces the burden of misfolded proteins through
mutations in Lon protease, which might increase the degradation of
misfolded proteins, or by avoiding protein denaturation through
stabilizing mutations. Because this mitigation strategy breaks
down beyond 30°C, we conclude that the limit on evolutionary res-
cue detected within the context of our experiment is imposed by
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protein misfolding. However, one limitation of our study is that ge-
nomic data from clones adapted to 30°C only provide indirect evi-
dence of what limits evolutionary rescue.

What causes the limit on evolutionary rescue remains unknown.
One possibility is that the mutations that extend the upper thermal
limit are rare or were outcompeted by clones carrying fitter adap-
tive mutations that do not extend the limit. Another possibility is
that there are no single-step adaptive mutations able to overcome
the physiological boundaries caused by high temperature. The later
would suggest the existence of a hard limit (9, 10). Even hard limits
can be overcome with enough time, but this amount of time de-
pends on the necessary number of genetic changes. For example,
temperature-induced cell death in E. coli is driven by the denatur-
ation of 83 proteins, 14 of them essential (44). With a genomic
mutation rate of 10> nucleotide mutations per generation (45), in-
dependent mutations in 14 to 83 genes would require very long
waiting times, even in large populations. By comparison, during
900 generations of our experiments, P. haloplanktis displayed on
average only nine new genetic variants per genome. Even very long
waiting times are not prohibitive, however, when environmental
change is gradual enough.

Evolutionary rescue is easiest in large populations that become
only gradually stressed (13-16). However, even large populations
are not immune to extinction (46). In addition, although global
climate change is a gradual process, it also leads to abrupt and ex-
treme climatic events, such as heat waves, hurricanes, and droughts
(3, 4, 47). Events like this can affect wild populations markedly and
have already led to the extinction of some local populations (e.g.,
bumblebees, corals, flying foxes, and kelp forests) (46-51). For ex-
ample, a marine heat wave affecting Australia’s Great Southern Reef
increased the temperature above the thermal tolerance of kelp
(=2.5°C above maximum sea temperature), causing the loss of kelp
forest and its replacement by seaweed turfs (49).

Models predict that if global warming reaches 3.5°C by the
end of 21st century, then marine heat waves will increase in length,
intensity, and frequency, reaching an average duration of 112 days
and 2.5°C over the maximum sea surface temperature (52). The aim
of our experiments was to evaluate the evolutionary potential of
populations to quickly modify their upper thermal limit, such as in
the context of marine heat waves. The upper thermal limit here re-
fers to a thermal reproductive limit, which is expected to be lower
than the critical thermal limit, which is a lethality threshold (53).
Our experiments were designed to make evolutionary rescue as easy
as possible, by using an environment that changes gradually, large
populations of a small organism, and an organism that lives at tem-
peratures several degrees below its upper thermal tolerance, which
a priori should facilitate adaptation. Even under these favorable
conditions, however, we could only extend the upper thermal limit
by 1°C, which might not be sufficient according to predictions
if global warming reaches 3.5°C. Our observations suggest a low
evolvability of upper thermal limits in our study organism, which
is consistent with recent results from tropical fish (10). Protein
misfolding is a major cause of this limit to evolutionary rescue. Be-
cause evolutionary rescue is more difficult in large macroscopic
organisms with smaller populations, limits on rescue will be more
frequent for these organisms, especially if they live at temperatures
close to their thermal tolerance and are affected by extreme climatic
events, which can cause extreme temperatures that exceed their
thermal tolerance.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

We obtained P. haloplanktis strain TAC125 from the Centre de
Ressources Biologiques de I'Institute Pasteur (CIP108707). We cul-
tured the strain in minimal marine seawater medium [KH,PO,4
(1 g/liter), NH4NOs3 (1 g/liter), NaCl (10 g/liter), MgSO4 - 7H,0
(0.2 g/liter), FeSOy4 - 7H,0 (0.01 g/liter), and CaCl, - 2H,0
(0.01 g/liter) (pH = 7)] (37) supplemented with p-gluconic acid
(0.1%), at 15°C and 225 rpm of shaking on an incubating shaker
(INFORS HT Ecotron). We used E. coli DH5a and E. coli TOP10
for cloning and amplification purposes, growing E. coli cultures in
LB medium at 37°C. We cultured recombinant strains in the pres-
ence of kanamycin (30 pug/ml).

