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with a synthetic genome

Troy E. Sandberg,1 Kim S. Wise,2 Christopher Dalldorf,1 Richard Szubin,1 Adam M. Feist,1,6 John I. Glass,2

and Bernhard O. Palsson1,3,4,5,6,7,*

SUMMARY

The bacterial strain JCVI-syn3.0 stands as the first example of a living organism
with a minimized synthetic genome, derived from the Mycoplasma mycoides
genome and chemically synthesized in vitro. Here, we report the experimental
evolution of a syn3.0- derived strain. Ten independent replicates were evolved
for several hundred generations, leading to growth rate improvements
of > 15%. Endpoint strains possessed an average of 8 mutations composed of in-
dels and SNPs, with a pronounced C/G- > A/T transversion bias. Multiple genes
were repeated mutational targets across the independent lineages, including
phase variable lipoprotein activation, 5 distinct; nonsynonymous substitutions
in the same membrane transporter protein, and inactivation of an uncharacter-
ized gene. Transcriptomic analysis revealed an overall tradeoff reflected in upre-
gulated ribosomal proteins and downregulated DNA and RNA related proteins
during adaptation. This work establishes the suitability of synthetic, minimal
strains for laboratory evolution, providing a means to optimize strain growth
characteristics and elucidate gene functionality.

INTRODUCTION

The first successful attempt at creating (semi-) synthetic life was achieved with JCVI syn1.0, composed of a

1,079 kbp Mycoplasma mycoides-based artificial chromosome inserted into a Mycoplasma capricolum

cell.1 The prefix ‘‘semi’’ applies due to basepair-for-basepair copying of the DNA sequence of an already

extant organism. Subsequent significant efforts in genome minimization culminated in the JCVI-syn3.0

strain,2 the first synthetic life with a chromosome not existing elsewhere in nature and the smallest of

any autonomously replicating cell. The remaining 531 kbp seemed essential for axenic life in rich medium,

yet 79 of the 473 genes could not be assigned to any functional category. Additionally, genome reduction

from JCVI-syn1.0 to JCVI-syn3.0 significantly reduced growth rate and resulted in pleomorphic cellular

forms, making laboratory investigation difficult. A subsequent variant of JCVI-syn3.0, JCVI-syn3A, contain-

ing an extra 12 kbps encoding 16 protein coding genes, resulted in a growth rate increased by 73%3 and a

nearly normal morphology.4 Much of this work helped reveal the function of the various genes added to

and removed from these genomes.

All life, whether natural or synthetic, is subject to evolution due to unavoidable errors in DNA replication

and intra-population competition among the ancestral and mutant strains. Adaptive laboratory evolution

(ALE) thus stands as a powerful approach for both studying evolutionary processes in the lab and opti-

mizing strain performance.5 Hence, we used ALE on JCVI-syn3A to investigate how a minimal, synthetic

cell adaptively evolves and what biological insights can be extracted from the resultant data.

RESULTS

We evolved ten parallel lineages founded from JCVI-syn3A for !400 generations via serial propagation of

batch cultures. All evolved strains grew at a rate !15% faster than the ancestral starting strain (Figure 1A),

causing the growth rate to further approach that of strain JCVI-syn1.0, which has a 99% larger genome but

grows only 38% faster. Mixed populations in two endpoint cultures were manifest as large and small col-

onies, something previously observed in adaptive evolution experiments6 (Figure 1B). Such large vs. small

colony isolates nonetheless showed similar increase in growth rate whenmeasured independently, despite

possessing distinct mutations.
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We subjected evolved endpoint clones from each lineage, as well as midpoint clones for some populations,

to whole genome sequencing. Phenotypic improvement after hundreds of generations of serial passage is

unsurprising, but the multiple genetic alterations underlying such change are almost impossible to predict

for such a unique organism lacking existing experimental evolution data. Laboratory workhorses such as

E. coli are suitable for evolutionary interrogation due to the small number of genetic changes accrued

even after hundreds of generations—with few mutations, causality can be easily established.7 This is not

the case in hypermutable strains, where the hundreds of mutations they contain makes causal establish-

ment significantly more difficult.8

We found that JCVI-syn3A has a distinct mutational spectrum but is not hypermutable, despite multiple

DNA mismatch repair genes being removed from M. mycoides to form the JCVI-syn3A genome. Evolved

strains had between 2 and 10 mutations, with an average of 8, composed of indels or SNPs of various types

(Figure 1C). Certain mutations, such as rpoC were found across nearly all strains, which are likely the result

of culturing of syn3A before the independent lineages and is a common phenomenon in ALE.9 Strains

Figure 1. Fitness improvements and mutational trends

(A) Growth rate improvements following evolution.

