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Possessing only essential genes, a minimal cell can reveal mechanisms and processes
that are critical for the persistence and stability of life?. Here we report on how an
engineered minimal cell** contends with the forces of evolution compared with the
Mycoplasma mycoides non-minimal cell from which it was synthetically derived.
Mutation rates were the highest amongall reported bacteria, but were not affected
by genome minimization. Genome streamlining was costly, leading to a decrease in
fitness of greater than 50%, but this deficit was regained during 2,000 generations
of evolution. Despite selection acting on distinct genetic targets, increasesin the
maximum growth rate of the synthetic cells were comparable. Moreover, when
performance was assessed by relative fitness, the minimal cell evolved 39% faster
than the non-minimal cell. The only apparent constraint involved the evolution of
cell size. The size of the non-minimal cell increased by 80%, whereas the minimal

cell remained the same. This pattern reflected epistatic effects of mutationsin ftsZz,
which encodes a tubulin-homologue protein that regulates cell division and
morphology*¢. Our findings demonstrate that natural selection can rapidly increase
the fitness of one of the simplest autonomously growing organisms. Understanding
how species with small genomes overcome evolutionary challenges provides critical
insights into the persistence of host-associated endosymbionts, the stability of
streamlined chassis for biotechnology and the targeted refinement of synthetically

engineered cells*”,

The complexity of agenome isreflected by the number of genes that it
contains, aquantity that varies by orders of magnitude across the tree
of life. Whereas some obligately endosymbiotic bacteria have fewer
than 200 protein-coding genes, many plant and animal genomes con-
tain more than 20,000 genes'® ™2, In principle, the simplest organism
is one that possesses only the minimum number of genes for survival
and reproduction in a given environment. Any mutation in such an
organism could lethally disrupt one or more cellular functions, plac-
ing constraints on evolution, as revealed by the fact that essential pro-
teins change more slowly than those encoded by dispensable genes™*.
Furthermore, organisms with streamlined genomes have fewer targets
on which positive selection can act, therefore limiting opportunities
for adaptation.

Thecellis the simplestindependent functional unit of life. However,
evenunicellularmodel organisms that are touted for their tractability
are complex, possessing thousands of genes and proteins, many of
whichremainuncharacterized even after decades ofin-depth investiga-
tion. The quest for the simplest organism has been aided by advances
in synthetic biology, which involves the redesign or novel construc-
tion of biological parts and modules®”. Synthetic biology provides
a platform for developing powerful simplest-case models through
streamlining, whereby non-essential sequences are removed from
an organism’s genome' >3, Guided by such strategies, aminimal cell
was constructed with a genome containing only the smallest set of
genes required for autonomous cellular life**. Although these efforts

succeeded in experimentally identifying the genetic requirements
for basic cellular processes, such as metabolism and cell division, it
remains unclear how aminimal cell will respond to the forces of evolu-
tion. Onone hand, evolution of aminimal cell could be constrained by
the limited raw materials with which natural selection can operate. On
the other hand, synthetic streamlining may resultin a highly disrupted
genome, altering proteininteractions and expanding the opportunity
for adaption to a new cellular environment.

To gain insights into the dynamics and outcomes of evolutionin a
minimal cell, we conducted experiments with strains of M. mycoides**,
which are bacteria belonging to the Mollicutes. The minimal cell
(JCVI-syn3B) has asynthetically constructed genome containing a sub-
set of genes foundinacorresponding non-minimal strain (JCVI-syn1.0).
By reducing the chromosome from 901t0 493 genes,JCVI-syn3B has the
smallest genome of any organismthat can be grownin pure laboratory
culture®*. With these two strains, we firstinvestigated whether genome
streamlining—which included the removal of two DNA-replication
genes, eight DNA repair genes and other genes of unknown function—
altered therate and spectrum of new mutations in the minimal cell rela-
tive to the non-minimal organism under conditions of relaxed selection.
Second, with knowledge of the mutational input, we evaluated whether
genome minimization altered the rate and mechanisms of evolution
in response to natural selection, as measured using whole-genome
sequencing, estimates of population fitness and phenotypic changes
in cell size.
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Fig.1| The mutation rate and spectrum of the minimal and non-minimal
cell.a-c, The mutation rate (per nucleotide (nt) per generation (gen.))

and spectrum of the minimal and non-minimal cell were estimated from
mutation-accumulation experiments. a, Although synthetic M. mycoides has
the highest recorded mutationrate (base substitutions and indels), it was
notaffected by genome minimization. The dark coloured circles represent
non-minimal (n=85) and minimal (n=57) clones that were sequenced at the
end of the experiment. Thelight coloured areas represent kernel densities of

Highest recorded mutationrate

Through serial bottlenecking under relaxed selection, we conducted
mutation accumulation experiments with populations of M. mycoides
(Methods). The number of mutations per nucleotide per generation
for the non-minimal cell (3.13 + 0.12 x 10°%, mean + s.e.m.) was indistin-
guishable from that of the minimal cell (3.25 + 0.16 x 1078) (£,,, = 0.43,
P=0.667;Fig.1a). These mutationrates, which are the highest recorded
for any cellular organism, are consistent with other reports in which
organisms with smaller genomes have higher mutation rates'” 2.
Notably, the mutation rate was not affected by genome minimization
thatincluded the elimination of genes involved in replication fidelity
(Fig.1a). Perhaps thisis due to the fact that M. mycoides already has an
elevated mutation rate. To evaluate the generality of our findings, the
effect of genome minimization should be investigated in a microor-
ganism with a lower intrinsic mutation rate. In any case, our data are
consistent with predictions from the drift-barrier hypothesis. This
theory posits that mutation rates evolve downwards until the selective
advantage of another incremental decrease in the mutation rateis small
enough to be effectively neutral and outweighed by genetic drift'*?°.
In other words, populations with a lower effective population size
(N.) experience stronger drift and, therefore, evolve higher mutation
rates®. Notably, wild-type M. mycoides is an obligate pathogen and has
genomic features (small genome size and low GC content) consistent

thedata.b, The proportions ofinsertions, deletions and SNMs were also the
same for the minimal and non-minimal cells. ¢, Among SNMs, which accounted
for 88% of all mutations, the minimal cell exhibited astronger A:T bias iniits
mutation spectrum compared with the non-minimal cell, particularly in the
C:Gto T:A category. Two-sided y? analysis was used for hypothesis testing;
p=2.5x107° (AT to G:C), **P=1.5x 10" (C:G to G:C), ***P=1.6 x 102°
(C:GtoT:A),**P=0.0003 (C:Gto A:T); NS, not significant.

with it having a low N,'#2'22, Note that mutation-accumulation stud-
ies are typically designed to estimate the rate and spectrum of viable
mutations. By eliminating redundancy, genome streamlining could
alter the contribution of strongly deleterious or lethal mutations that
would not be captured in our study.