Preadaptation experiment

P. haloplanktis TAC125 is a natural isolate, and to adapt it to labo-
ratory conditions and to the minimal seawater medium, we performed
a short preadaptation experiment. Briefly, we evolved 12 replicate
populations starting from a single clone in 48-well plates (P-5ML-48-C,
Axygen) in 2 ml of minimal marine seawater medium supplemented
with p-gluconic acid (0.1%) at 15°C with shaking at 400 rpm (VWR
microplate shaker) in an incubating shaker (INFORS HT multitron).
We diluted each population 100-fold every 48 hours for 15 days and
then daily for 15 days, which constitutes approximately 145 generations
of evolution.

At the end of the preadaptation experiment, we isolated several
single clones and assessed their adaptation to minimal medium mea-
suring growth curves recorded during 48 hours. To do so, we cul-
tured freezer stocks of the preadapted clones overnight, in minimal
medium in 48-well plates, at 15°C with shaking at 400 rpm. We then
diluted the overnight cultures 100-fold into 200-ul final volume of
minimal medium in 96-well plates (TPP 92096) and measured ab-
sorbance at 600 nm every 10 min during 48 hours at 20°C using a
plate reader (Tecan Infinite Pro F200). We used an in-house made
external cooler to cool down the plate reader to 20°C. For each clone,
we used the Growthcurver R package (54) to estimate growth pa-
rameters, and we determined its relative fitness as the difference
in maximum population density between the preadapted clone and
the wild-type clone. We chose the clone showing the highest relative
fitness for further experiments. We henceforth refer to this clone as
the preadapted clone.

Experimental evolution

We evolved 30 replicate populations. We initiated each of these
populations from a single colony isolated from the preadapted clone,
in 48-well plates in 2 ml of minimal marine seawater medium sup-
plemented with p-gluconic acid (0.1%) and shaking at 400 rpm and
20°C. To reduce the possibility of contamination across wells of the
same plate, we arranged the replicate populations in a checkerboard
pattern, alternating wells containing bacterial cultures with wells
containing only growth medium (marine broth 2216, BD Difco). In
addition, we did not use the outer wells of each plate, because we
had found that medium evaporation is higher in these wells. As de-
scribed in detail below, we propagated the 30 replicate populations
by daily transfer to a new plate and increased the temperature grad-
ually, starting the experiment at 20°C and ending it at 30°C after
900 generations of evolution. To monitor adaptation to temperature,
we assessed the relative fitness of evolving populations every 7 days
by measuring growth curves during 23 hours using a plate reader
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(Tecan Infinte Pro F200). Specifically, on the first day of growth at
a given temperature, we diluted each of the evolving populations
100-fold in a final volume of 200 pl into 96-well plates (TPP 92096),
in three replicates per evolving population, and we recorded the
growth curve of each replicate. After 1 week of daily transfer, we
repeated this procedure, but this time, we standardized the cell den-
sity of cultures to start the growth curves with the same density as
on the first day of growth at the focal temperature. We used the
Growthcurver R package (54) to fit the logistic equation to the data
and to estimate growth parameters of each population. We calculated
relative fitness as the difference in maximum population density be-
tween evolving populations and populations on the first day of growth
at a given temperature. If more than half of the evolving populations
had increased their relative fitness, we increased the temperature by
an additional 2°C. If fewer than half of the populations had increased
fitness, we maintained the current temperature for one additional week
and repeated the whole process thereafter. We could not use com-
petitive fitness assays to estimate fitness because our ancestral clone
does not grow at temperatures higher than 29°C.

For daily transfer of cultures during experimental evolution, we
used a dilution factor that allowed us to maintain a stable popula-
tion size for at least half of the replicate populations. Specifically, to
avoid diluting populations at a rate that would entail their eventual
extinction, we required that populations reach stationary phase close
to the transfer time, which we determined by measuring the previ-
ously mentioned weekly growth curves. In the course of the experi-
ment, we increased the temperature six times (22°, 24°, 26°, 28°, 29°,
and 30°C). Because the populations grew successively more slowly
and achieved lower population density at higher temperature, we
had to adjust the dilution factor over time. Specifically, we used a
dilution factor of 1:100 between 20° and 28°C, 1:50 at 28°C and
29°C, and 1:25 at 30°C. Populations spent approximately the follow-
ing numbers of generations between transfers: 46 at 20°C, 186 at 22°C,
46 at 24°C, 93 at 26°C, 182 at 28°C, 39 at 29°C, and 311 at 30°C.