(B) Colony size variations observed in some evolved populations, a !500% increase in diameter between the smallest and largest. Culture of ALE 1

population diluted 10"6 and plated on SP4-KO agar medium plates, growth at 37#C for six days.

(C) Left; observed SNP bias for A/T incorporation and indel bias for genome reduction. Right; proportion of mutations changing protein amino acid

sequences or falling between genes.

(D) Proportion of total observed mutations targeting genes falling into six broad functional categories.
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exhibited a pronounced mutational bias for A/T incorporation, with 36 of 38 SNPs causing a nucleotide

change of X- > A/T; unsurprising given the Mycoplasma genus’ propensity for low GC content10 and the

fact that JCVI-syn3A already has 76% A/T. Genome rearrangements were not observed and indels typically

reduced genome size, ranging from between 1 and 175 bp in magnitude, while only a single +1 bp addition

was observed. Mutations predominantly altered protein amino acid sequences while only two synonymous

alterations were observed, in addition to several intergenic changes likely causing regulatory shifts for the

downstream gene (Table S1). Such a distribution is characteristic of an organism undergoing selection and

adaptively evolving rather than neutrally drifting.11 We also discovered several mutations found across all

sequenced strains, likely reflective of mutations that were missed in the original GenBank reference

genome sequence or that arose during culturing of syn3A before it was used to found the independent

lineages, as is regularly seen in ALE experiments.9

The genetic targets of mutations fell into a range of functional categories (Figure 1D). Transporter genes were

the most frequently mutated, likely influencing osmoregulation or to improve efficiency of nutrient uptake/

inhibitory byproduct secretion, given that these would be particularly rate-limiting under selection for growth

rate in an ALE environment so distinct from M. mycoides’ wild type growth in ruminants. Genes involved in

translation, metabolism, and transcription were also frequent targets, something regularly observed when or-

ganisms are forced to optimize the functioning of their cellular subsystems for higher growth rate.12 Interest-

ingly,multiple geneswith completely unknown functionswere clear targets for selection. These targetsprovide

guidance on knock-in mutants to create for interrogation of the genes’ purpose, and further demonstrate the

importanceof theseessential but uncharacterizedproteins for proper cellular function. A singlemutation in the

DNA repair gene recOwas also found, and though it was synonymous and thus potentially a neutral hitchhiker,

it could also be adaptive, as has been observed in prior ALE experiments.9

Evolved strains exhibited significant mutational overlap—eight genes acquired two or more mutations

independently across all strains, a hallmark of regions most heavily under selection during ALE

experiments.14 Noteworthy were uncharacterized ABC efflux transporter permeases, two of which mutated

multiple times across the evolved strains. One of these acquired five separate amino acid changes and was

found altered in eight of the ten evolved endpoints, with the targeted residues falling in both transmem-

brane and cytosolic regions (Figure 2A). Efflux transporters being under such heavy selection points to

difficulties maintaining homeostasis at higher growth rates or the buildup of inhibitory molecules as a

byproduct of intracellular metabolism. The need for altered efflux could potentially be elucidated with

systems biology via metabolic modeling of the flux occurring within theseminimal cells,3 paired with assays

on the evolved strains.

Figure 2. Regions under repeated selection

(A) An uncharacterized efflux ABC transporter permease (JCVISYN3A_0399) acquired multiple mutations independently

across all but two of the ten evolved endpoints. Red dots signify altered residues. Transmembrane regions were

estimated using TMHMM.13

(B) Shifts in upstream TA repeat multiplicity allowed for phase variable expression of an uncharacterized lipoprotein gene

(JCVISYN3A_0481).
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Genes involved in lipid metabolism and uptake were also under notable selection, including those encod-

ing the catalytic subunit of fatty acid kinase FakA (four unique mutations) and an uncharacterized lipopro-

tein (three unique mutations). JCVI-syn3A relies on direct uptake to acquire several of its essential lipids

and lipid metabolism is its third most energetically expensive metabolic process,3 thus it is unsurprising

that we observe such optimizing mutations. Although the specific influence of FakA alterations is difficult

to determine without experimental assays, the lipoprotein targetingmutations lend themselves to a simple

explanation. All observedmutations were reductions in length of the simple sequence repeat (TA) 13 falling

upstream of the lipoprotein gene (Figure 2B).

This variable repeat is located between the "10 and "35 region of the gene and undergoes high frequency

expansion and contraction, linked to transcriptional phase variation in expressionof the surface lipoprotein, de-

pendingon specific repeat length. The 13 repeats in the unevolved JCVI-syn3A correspond to an off expression

state, whereas shortened lengths in the evolved populations reflect the on expression states.15,16

The tetracycline resistance protein TetM was another frequent target for selection, with six distinct muta-

tions occurring across all strains. Several were upstream mutations that decreased expression (Figure 3),

but deactivating mutations were also observed, such as an early frameshift and premature stop codon.