Minimization and mutational spectrum

Although the mutation rate was robust to genome streamlining, the
types of mutations that arise in a population can still influence evolu-
tion. Overall, the composition of mutation types (insertions, deletions
and single-nucleotide mutations (SNMs)) was not affected by genome
minimization (x>, = 4.16, P= 0.125; Fig. 1b). However, the composition
of SNMs, which constituted the largest category of mutations (88%),
differed between the minimal and non-minimal cells (Monte Carlo
X*=69.9, P=1.0 x10™*). For both cell types, mutations froma G or
Cnucleotide to an A or T nucleotide occurred at a higher rate com-
pared with mutations in the opposite direction, thatis, from A or T to
G or C (Fig.1c; non-minimal cell, y*, = 3736, P < 2.2 x 107'%; minimal cell,
X =1444, P<2.2 x107). The magnitude of this A:T bias was affected
by genome streamlining (y*, = 21.8, P=3.08 x107%; Fig.1c) leading to a
30-fold biasin the non-minimal cells and a100-fold bias in the minimal
cells. The discrepancy is probably due to the deletion of ung, a gene
of which the protein product excises misincorporated uracil that can
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Fig.2| The effect of genome minimization on fitness and adaptation.
Genome minimization reduced therelative fitness by 50%. However, almost
all of this cost was regained over 2,000 generations of evolution. Despite
theremoval of nearly half of its genome, the minimal celladapted atarate
comparable to that of the non-minimal cell, which was corroborated by fitness
estimates from growth curve experiments (Extended Data Fig.1and Extended
DataTable1). Thedark coloured symbols represent mean +s.e.m. Asthe
experimentwas initiated with asingle clone, error bars for the ancestral
timepoint were calculated from technical replicates (n=4), whereas error bars
forevolved populations were calculated fromreplicate populations (n=4),
both of which are depicted by light coloured symbols. The solid red and blue
linesare avisual aid connecting the mean values of the minimal and non-minimal
populations, respectively.

otherwise cause C-to-T mutations®. Its removal from the minimal cell’s
genome should elevate A:T mutational bias relative to the non-minimal
cell as observed.

Recovery of fitness in aminimal cell

With mutation rates of around 3 x 1078 per nucleotide per generation
and population sizes in excess of 10’ individuals, anew mutation would
hitevery nucleotidein the genome more than 250 times during 2,000
generations of experimental evolution. Thus, neither cell type would
be limited by the availability of genetic variation to fuel adaptation.
Any differences in the ways the two strains adapt should be driven
by alterations in genome content created by synthetic streamlining.
To study natural selection, we passaged replicate populations of
M. mycoides for 2,000 generations (Methods), a period during which
rapid adaptation is often observed* %, We then measured fitness, the
contribution of a genotype’s offspring to future generations, using
two methods?. First, we quantified the maximum growth rate (11,,,,)
of eachreplicate population every 65-130 generations (Methods).
We documented that genome streamlining led to a 57% reduction in
Hmaxo DUt that this measure of fitness subsequently increased linearly
and at comparable rates for the minimal cell (1.71x107° £ 4.53 x107®
per day per generation) and non-minimal cell (1.03 x107° £ 4.53 x 107
per day per generation) during the evolution experiment. Using the
predicted values from a generalized linear mixed model, the u,,,,, of
the non-minimal and minimal cellincreased by 17-68% over the course
of the experiment (Extended Data Fig. 1 and Extended Data Table 1).
Second, we measured relative fitness using head-to-head competition
assays with theancestral (generation 0) and most evolved (generation
2,000) populations (Methods). For the ancestral strains, we determined
that genome minimization led to a 53% decrease in fitness (Fig. 2), on
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Fig.3| The non-minimal celland minimal cell populations acquired
adaptive mutationsin different sets of shared genes. Ordination froma
principal coordinates analysis (PCoA) created by agene-by-population matrix
using the Bray-Curtis distance metric after 2,000 generations of evolution
(Extended Data Tables 2-4). The dashed lines represent 95% confidence
ellipses around replicate populations (n=4 for each cell type) represented by
dark coloured symbols.

par with estimates based on y,,,,. Despite this major initial cost, the
minimal cell rapidly regained fitness. In fact, the competition-based
estimates of fitness indicate that the minimal cell adapted 39% more
rapidly than the non-minimal cell (¢ =-2.530, P= 0.032). With the power
afforded by our experimental design, the average relative fitness of
the evolved minimal cell (0.998) was statistically indistinguishable
(£=-0.055, P=0.957) from that of the ancestral non-minimal cell (1.00).
Given this, we conclude that effectively all of the fitness lost to genome
streamlining was recovered during 300 days of serial passaging (Fig. 2
and Supplementary Fig. 1). Our findings suggest that a streamlined
M. mycoides genomeis notinherently crippled and can performas well
as the non-minimized cell after readaptation.

On the basis of the fitness dynamics, we conclude that adaptation
was not constrained by genome minimization. This interpretation was
bolstered by results from population genomic sequencing (Methods).
Therelative ratio of nonsynonymous to synonymous fixed SNMs (d\/ds)
was similar between the two cell types (¢, = 0.81, P= 0.488; Extended
DataFig.2), consistent with the interpretation that the rates of molecu-
lar evolution were comparable even though almost all of the genes in
the minimal cell are critical for fitness™*.

Divergent mechanisms of adaptation

Using a combination of statistical simulation and reverse genetics,
we identified mutations that probably contributed to the observed
patterns of adaptation. First, we analysed the gene-by-population
matrix for nonsynonymous mutations that arose in the shared set of
essential genes during the natural selection experiment (Methods).
The two cell types acquired mutations in different sets of essential
genes (permutational multivariate analysis of variance (PERMANOVA),
F,=4.12, P=0.029; Fig. 3) suggesting that the populations evolved
through divergent routes. To examine this hypothesis, we looked for
genes that acquired a higher number of nonsynonymous, nonsense
and small insertion-deletion (indel) mutations than expected under
assumptions of neutrality (Methods). We identified 16 genes in the
non-minimal genome and 14 in the minimal genome that were potential
targets of positive selection (Extended Data Tables 2-4). Second, we
used reverse genetics to experimentally verify that one of the common



types of mutation observed in replicate populations of both strains
was in fact beneficial (Extended Data Table 5). Using CRISPR editing,
werecreated ftsZ C-terminal nonsense mutations by inserting an ftsZ
E315* nonsense mutationinto the ancestral genomes of the minimized
and non-minimized strains (Methods). Head-to-head competition
assays with the constructs revealed that this putatively adaptive muta-
tion had a significant effect on Mycoplasma performance that was
dependent on genome minimization (two-way analysis of variance
(ANOVA), F, 5,=7.45, P=0.010). The mutation conferred a 25% fitness
advantage in the non-minimal cell and a14% advantage in the minimal
cell (Extended Data Fig. 3).

Comparative analysis of the genes putatively under positive selec-
tion provided insightsinto the functional consequences of adaptation
in the minimal cell. We hypothesized that mutations in genes related
to membrane transport would be critical for adaptation because the
minimal cell relies ontheimportand export of metabolites and other
biomolecules for metabolism*%. However, mutations in membrane
transport functions were enriched to asimilar degree inboth cell types
(Fisher’s exact test, P= 0.934).Instead, we detected amarginal signal
of enrichment for mutations in biosynthetic genes for the minimal
cell (Fisher’s exact test, P= 0.090), including those involved in lipid
metabolism. Specifically, fakA and clsA (Extended Data Table 3) are
considered to be essential for synthesizing cardiolipin and other lipids
from free fatty acids*, which are important for the construction of
cell membranes and the regulation of cell division. The gene Igtis
also critical for membrane construction, encoding the protein that
transfers diacylglyceryl moieties to anchor surface lipoproteinsin the
lipid bilayer*. Thus, metabolic innovations involving lipid synthesis
and distribution may be more important for the minimal cell than
enhanced acquisition of metabolites that are already presentin the
growth medium.