In parallel to our 30 main populations, we evolved 12 control
populations at a constant temperature of 15°C, in a volume of 2 ml,
and at a daily 100-fold dilution. We chose the temperature of 15°C
because it is the optimal temperature for P. haloplanktis (34). We
archived all evolving populations once per week by preparing glycerol
stocks. Specifically, we added 1 ml of cell culture to 500 ml of sterile
60% glycerol and stored the resulting suspension at —80°C.

We used several approaches to control for contamination. First,
if we observed growth in a well supposed to contain only medium,
we restarted the experiment from glycerol stocks. Second, to con-
trol for possible contaminations with E. coli (routinely used in the
laboratory), we performed a weekly 100-fold dilution of the evolving
populations into 48-well plates containing LB medium (Difco 244620).
We incubated the plates at 37°C in a microtiter plate shaker (Stuart
Microtiter 51505) at 400 rpm for 24 hours and visually monitored
any observable growth. We did not find any instance of such growth,
suggesting that contamination with E. coli did not occur. Third,
once per month, we performed a polymerase chain reaction (PCR)
using 20 ul of culture of each of the evolving population. We used
four sets of primers: two primers specific for PSHA_RS07527 and
PSHA_RS01895 P. haloplanktis TAC125 genes and two set of primers
specific for EG11498 and EG11973 E. coli genes (table S11). In
addition, we randomly selected five populations and sequenced the
16S ribosomal RNA gene to confirm that the evolving populations
harbored only P. haloplanktis. Fourth, we carefully inspected genome
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sequence data for evidence of cross-contamination but did not find
any such evidence. To do so, we computed a heatmap for each time
point (22°, 26°, 28°, and 30°C) using all identified mutations and
examined this heatmap for clusters of clones. For any clones that
clustered in this heatmap, we identified the mutations they shared.
We found that all clusters were caused by single mutations in genes
that evolved in a highly parallel fashion (e.g., Lon protease and repA).

Estimating the costs of adaptation to 30°C

To study whether adaptation to 30°C involves trade-offs at 20°C,
the temperature we used to start the evolution experiment, we grew
clones adapted to 30°C at 20°C. To do so, we started overnight cul-
tures from glycerol stocks for 80 clones adapted to 30°C. We grew
these clones overnight in 2 ml of minimal marine seawater medium
supplemented with p-gluconic acid (0.1%) and incubated them at
20°C. We then diluted the overnight cultures 100-fold into 200 ul of
minimal medium and measured optical density at 600 nm (ODggo)
every 10 min with a plate reader for 23 hours. We performed five
biological replicates per clone. We used an external cooler to cool
down the plate reader to 20°C for the purpose of these measurements.

Whole-genome sequencing

To study the genetic basis of adaptation to temperature, we isolated
clones from populations adapted to different temperatures (i.e., from
different time points during the experiment). Specifically, we selected
clones from the last day of growth at 22°, 26°, 28°, and 30°C; these
are the four temperatures at which the populations spent the largest
number of generations. We used minimal marine seawater agar
supplemented with 0.1% D-gluconic acid to isolate single clones
from freezer stocks and prepared new frozen stocks for each isolated
clone. To confirm a clone’s adaptation to a given temperature, we
measured growth curves for each isolated clone. Specifically, we pre-
pared overnight cultures from a glycerol stock of the clone in 2 ml
of minimal marine seawater medium supplemented with p-gluconic
acid and incubated the culture at the corresponding temperature
with shaking. We then diluted the overnight culture into 200-pl final
volume of medium in a 96-well plate, following the same protocol
as during experimental evolution, and measured its growth curve
during 23 hours in a plate reader.

We extracted genomic DNA (gDNA) from overnight cultures of
the isolated clones (2 x 107 cells) grown in minimal marine seawater
medium supplemented with 0.1% p-gluconic acid. To this end, we
used the DNeasy Blood & Tissue Kit (QIAGEN). Briefly, we incu-
bated lysates at 56°C for 1 hour after addition of Proteinase K. Then,
we added buffer AL to the lysates and incubated at 70°C for 10 min
before adding ethanol. We eluted DNA in 100 ul of EB buffer
(QIAGEN). To assess the amount and quality of the extracted gDNA,
we used a Qubit Fluorometer dsDNA Broad Range assay (Life Tech-
nologies) and a NanoDrop (NanoDrop ND-1000, Thermo Fisher
Scientific) spectrophotometer and checked the integrity of DNA on
0.7% agarose gels. We used the same procedure to extract gDNA of
E. coli MG1655 for cloning purposes.