To better understand the pattern of evolutionary divergence, we
compared mutations that arose in essential and non-essential genes
over 2,000 generations specifically within the non-minimal cell. After
accounting for the relative numbers of essential and non-essential
genes, there was no difference in the number of mutations observed
between these two genomic partitions (¢, = 0.646, P=0.565; Supple-
mentary Table 1). Nor was there any measurable difference in dy/d,
between essential and non-essential genes (¢; = 0.91, P= 0.423; Supple-
mentary Fig.2). Among the genes putatively under positive selection,
there was no evidence for bias towards either essential or non-essential
genes (x%, = 0.377, P= 0.539; Extended Data Table 2). We identified 11
deletions in the non-minimal cell, ten of which were at non-essential
loci (Supplementary Table 2). Most of these were small (1-3 bp) but
three deletions were large (1,483,1,495 and 7,047 bp). In summary;, it
appearsthat essential genes did not disproportionately contribute to
the molecular of evolution of the non-minimal cell, although we cannot
rule out that epistatic interactions between essential and non-essential
genes contributed to new cell phenotypes.

Constraints on the evolution of cell size

Thesize of single-celled organismsis variable and often linked to fitness
in complexways® . Inresource-rich environments, cell size tends to
be positively correlated with growth rate, one of the most important
components of fitness?***~*2, For example, in the first 2,000 genera-
tions of a classic long-term evolution experiment with Escherichia coli,
cell volume and fitness concomitantly increased by 50% and 30%,
respectively?. Although an increase in size can accommodate more
macromolecules needed for growth and division, it also decreases
a cell’'s surface-to-volume ratio, which reduces the efficiency of sub-
strate diffusion. Given these opposing pressures, we evaluated how
cell size changed in replicate populations over the course of evolu-
tion. Using scanning electron microscopy, we showed that genome
streamlining reduced the cell diameter by 31% from 439 + 0.01 nm to
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Fig.4|The effect of genome minimization on the evolution of cell size.

a, Genome minimization was accompanied by a31% decreasein cell size. Over
2,000 generations of evolution, the size of the non-minimal cells increased
by 85% (P=0.005), whereas the size of the minimal cells remained the same
(P=0.181). Owingto variation associated with replicate evolved populations,
there was a marginal effect when directly comparing changesin the size of the
minimaland non-minimal cells (P=0.077; Supplementary Fig.4). The dark
coloured symbolsrepresent the mean +s.e.m. As the experiment was initiated
withasingle clone, error bars for the ancestral timepoint were calculated
fromsamples of individuals (n=62and n=75for the non-minimal and
minimal cell, respectively), whereas error bars at the evolved time point were
calculated fromindividuals (n=285and n=181for the non-minimal and
minimal cell, respectively) across replicate populations (n=4). The light
coloured circles represent randomly drawn data (n = 60) corresponding to
the diameter of individual cells from the ancestral populations. The light
coloured triangles (pointing up and down), diamonds and squares represent
randomly drawn data (n = 60) corresponding to the diameter of individual
cells from the four replicate evolved populations. The solid red and blue lines
areavisual aid connecting the mean values of the minimal and non-minimal
populations, respectively. b,c, Scanning electron micrographs obtained from
evolved replicate populations of the non-minimal (b) and minimal (c) cells.
Scalebars,1pm.

305 + 0.01 nminthe ancestral cell types. After 2,000 generation of evo-
lution, the size of the non-minimal cellincreased by 85%to 811+ 0.02 nm
(¢t=3.77, P=0.005), which was accompanied by a tenfold increase in
volume compared withits ancestor (Fig. 4 and Extended Data Table 6).
By contrast, the size of the minimal cell did not appreciably change
(0.08 £ 0.05 nm) during evolution (¢ =1.51, P= 0.181; Extended Data
Fig.4 and Supplementary Fig. 3).

While cell size is a complex multigenic trait, previous studies have
attributed changes in morphology of the minimal cell to FtsZ*. This
proteinlocalizes to the midcell and determines the site of membrane
constriction during cell division. Prevalent among diverse line-
ages of bacteria and archaea®®, ftsZ is nevertheless non-essential in
M. mycoides. However, cells lacking ftsZ exhibit aberrant cell divi-
sion and morphology****3*, Thus, along with 18 other non-essential
genes, ftsZ was retained in JCVI-syn3B to aid in culture maintenance
and stable growth**. In our study, ftsZwas consistently mutated over
2,000 generations of evolution and was identified as a target of posi-
tive selection in both the minimal and non-minimal cells (Extended
Data Table 4 and Extended Data Fig. 3). Introduction of an early ter-
mination codon, as was observed in multiple evolved populations,
could eliminate the C-terminal region of the protein that is known
to interact with membrane-associated products that recruit FtsZ*.
Theearly stop codon could also create a transcriptional polar effect®
that reduces expression of two adjacent downstream genes within a
probable polycistronic operon—MMSYNI_ 0521, an orthologue of cell
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division protein sepF and MMSYN1 0520, encoding aminopeptidase/
esterase/lipase, of the a/p hydrolase superfamily®. Irrespective of
mechanism, we demonstrated that mutations inftsZhad anon-additive
effect that contributed to the evolutionary divergence of cell size. We
documented that the ftsZ E315* nonsense mutation had a significant
effect on Mycoplasma cell size that was dependent on genome minimi-
zation (two-way ANOVA, F, ,,; =37.9,P=3.1x10"%). The mutationin the
non-minimal cell led to a 25% increase in cell diameter (P=2.0 x107)
and a corresponding twofold increase in cell volume. By contrast, the
same ftsZnonsense mutation in the minimal cell led to a19% decrease
in the cell diameter (P = 0.015; Extended Data Fig. 4), which reduced
cell volume by half. Thus, the ftsZE315* mutation recapitulated nearly
60% of the evolved divergence in cell size, indicating that FtsZ has a
central role in the cell size of M. mycoides.

Although changes in ftsZ had opposing effects on the size of the
minimal and non-minimal cell, mutations in this gene were benefi-
cialfor bothstrains (Extended DataFig.3 and Extended Data Table 4).
One adaptive consideration is that the faster-growing non-minimal
cell should experience bouts of feast-or-famine conditions. In a serial
batch environment, repeated transitions between exponential and
stationary growth phases has been shown to select for increased cell
size?*?®, The observed patterns may also reflect constraints imposed
by genome streamlining on the ability of the minimal cell to evolve
an adaptive increase in cell size?**°***_With more than 50% of its
membrane-transport proteins removed, the minimal cell may have
been unable to sequester the resources needed for constructing and
maintainingalarger cell>***° under the experimental conditions. Alter-
natively, cell size could evolve as afitness-neutral byproduct of selec-
tion on other traits, such as DNA-replication rate*°. For example, the
two strains could have evolved different size trajectories despite similar
selection pressures, due to epistatic effects of genome minimization
such as those demonstrated using the ftsZ%* mutants (Extended Data
Table 6 and Extended Data Fig. 4). In any case, our findings highlight
that cell size—afundamental feature of biological complexity in multi-
cellular and single-celled organisms alike—evolves in amanner thatis
dependent on the genomic context.

Outlook

We uncovered genes, proteins and traits that are critical for evolu-
tionary performance in the synthetically constructed M. mycoides
JCVI-syn3B—a bacterium with the smallest genome of any organism
growninpure cultureinthelaboratory. Inits ancestral state, this work-
ing approximation of aminimal cell had significantly reduced fitness.
With less than 500 protein-coding genes, M. mycoides)JCVI-syn3B had
few redundancies when faced with an exceptionally high input of muta-
tions. Despite these challenges, genome reductiondid not alter cellular
resources in any fundamental way that interfered with the ability to
evolve increased fitness. Instead, natural selection during extended
laboratory growth outweighed any deleterious effects of genome dis-
ruption and drift associated with synthetic streamlining that could
have led populations of the minimal cell to extinction.

Our results demonstrate how synthetic biology and engineering
can be informed by principles of evolutionary biology and popula-
tion genetics. While it is now possible to build genomes with desired
phenotypes, evolutionary processes represent a powerful but still
underdeveloped approach for biological refinement. For example,
rapid adaptation of the minimal cell involved selection on distinct
targets, 25% of which encoded proteins of unknown function. Future
studies combining evolution with a synthetic biology toolset have
the potential to improve gene characterization and the mapping of
regulatory networks, which may ultimately be used for optimizing
stableliving systems. Some degree of genome minimization will prob-
ably be acommon path of development in biotechnology. It would be
undesirable if such an approach compromised replication or repair
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fidelity, owing for example to unexpected cellular changes that might
be mutagenic or otherwise interfere with damage maintenance. From
an engineering perspective, more studies are needed to evaluate the
minimization of other genomes in alternate chassis under different
environmental conditions. Nevertheless, if we assume that our findings
are somewhat general, it appears that cellular functions are robust to
streamlining over time, which is desirable when using minimized cells
for biotechnology and bioproduction.

Our findings shed new light on the phenomenon of genome stream-
lining, whichis prevalentinnature, especially among microorganisms
that coevolve with hosts in both pathogenic and mutualistic ways, but
also among free-living bacteria that dominate the global oceans”*.
Both adaptive and neutral theories have been developed to explain
why genomes become streamlined*>*?, Very few studies have mecha-
nistically investigated how genome streamlining affects subsequent
evolution, especially for microorganisms with different phylogenetic
backgroundsliving in environments with contrasting niches. Despite
it reducing the sequence space of possible trajectories, we conclude
that streamlining does not constrain fitness evolution and diversifica-
tion of populations over time. Genome minimization may even create
opportunities for evolutionary exploitation of essential genes, which
are commonly observed to evolve more slowly®**,
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Methods

Strains and growth conditions

We maintained synthetic M. mycoides JCVI-syn1.0 and synthetic
M. mycoides)CVI-syn3B in SP4 medium with KnockOut Serum Replace-
ment (Gibco) substituted for fetal bovine serum (Supplementary
Table 3). Cultures of these non-motile bacteria were grown in a dark,
static growth chamber at 37 °C. The non-minimal JCVI-syn1.0 strain
has been described in detail previously*. The minimal JVCI-syn3B
is identical to the strain synthesized in previous studies® with the
following exceptions: JVCI-syn3B possesses a second rRNA operon
copy, lacksagene (MMSYN1_0531) encoding an efflux protein, and has
19 genes that were added back into the minimal genome torender the
cell easier to use*** (Supplementary Table 4). The strain also contains
alanding pad system (cre recombinase and loxP) facilitating genetic
manipulation. For competition experiments used to quantify relative
fitness, we used aJCVI-synl1.0 strain that expresses mCherry, which
enabled us to distinguish it in mixed culture from other strains using
flow cytometry and also factor out any costs associated with produc-
tion of the fluorescent protein (see below).

Mutation accumulation experiment

Overview. Mutation accumulation (MA) experiments are designed
to reduce the influence of natural selection through repeated bottle-
necks of evolving populations®. When used with microbial populations,
this is typically achieved by transferring single colonies, which have
undergone single-cell bottlenecks. Before initiating MA experiments,
we acclimatized JCVI-syn1.0 and JCVI-syn3B to laboratory conditions
by maintaining populations in SP4 liquid medium. We took a clone of
each acclimated strain to begin the MA experiment and propagated
replicate lineages (n =87 and n =57 for JCVI-syn1.0 and JCVI-syn3B,
respectively) for 20 to 36 weekly transfers.

Number of generations. To compare rates of mutation across repli-
cates, we normalized all rates as per-generation values. To calculate
the number of generations per transferinthe MA, we grew cells on SP4
agar for1week and diluted asample of seventh day colonies into 1 ml of
phosphate-buffered saline (pH 7.4). Cells were fixed with 20 pl of 25%
glutaraldehyde and stained with 2x SYBR Green, and then counted with
aNovoCyte flow cytometer (ACEA Biosciences). We used the dilutions
to calculate the number of cells in the original colony, from which we
inferred the number of generations (log,[N], where Nis the number of
cellsinthe undiluted colony) that must have occurred to reachacolony
of that size*¢, assuming each colony is formed by a single progenitor
cell. As the growth rate and other fitness components can decrease
during an MA experiment*, we also measured the number of cells per
colony during and at the end of the MA, averaging across timepoints to
estimate the total number of generations. We then used the number of
generations per transfer to estimate the effective population size (N,)
using the harmonic mean method". Specifically, N, was approximated
as the harmonic mean of the series (2°, 2%, 22, ..., %), where fis equal to
the number of generations per transfer inferred fromthe previous step.

Whole-genome sequencing and sequence analysis. We performed
DNA extractions fromevolved MA cell lines using the DNeasy UltraClean
Microbial Kit (Qiagen) according to the manufacturer’s instructions,
with the additional step of adding 50 pl of 50 mg mI™ lysozyme to
improve cell lysis. Genomic DNA was sequenced using Illumina MiSeq
sequencingtoadepthofatleast 35x coverage. Library preparation and
DNA sequencing were conducted by the Indiana University Blooming-
ton Center for Genomics and Bioinformatics. Whole-genome sequenc-
ing reads were quality controlled using cutadapt*® to trim low-quality
base pairs and remove residual adapter sequences. We used breseq with
the default parameters***° to call mutations using the trimmed reads.
We only considered fixed mutations for the MA cell lines. We checked

for mutations that had arisen in experimental ancestor strains before
evolution. Ancestral mutations were removed from the analysis of all
evolved MA lines derived from that strain using gdtools***°. We used the
sequencing data to check for contamination or cross-contamination
inthe evolved celllines.