Library preparation and sequencing [HiSeq 4000, 150-base pair
(bp) paired-end reads] was conducted at the Oxford Genomics
Centre. We sequenced one clone per population for populations
adapted to 22°, 26°, and 28°C, and three clones per population for
populations adapted to 30°C, except for population 13 (from which
no clones grew on agar plates) and 25 (where we obtained only
two clones due to technical errors). In total, we sequenced 192 clones:
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1 P. haloplanktis TAC125 wild-type clone, 1 P. haloplanktis TAC125
preadapted clone, 12 control clones, 30 clones adapted to 22°C,
30 clones adapted to 26°C, 30 clones adapted to 28°C, and 86 clones
adapted to 30°C. To analyze the sequencing data, we updated a pipe-
line that we had previously developed (55). Briefly, in this pipeline,
we used FastQC (v.0.11.9) (RRID:SCR_014583) for initial sequence
quality control. We then trimmed the reads using Trim Galore
(v0.4.5) (RRID:SCR_011847) and used BWA-MEM (0.7.17) (56) to
map the filtered reads to the P. haloplanktis TAC125 genome
(NC_007481.1, NC_007482.1 (34)), including its two described
plasmids pMtBL (A]J224742.1 (35)) and pMEGA (MN400773.1 (36)).
Then, we used Picard (v.2.17.11) (RRID:SCR_006525) to remove
duplicate reads and GATK (v3.8) (57) for indel realignment. We
used Samtools (v1.7) (58) and GATK (v3.8) (57) for variant calling
and Pindel (v0.2.5b8) (59) and BreakDancer (v1.1) (60) for structural
variant calling. We annotated the identified variants and predicted
their functional effect using SnpEff (v4.3T) (61). Last, we used
QualiMap (v2.2.1) (62) to assess the quality of the sequencing data.
The mean coverage for our samples is 114 reads per genomic site. In
parallel, we also used the pipeline breseq (v0.32.1a) (63) to identify
the mutations that occurred during our experiment, obtaining
essentially the same results as using our in-house pipeline. We iden-
tified six hypermutator clones in populations adapted to 30°C. They
comprise three clones isolated from population 1 (mutation in
mutL gene) and three clones isolated from population 11 (mutation
in mutS gene). We discarded these clones from all further analyses.
We classified a mutation as intergenic if it is located more than 150 bp
upstream the start of a gene.

For some analyses, we only considered mutations that originated
independently from each other. For these analyses, we only counted
each mutation once, i.e., at the first temperature at which we had
identified it. For clones adapted to 30°C, if a mutation occurred in
more than one of the three clones isolated from the same popula-
tion, we only counted it once.

Functional enrichment analysis

To investigate the functional implications of the mutations observed
in our experiment, we used the COG [Clusters of Orthologous Groups
(64)] categories assigned to P. haloplanktis TAC125 genes, which
we downloaded from MicroScope (https://mage.genoscope.cns.fr/
microscope/home/index.php). Specifically, for each temperature and
COG category, we compared the proportion of mutations assigned
to a given COG category at a given temperature to the corresponding
proportion of mutations but for all other temperatures taken together.
To do so, we built a 2 x 2 contingency table using (i) the number of
mutations assigned to the query COG category at the selected tem-
perature, (ii) the number of mutations assigned to other COG cate-
gories at the selected temperature, (iii) the number of mutations
assigned to the query COG category at all other temperatures, and
(iv) the number of mutations assigned to other COG categories at
all other temperature. We used this table to perform a one-tailed Fisher
test (65) to assess statistical significance. Our null hypothesis was that
there were no temperature-dependent differences in the proportion
of mutations assigned to a given COG category. We corrected for
multiple testing with the Benjamini-Hochberg method (66).

Structural analysis of Lon protease
Because a tertiary structure for P. haloplanktis Lon protease does not
exist, we used a homology modeling approach to obtain a tertiary
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structure for P. haloplanktis wild-type Lon protease, as well as for
Lon protease carrying the three—amino acid insertion we had identified.
We modeled the tertiary protein structure with two software pack-
ages, SWISS-MODEL (67) and I-TASSER (68). In SWISS-MODEL,
we used the PDB structure 6v11 of Lon protease from Yersinia pestis
(79.12% sequence identity to Lon protease of P. haloplanktis) as a
template for homology modeling. We used Jmol (69) to visualize
tertiary structures. To assess whether the three—amino acid insertion
has an effect on protein stability, we used the FoldX algorithm (42)
and the tertiary structure obtained using I-TASSER (68). To this end,
we first repaired the tertiary structure using the RepairPDB com-
mand in FoldX (42). We then optimized the repaired tertiary struc-
ture using the command Optimize. Last, we computed stability using
the Stability command. We compared the stability of the Lon wild
type to the Lon mutant and computed AAG from this comparison.