Statistical analyses. To compare the mutation rate and spectrum
between strains, we used two-sample ¢-tests for numerical response
variables and two-sample x* tests with continuity correction for com-
paring proportions. For comparing proportions to theoretical expec-
tations within a strain, we used one-sample x? tests with continuity
correction.

Adaptive evolution

Overview. In contrast to the mutation accumulation experiments, we
conducted experiments that allowed bacteria to achieve large popula-
tion sizes to increase the efficacy of natural selection. This involved
serial passaging of cellsinliquid cultures with limited bottlenecking at
eachtransfer. For example, in our experiment, the minimum population
size was 2x 107-4 x 10 for both JCVI-syn1.0 and JCVI-syn3B. We passaged
replicate 3 ml liquid cultures of each strain (n =4 per strain) in 13 mm
glasstest tubes by 1% (v/v) serial transfer each day for 300 daysinadark,
staticincubator held at 37 °C. We calculated the number of generations
per day as the log, of the dilution factor, that is, log,[101], the number
of binary fissions needed to regenerate the original population size
after the 1% (v/v) transfer®'. Thus, we estimate that the M. mycoides
strains were maintained for 1,997 generations, which, based on other
experiments, is long enough for the majority of adaptation to occur®*,

Measurements of fitness. First, we measured fitness as y,,,, by con-
ductinggrowth curvesoncellsthat wereisolated at different timepoints
during the adaptive evolution experiment (Supplementary Fig. 5).
Cryopreserved cells were thawed on ice before preculturing at 37 °C
for24-72 hin3 mlof SP4 mediuminal3 mmtest tube. Beforeinitiating
the experiment, we adjusted the start times of preculturesto help ensure
that cultures from different evolution timepoints were at the same stage
of growth. Approximately 6 x 10° cells from turbid precultures were
theninoculatedintoreplicate wells of a96-well plate containing 200 pl
of SP4 medium. Separately, each population was incubated ina 96-well
plate for 24 hin a BioTek Synergy Hl microplate reader that recorded
the absorbance every 15 min at 415 nm. This wavelength is close to a
spectral peak for phenolred, apHindicator thatis acomponent of SP4
medium (Supplementary Table 3). Previous studies have shown that
phenolred can be used as proxy for metabolism and growth*because
bacterialike M. mycoides produce organic acids as abyproduct of car-
bohydrate metabolism* (Supplementary Fig. 5). With the resulting data,
we used maximum likelihood to estimate growth-curve parameters
using amodified Gompertz equation®:

ﬂma;;x e (L-0)+ 1}}

Y=by+Ax exp{—exp[

where L is the lag time (h), A is the carrying capacity or yield (optical
density at 415nm), i, is the maximum growth rate (day™) and b, is the
intercept (Supplementary Fig. 6 and Supplementary Table 5).
Second, we measured relative fitness by competing ancestral and
evolved strains against a M. mycoides JCVI-syn1.0 reference strain
labelled with mCherry (syn1.0::mCh)*. Cryopreserved cells were used
to make precultures inasimilar manner to those in the growth curve
experiment. Each strainwas grown in liquid mediumto log phase, and
thenthelabelled and unlabelled strains were simultaneously diluted
into a mixed culture in fresh medium. We immediately sampled the
axenic cultures or the mixed culture (¢,), fixed the cells with 20 pl of
cold 25% glutaraldehyde, incubated themat 4 °C for 20 min and then
stained the samples with 2x SYBR Green. After 24 hof growth (¢)), the



mixed culture was sampled and processed againin anidentical man-
ner. For samplesin the adaptive evolution experiment, we quantified
the abundance of each strain using a an LSR Il flow cytometer (BD
Biosciences) at Indiana University’s Flow Cytometry Core Facility. For
measuring the relative fitness of engineered ftsZ mutants, we used
the NovoCyte flow cytometer (ACEA Biosciences). While measure-
ments were being made, we vortexed the samples every minute to
prevent multiple cells from clumping together and being scored as
single events. The purity was assessed during every run using nega-
tive controls and axenic controls. We detected 1,800-2,700 events
per second and abundances on the order of 1 x 108 cells per ml. With
theresulting data, we differentiated cells on the basis of the expression
of mCherry. Using NovoExpress, FACSDiva and FCS Express software,
we established gates on pure cultures of the non-mCherry-expressing
experimental strains and the syn1.0::mCh reference strain (Sup-
plementary Figs. 7 and 8). For the experimental strains, bounda-
ries were established by gating axenic mCherry-negative cells that
were positive for only SYBR Green fluorescence. For the reference
strain, boundaries were established by gating axenic syn1.0::mCh
cells that were positive for SYBR Green and mCherry (Supplemen-
tary Fig. 9). In the competition assays used to quantify relative fit-
ness, we applied the axenically established gates to samples that
contained a mixture of the reference strain and experimental strain.
We obtained the proportion of false-negative mCherry cells by
applying the mCherry-negative gate to axenic mCherry-expressing
cells; this proportion was then used as a correction factor in mixed
populations. Last, we calculated relative fitness as the change in the
relative abundance of the strain of interest during the 24 h period
of competitive growth versus synl1.0::mCh. Specifically, the relative
fitness versus the mCherry reference strain W is

where N, represents the initial abundance of the experimental strain,
N;the abundance of the experimental strain after 24 h,and N, and N
areinitial and final abundances of the reference strain (syn1.0::mCh),
respectively®. We normalized fitness values to be relative to the orig-
inal M. mycoidesJCVI-synl.0 ancestor strain. Inother words, we repre-

sent the fitness (W)as "¢ where W,cy; yn0is the value of W, for
Wjcvi-syn1.0

M. mycoides)CVI-synl.0.

Whole-genome sequencing and sequence analysis. DNA extrac-
tion, sequencing and bioinformatics were performed according to the
same methods as for the mutation accumulation experiment with afew
exceptions. Specifically, each replicate population was sequenced to
adepth of atleast 100x coverage, and polymorphic mutations were
included in our analyses. As an indicator of selective pressure, we
used the Jukes-Cantor method* to compute the per-site dy/ds value
onthe basis of the number of nonsynonymous and synonymous SNMs
within each of the evolved replicate populations normalized by the
total nonsynonymous and synonymous target sizes. We counted the
number of synonymous and nonsynonymous AT to CG, AT to GC, AT
to TA, CGto GC, CG to TA and CG to AT sites using the gdtools mod-
ule of breseq, which is a computational pipeline that identifies muta-
tions fromshort-read DNA resequencing studies®. We next combined
thatinformation with the empirical mutation spectrum from the MA
experiment to account for the differing probabilities of each of the six
SNM types, and thereby calculate the total expected number of SNMs
atnonsynonymous and synonymous sites*®. The observed numbers of
synonymous and nonsynonymous substitutions were obtained directly
from breseq outputs. Synonymous and nonsynonymous polymor-
phisms were included in the observed count with probability equal
to their allele frequency in mapped reads. We added a pseudocount

of 1synonymous substitution for all calculations®” because two of the
populations had 0 synonymous substitutions.

Toidentify mutations possibly contributing to adaptation, we looked
for genes that had mutations across two or more replicate populations
foreach genotype. Mutations in the same gene, arising and increasing
infrequencyinindependentlineages, suggests that that mutation’s rise
couldbedrivenby positive selection®. To test this hypothesis, we statis-
tically assessed whether multiply-mutated genes (that is, genes mutated
in>1replicate evolved population) had acquired more mutations than
would be expected by chance under the assumption that the mutations
were neutral®®. To do this, we recorded all of the polymorphic and fixed
mutations that were called within genes. Synonymous mutations were
excluded. We then used Python*® to simulate the placement of these
mutationsatrandomacross all genes. The probability of any given gene
receiving any given mutation was relativized to the gene’s length and
GC content using the known mutation rates of G:Cnucleotidesand A:T
nucleotides from the mutation-accumulation experiment. We repeated
this random placement of mutations 100,000 times. In each simula-
tion, we counted the number of mutations received by each gene, with
each fixed mutation increasing the countbyland each polymorphism
increasing the count by an amount equal to its allele frequency. For
each multiply-mutated gene from the real adaptation experiment, we
calculated the proportion of the 100,000 simulations in which the gene
received at least as many mutations as were truly observed and called
this proportion the P value. We then used the Benjamini-Hochberg
method®**' to generate corrected P values (P,;) to account for mul-
tiple tests with the false-discovery rate set to be a = 0.05 (Extended
DataTable2). As anegative control, we repeated the simulations using
only synonymous mutations. This process returned two false-positive
significant genes, which was small compared with the 52 significant
signatures detected among nonsynonymous mutations, although we
also acknowledge that synonymous gene analysis had less power due
to the smaller number of synonymous mutations.

Generation of ftsZ E315* mutant cells. This process required mutat-
ingthe bacterialgenomes while they were yeast centromeric plasmids
(YCPs) followed by genome transplantation of the mutated genomes.
The YCPs were mutated using rounds of CRISPR-Cas9 and yeast
homologous recombination that is a modification of a method used
previously to mutate M. mycoides strains®,

In the first CRISPR-Cas9 step, the molecule to be mutated was
cleaved and the donor DNA comprising sequences from the two flank-
ing genes was recombined with the cut JCVI-syn1.0 or JCVI-syn3B YCP,
removing parts of genes of the flanking genes and all of the target
gene. The donor DNA had 40 bp overlaps to both genes flanking the
target gene and had a 22 bp Mycoplasma gallisepticum 161 CRISPR-
Cas9 target sequence with a protospacer adjacent motif (PAM)
(5’-GTATAAATACATCCAGGAGTGG-3’) that had no homology elsewhere
inJCVI-synl.0 orJCVI-syn3B. The M. gallisepticum sequence put anew
PAMin the genome that was used in the second round of CRISPR-Cas9.

The second round of CRISPR-CAS9 cut the JCVI-syn1.0 or JCVI-syn3B
YCP at the new M. gallisepticum PAM. The cut YCP was then recircu-
larized using a donor DNA containing the desired point mutation.
The mutagenized regions of the YCPs were PCR amplified and the
mutation was confirmed by Sanger sequencing. Correctly muta-
genized JCVI-synl1.0 or JCVI-syn3B YCPs were then transplanted into
Mycoplasma capricolumrecipient cells as reported previously>*%606364,
The mutagenized regions of the transplants were PCR-amplified and
sequenced to confirm the presence of the desired mutations.

Microscopy and image analysis. Scanning electron microscopy (SEM)
was used to compare changes in the cell size of evolved populations. All
ofthe populations were grownin the same batch of medium and under
identical conditions in a single incubator. The start times of cultures
were adjusted so that they reached stationary phase at the sametime.
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We centrifuged stationary-phase cultures and resuspended the pelletin
1mlofphosphate-buffered saline (pH 7.4). The resuspended cells were
fixed by adding 20 pl of cold 25% glutaraldehyde and incubating at 4 °C
for20 min. For microscopy observation, fixed cells were concentrated
4x by centrifugation and resuspension. The centrifugation steps were
performed at 25 °C for 4 min at 2,000g. SEM was performed at the
Indiana University Bloomington Electron Microscopy Center. Fixed
cells in PBS were pelleted and resuspended in 100 mM sodium caco-
dylate buffer (pH 7.2) with 2 mM calcium chloride and 2% sucrose. We
coated 12-mm-diameter glass coverslips with 0.1% poly-L-lysine for
5 min, after which coverslips were washed with a few drops of double
distilled water. Resuspended cells were added to the coverslip sur-
face and allowed to adhere. After 5 min, the coverslips were washed
twice with 100 mM sodium cacodylate buffer (pH 7.2) with2 mM cal-
cium chloride and 2% sucrose. Next, 300 pl of 2% osmium tetroxide in
100 mM sodium cacodylate buffer (pH 7.2) with 2% sucrose was added
tothe surface of the coverslips while onice. After 30 min, the coverslips
were washed with double-distilled water. The coverslips were placed
intoa CPD coverslip holder (Electron Microscopy Sciences, 70193-01).
The samples were dehydrated in a graded ethanol series (30%, 50%,
70%,90%, 95%) while onice. Atroom temperature, the coverslips were
rinsed three times with100% ethanol. Each dehydration step lasted for
2 min. Critical-point drying was performed using the Tousimis Samdri
790 critical-point dryer. The dried coverslips were placed on alumin-
ium SEM stubs and sputter-coated using the Safematic CCU-010 with
SP-010 Sputter Head with 45 nm of gold/palladium (80%/20%), which
is accurate in the Angstrom range. All of the samples were coated
simultaneously to minimize variance among samples. We viewed the
samples using the FEI Teneo scanning electron microscope at 2.0 kV,
25 pA probe current and 3.0 mm working distance. The T2 detector
was used. We calibrated the measurements using line grating replicas
(2,160 lines per mm) with 0.261 pm latex spheres (Electron Microscopy
Sciences). We analysed the SEM image data using Image)®. We used the
straight and measure features combined with image scale metadata
to measure the vertical diameters of imaged cells that met the follow-
ing criteria: cells must be round; cells must not have apparent holes
or punctures; cells must be completely within the field of view; cells
must have an unambiguous perimeter; there must be no suggestion
that a cellis currently or has recently undergone binary fission; cells
must be >0.1 pm across. Eachimage was processed counterclockwise
starting from east. The samples were processed inarandomized order.

Statistical analyses. For the growth-curve experiments, we used a
generalized linear mixed model to test for the fixed effects of time
(generation) and cell type (minimal versus non-minimal) on growth
curve parameters (i,,,,, lag time, yield) while fitting random intercepts
for the replicate evolved populations (Supplementary Table 3). We
used variance partition coefficients to estimate the contribution of the
replicate populations (random effect) to the total variation explainedin
the models (Extended DataFig. 1, Extended Data Table 1, Supplementary
Figs.1and 2 and Supplementary Table 5). For the adaptative evolution
experiment (Figs.2and 4), we tested hypotheses using ageneral linear
model (GLM) after subtracting observations of each replicate-evolved
population (generation 2,000) from its corresponding ancestor (gen-
eration 0). With the intercept term excluded, the GLM tests whether
the evolutionary trajectory foreachgroupis different fromzero. With
theintercept termincluded, the GLM tests whether the evolutionary
trajectories are differentamong groups. We also used two-way ANOVA
with Tukey’s honest significant difference test to test hypotheses about
the effects of cell type (minimal versus non-minimal) and ftsZE315* (wild
type versus mutant) on relative fitness and cell size. When necessary,
datawere log,,-transformed to meet statistical assumptions.