Western blots to assess Lon protease expression

To assess protein expression levels of the wild-type and different
mutated versions of Lon protease, we carried out Western blot ex-
periments. We harvested 1 ml of bacterial culture by centrifugation
(5 min, 5000 rpm at room temperature) and resuspended the pellet
in 4x Laemmli sample buffer (LDS) to a final ratio of 100 ul per ODggg
of culture. We separated the protein fraction of these cell extracts on
an SDS-polyacrylamide gel electrophoresis gel (TruPAGE 4 to
12% precat gels, Sigma-Aldrich) and transferred the proteins to a
polyvinylidene fluoride membrane using a Bio-Rad Mini-PROTEAN
kit, according to the manufacturer’s protocol. After incubation with
3% nonfat milk in phosphate-buffered saline (PBS) and 0.1% Tween 20
for 1 hour, we washed the membrane once with PBS and 0.1% Tween 20
and incubated overnight at 4°C with antibodies against Lon protease
(Biorbyt, 1:5000 dilution). We washed membranes three times with
PBS and 0.1% Tween 20 for 10 min each and incubated with a
1:2500 dilution of horseradish peroxidase-conjugated anti-rabbit
antibodies (GE Healthcare) for 2 hours at room temperature. Last,
we washed blots three times with PBS and 0.1% Tween 20 and de-
veloped them with the ECL system (GE Healthcare), according to the
manufacturer’s protocols on an LAS 4000 Imager (Fujifilm).

Expression of Lon protease in E. coli

To confirm the key role of mutations in Lon protease for adaptation
to high temperatures, we expressed wild-type Lon protease and
Lon protease with the most common mutation (three-amino acid inser-
tion) in E. coli. To this end, we used plasmid pUCNOmpA-EYFP-1
(fig. S14), which contains the constitutive promoter ompA for pro-
tein expression, a pUC origin, a kanamycin resistance gene, and an
EYFP (enhanced yellow fluorescent protein)-coding gene (table S12).
Briefly, to construct this plasmid, we replaced the pSC101 origin
of plasmid pmss201_ompA (70) with a pUC origin obtained from
pBAD202/D-TOPO (Invitrogen, K420201). From the plasmid thus
modified, we eliminated the EYFP-coding gene to obtain an empty
control plasmid using whole-plasmid PCR (see table S11 for
primers). Next, we amplified the Lon-Ph,, (wild-type Lon protease)
and Lon-Ph4; (Lon protease carrying the three-amino acid in-
sertion) genes from gDNA of P.haloplanktis TAC125 wild-type
(CIP108707) and P. haloplanktis TAC125 30°C-14.1 clone (clone 1
isolated from population 14 adapted to 30°C), respectively. We
then used Gibson PCR (71) to insert these genes into pUCNOmpA
under the constitutive promoter OmpA, using the NEBuilderHiFi
DNA Assembly Master Mix (New England Biolabs), which resulted
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in the two plasmids pUCNOmpA-LonPhy, and pUCNOmpA-
LonPhy4; (table S12).

We transformed the three plasmids we had engineered (pUCNOmpA-
LonPhy carrying wild-type Lon protease, pUCNOmpA-LonPh;4,
carrying mutated Lon protease, and the empty plasmid pUCNOmpA)
into E. coli BL21 (DE3) electrocompetent cells (Sigma-Aldrich). This
E. coli strain lacks the endogenous Lon protease of E. coli. We inoc-
ulated a single colony of the transformed bacteria into LB medium
supplemented with kanamycin (30 pg/ml) and grew the culture
overnight at 37°C and with shaking at 220 rpm. We diluted the
culture to an ODggg of 0.005 in a 96-well plate (TPP 92096), with
12 replicates per culture, and monitored bacterial growth by mea-
suring ODggp on a plate reader (Tecan Infinite F200 Pro) for 48 hours.
We measured growth curves at 30°, 37°, and 40°C, to investigate how
the expression of the different Lon proteases affects the growth of
E. coli at different temperatures. We used the Growthcurver R package
(54) to estimate the maximum population density for each of the
growth curves.

Statistical analyses
We performed all statistical analyses and produced all graphics
using R (72).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk3511

View/request a protocol for this paper from Bio-protocol.
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