We compared the composition of genes acquiring mutations
among the evolved replicate populations by first constructing a
gene-by-population matrix. Here, each row represented an evolved

population and each column represented a gene that had acquired
at least one mutation among all of the populations. Each cell of the
matrix was filled with the sum value of mutations occurringin that gene
in that population, where fixed mutations were valued at 1and poly-
morphisms were valued equal to the allele frequency. Only essential
genes, shared between JCVI-syn1.0 and JCVI-syn3B, were considered.
We used PERMANOVA on the Bray-Curtis distances generated from
the gene-by-population matrix to test for the significance of cell type
(minimal versus non-minimal) on the composition of mutations using
the adonis function in the R package vegan®®. For visualization, the
Bray-Curtis distances were decomposed into two dimensions using
principal coordinate analysis using the cmdscale function.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data are available at GitHub (https://github.com/LennonLab/Mini-
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Sequence Read Archive (PRJNA743406). Source data are provided
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Extended DataFig.1| Trajectories of maximum growth rates (umax) for
the minimal cell and non-minimal cell. Data (n = 141) were generated from
growth-curve assays that were fit using amodified Gompertzequation
(seeFig.S5) across 2000 generations of experimental evolution. With these
estimates of umax, we then fit ageneralized linear mixed model (GLMM) where
time (generation) and cell type (minimal cell vs. non-minimal cell) were treated
asfixed effectsand replicate evolved populations (n = 8) was treated as a
random effect. Based on theintercepts from the GLMM, synthetic streamlining
reduced umax by 57%in the non-evolved ancestors. During subsequent
evolution, umax for both cell typesincreased at comparable rates over the
course oftheexperiment (see Extended Data Table1). In the figure, dark-
colouredcirclesrepresent datafromthe ancestral populations, while triangles
(up-and down-pointing), diamonds, and squares represent datafrom the
replicate evolved populations. Dashed lines and light-coloured regions
represent predicted values and 95% confidence intervals, respectively, for the
fixed effects (generation and cell type). The conditional R?, which accounts
forvariance explained by the fixed and random effects, was 0.68. The variance
partition coefficient (VPC) of 0.127 indicates that an appreciable portion
ofthe total explained variance in umax was associated with the random effect
ofthereplicate evolved populations (See Extended Data Table 1). Additional
information, including model fits, parameters, summary statistics, and
residual plots, can be foundin the online Figshare repository.
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Extended DataFig.2|Effect of genome streamlining on the ratio of
nonsynonymous to synonymous substitutions. In populations of
Mycoplasma mycoides after 2000 generations of evolution, we used the
normalized ratio of nonsynonymous to synonymous mutations (d,/d;) as an
indicator of natural selection. Values of d,/d;>1are associated with positive
selection, while values of d,/d;<1are associated with the dominance of
negative selection and constraint on adaptation. The minimal and non-minimal
cell exhibited comparable values of d\/d; (t,= 0.81, P=0.488). One of the
replicate populations belonging to the non-minimal treatment had an elevated
dy/ds(2.06) compared to other replicate populations (mean d,/ds = 0.45). When
we removed this potential outlier, there was still no difference ind,/d;between
the minimal and non-minimal cell (¢;=-0.25, P=0.811). Dark-coloured symbols
represent the mean + SEM (n = 4). Light-coloured symbols represent individual
values foreachreplicate population (n =4). Hypotheses were evaluated with
two-sided t-tests.
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Extended DataFig. 3 | Fitness effects of an ftsZmutation on populations of
Mycoplasmamycoides. We reengineered the nonsense mutation ftsZE315*
and quantifiedits effect onrelative fitness inboth the non-minimal and
minimal cells using head-to-head competition assays. The ftsZE315* nonsense
mutation had asignificant effect on Mycoplasma cell size that depended on
celltype (two-way ANOVA, F, ;,=7.45, P=0.010). Compared to the wild type
(non-evolved ancestor), the mutationincreased relative fitness by 25% in the
non-minimal cell and 14% in the minimal cell. Dark-coloured symbols represent
the mean + SEM. Light-coloured symbols represent values for each replicate
population.Samplessizes are as follows: wild-type minimal cell, n =12; ftsZ
E315* minimal, n=12; wild-type non-minimal cell, n = 5; ftsZE315* non-minimal,
n=5.
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Extended DataFig. 4| Cellsize of ftsZ mutants compared towildtype
(non-evolved) for the minimal cell and non-minimal cell. Using scanning
electron microscopy, the ftsZE315* nonsense mutation had a significant
effecton Mycoplasma cellsize that depended on cell type (two-way ANOVA,
Fy541=37.9,P<0.0001). The mutationin the non-minimal cell caused a25%
increaseincelldiameter (P<0.0001) and a corresponding two-fold increase in
cell volume. In contrast, the same ftsZnonsense mutation in the minimal cell
ledtoal9% decreaseinthe cell diameter (P=0.015). Dark-coloured symbols
represent mean + SEM. Light-coloured symbols represent randomly drawn
data (n=60) corresponding to the diameter of individual cells.
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Extended Data Table 1| Parameters and summary statistics associated with fitness

' Maximum growth rate (umax)

~ Fixed effects J |
f Estimate Standard error | df t : P-value
 Intercept | 531E-02 | 6.65E-03 131 7.99 | <0.0001
Generation 1L71E-05 | 4.53E-06 131 . 371 | 0.0002
o Cell 712B-02 | 930E-03 6 765 | 0.0003
Generation * Cell -6.27E-06 6.27E-06 131 -1.10 0.2741
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Random effects

Standard deviation
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Intercept 0009

Residual 0024

 Observations 141

Growps 8

e e

Marginal 064
Conditional 0.68

......................................................................................................................................................................

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

- Variance partltlon coefficient
_VPC 0.127

We used generalized linear mixed models (GLMM) to explain variation in maximum growth rate (umax), which was estimated from growth curves for the non-minimal and minimal cells. The cell
type (“Cell”) and time (“Generation”) were treated as fixed effects. We included random intercepts for the replicate populations.



Extended Data Table 2 | Mutations only in non-minimal cell that that are putatively under positive selection

Non-minimal cell only

Gene Annotation Category Pag;
IpdA Dihydrolipoyl dehydrogenase Central metabolism = <0.0001
| pyk | Pyruvate kinase | Central metabolism 0.016
dnaA 1 Chromosomal replication initiator protein DNA maintenance 0.0005
| ecfT ECF transporter T component Membrane transport =~ <0.0001
Locus 033pe | D% ABC mnsporter, ATP-binding compo- | Membrane ransport | 0,016
Locus 0030 ilrJ‘r;chamcterizcd ABC transporter ATP-bind- Membrane transport |~ 0.016
oA llj)iTIA-directed RNA polymerase, alpha subu- Transcription 0.0090
| Locus 0187* | Tfanscriptiona] regulator, GntR family | Transcription 0.0098
tnpA_1* IS1296 transposase protein A DNA maintenance 0.0015
| tpB_1* IS1296 transposase protein B DNA maintenance 0.0023
Locus 0892* = Putative membrane protein | N/A 0.016
Locus 0898* = Conserved hypothetical protein | N/A 0.029
Locus 0471* | Hypothetical protein N/A 0.0003
Locus 0751* | Putative viral A-type inclusion protein N/A 0.016

Simulations were performed to find genes acquiring more mutations than expected to occur by chance during 2000 generations of experimental evolution. Such mutations are indicative of
positive selection. P, corresponds to significance following Benjamini-Hochberg correction to account for multiple comparisons. Genes are assigned to categories based on the secondary
functional classifications®. Note that “Central metabolism” corresponds to “Central carbon metabolism” in the original source”. * = nonessential genes that are absent from the minimal cell,

N/A = uncharacterized genes that did not fall into defined category.
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Extended Data Table 3 | Mutations only in minimal cell that are putatively under positive selection

Gene Annotation Category Pyg;
apD  FOFI ATP synthasesubunitbeta Central metabolism | <0.0001
oyG  CTPsynhase  Central metabolism | 0.0002
daN  DNApolymerase Ilsubunitbeta DNA maintenance | <0.0001 |
g Diacylglyceryl transferase | Biosynthesis | 0.0038
‘A | Cordiolipinsynthese | Biogymthesis | 0015
fkA  FayscidkinaseswbumitA Biosynthesis | 0.0025
amif  Oligopeptide ABC transporir ATP-binding | Membrane transport | 00036
;poC | DNA-directed RNA polymerase, beta subunit | Transcription | 0.0024
psC | 30Scbosomal protein§3 | Tramslation | 0.021
Locus 0373  Uncharacterizedprotein  |NA | 0015
Locus0691 | Uncharacterized protein | NA 0027 |
Locus 0430 Uncharacterized DNA-binding protein WA - 0.0012

Simulations were performed to find genes acquiring more mutations than expected to occur by chance during 2000 generations of experimental evolution. Such mutations are indicative of
positive selection. P,y corresponds to significance following Benjamini-Hochberg correction to account for multiple comparisons. Genes are assigned to categories based on the secondary
functional classifications®. Note that “Central metabolism” corresponds to “Central carbon metabolism” in the original source®.



Extended Data Table 4 | Mutations found in both non-minimal and minimal cell that are putatively under positive selection

' Minimal and non-minimal cell

Gene Annotation Category Pyg;

' non <0.0001 |
fsZ - Cell division protein FtsZ - Cell growth

1
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

. Tetracycline resistance ribosomal protec-
| tion

4

' Drug resistance |
| - min=0.0079

Simulations were performed to find genes acquiring more mutations than expected to occur by chance during 2000 generations of experimental evolution. Such mutations are indicative of
positive selection. P, corresponds to significance following Benjamini-Hochberg correction to account for multiple comparisons. Genes are assigned to categories based on the secondary
functional classifications®. In the P, column, “non” refers to non-minimal cell and “min” refers to the minimal cell. t = nonessential genes that were retained in M. mycoides JCVI-syn3B to

facilitate cultivation and robust growth.
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Extended Data Table 5 | ftsZ mutations

Strain Replicate ID Mutation Mutation | Mutant allele
effect frequency
Non-minimal | MM 1 Q349* (CAA—-TAA) Nonsense 1
Non-minimal | MM _3 Q346* (CAA—TAA) Nonsense 0.079
Non-minimal | MM 4 Al bp (597/1158 nt) Frameshift 1
Non-minimal | MM _6 G17C (GGT—-TGT) Missense 1
Minimal MM 11 +CT (1062/1158 nt) Frameshift 1
Minimal MM 11 V190I (GTT—ATT) Missense 1
Minimal MM 13 E315* (GAA—-TAA) Nonsense 1

Mutations observed in ftsZ during adaptive evolution across all replicate populations.




Extended Data Table 6 | Evolution of cell size

Non-minimal Cell

Minimal Cell

Diameter (nm)

439+13  0.051+0.004

| Ancestor
" Evolved 792 + 128 0.509 + 0.56
fisZ E315* 550 + 15

Volume (um?) Diameter (nm)

0.099 £ 0.008

Volume (pm?)

305+ 28 0.021 £0.002

375+35 0.040 + 0.004
246 + 12 0.011 +0.001

Diameter and volume measurements of M. mycoides ancestor, evolved, and ftsZ E315* cells observed via scanning electron microscopy. Values represent mean + SEM.
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Data exclusions  Replicate populations or clones were excluded if a heuristic inspection of sequence data suggested that the population or clone from which
the data were derived was cross contaminated with another experimental replicate population or clone, or was contaminated with a foreign
organism. After inspection, 2 minimal cell natural selection populations, 2 non-minimal cell natural selection populations, 43 minimal cell
mutation accumulation clones, and 11 non-minimal cell mutation accumulation clones were removed. When the type of contamination was
cross contamination between two experimental replicates, the higher-numbered replicate was chosen to be discarded.

Replication Several types of observations were tested for the ability to be replicated. Microscopic analyses were replicated using scanning electron
microscopy after an initial analysis with phase contrast microscopy. Measurements of evolved fitness were taken with both a competitive
fitness metric and a growth rate-based metric. In the flow cytometry analyses, the robustness of the conclusions to alternative gating
strategies was verified.

Randomization  Randomization of samples into experimental groups was not applicable to this study because replicate populations of all samples were
allocated to all of the experimental groups in separate experiments.

Blinding To eliminate investigator bias in the mutation accumulation experiment, the colony to be chosen for each transfer was chosen ahead of time,

before colonies became visible, by marking the Petri plate with permanent marker. When colonies grew visible, the colony closest to the mark
was chosen for the transfer.
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Methodology

Sample preparation
Instrument
Software

Cell population abundance

Gating strategy

Cells were fixed with 20 pL of 25% glutaraldehyde and stained with 2X SYBR Green.
Novocyte flow cytometer (ACEA Biosciences), LSR Il flow cytometer (BD Biosciences)
NovoExpress, FACSDiva, FCS Express

Abundances were determined using the NovoExpress software. Abundances were on the order of 1 x 1078 cells/mL, with
typically 1800 - 2700 events per second. Purity was determined through the use of negative controls and axenic controls.

We used the following cutoffs for registering an event: 453 nm laser B530 (Alias: SYBR Green-H) > 3000 and side scatter
(Alias: SSC-H) > 300. Next, boundaries for an mCherry “negative” cell were established by gating axenic mCherry negative
populations. Boundaries for an mCherry “positive” cell were established by gating axenic mCherry positive populations. We
then used these gates to call each cell “positive” or “negative” in mixed populations. We also obtained the proportion of false
negative mCherry cells by using axenic mCherry positive populations; this proportion was then used as a correction factor in
mixed populations. We verified the robustness of the conclusions to different gating strategies by redrawing the gates at
least once per experiment.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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