Figure 3. Differentially expressed genes

Expression values are in log tpm format centered on the JCVI-syn3A ancestor control (wt). Genes shown are those most

differentially expressed compared to wt as well as those most upregulated/downregulated in ALE4-ALE8. The top and

left dendrograms were produced using hierarchical clustering to group similar genes and samples together. RNAseq

data were collected during exponential growth phase except for the wt.stationary sample, collected during stationary

phase.
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Taken together with the fact that cells were not evolved in the presence of tetracycline and the strong nature

of the TetM promoter, it appears TetM expression was energetically wasteful enough that it was repeatedly

targeted for downregulation or deactivation, though there is thepossibility that it serves somephysiological

function that becomes actively detrimental under these growth conditions. This demonstrates that cas-

settes used in strain construction can have a significant impact on ultimate strain phenotype, potentially war-

ranting removal to optimize cellular fitness. Although it is hard to speculate on the reason for repeated mu-

tations in genes with unknown function, one of the proteins (JCVISYN3A_0601) was clearly targeted for

removal, acquiring both a change in start codon and a premature stop codon. This result indicates the po-

tential for even further minimization of this already genomically compact organism.

RNA-sequencing data were gathered for 12 isolates: the JCVI-syn3A ancestor in two different growth condi-

tions, one small and large colony clone from the two populations exhibiting morphological heterogeneity,

and the remaining six isolates from different endpoint strains. ALE5 has the majority of the unique upstream

TetM mutations discussed previously and heavily downregulates expression of TetM, contrasting with other

strains that acquired TetM frameshifts or stop codons that decreased protein rather than transcript expression.

Strains fall into two main clusters of gene expression (ALE1-ALE3 vs. ALE4-ALE7) distinguished primarily by

different regulatorypatterns andoverall higherexpression for theALE1-ALE3group. It shouldbenoted though

that its similarity in expression to the stationarywild-type sample shows theseTRNchangesmaybe related to its

growth phase rather than a possible evolutionary change. There are no mutations to transcription factors or

other mutational differences that explain this clustering, but such an outcome is consistent with the stochastic

nature of adaptive walks yielding different metabolic strategies in pursuit of the same fitness goal.12

When compared to the JCVI-syn3A control, all evolved strains tend to downregulate DNA replication/

repair proteins and upregulate ribosomal proteins (Figure 3). This trend of upregulating ribosomal proteins

(‘‘greed’’) at the cost of repair pathways (‘‘fear’’) is similar to the greed vs. fear tradeoff seen in many other

ALEs and well analyzed via iModulons.17 The RNA polymerase mutations are the likely cause of this effect,

as they are found in all but one of the evolved strains and are well known to favor growth-related functions in

E. coli.17 Comparing the clusters, ALE4-ALE7 upregulate ribosomal proteins more and downregulate many

uncharacterized proteins, DNA replication/repair proteins, and some rRNA/tRNA modifying proteins.

ALE1-ALE3 not only upregulates some ribosomal proteins, but also downregulates others. The cause for

this is unclear but these strains’ TRN’s do not appear to be as focused toward faster growth as ALE4-ALE7.

The top component in principle component analysis of the RNA-seq data explains 47% of the variance and

is largely composed of ALE4-ALE7’s upregulated/downregulated genes. As data continue to accrue on the

JCVI-syn3A and its derivatives4 it is likely that transcriptional and iModulon analysis will gain more explan-

atory power, particularly in combination with the mutational profiling herein.

DISCUSSION

As synthetic life and designer organisms become more widespread and easier to produce18 it will become

important to understand how these atypical species change over time. This work preliminarily establishes

the suitability of laboratory evolution for addressing such questions. ALE provides a means not only to opti-

mize strain phenotypes for laboratory culturing, but also to better understand the cellular processes at

work. This includes exposing mutational trends, pointing to the rate-limiting systems most strongly under

selection, and revealing specific genetic and transcriptomic alterations that can be studied in greater detail

to elucidate gene functionality, either through knock-in mutant creation or assays on evolved strains. More-

over, minimal organisms such as JCVI-syn3A provide a fascinating insight into the smallest set of essential

components necessary to qualify as life.19 With demonstrated suitability for evolutionary interrogation in

the lab, we can proceed to better understand these systems and the evolutionary history of life on Earth.

Limitations of the study

No well-defined minimal medium is available for syn3A growth; the rich, not fully defined growth medium

used limits the ability to interpret phenotypic outcomes with rigorous metabolic modeling.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE
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d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

d METHOD DETAILS

B ALE and growth characterization

B Whole genome sequencing

B Transcriptomics

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.107500.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Bernhard Palsson (palsson@ucsd.edu)

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Genome sequence data supporting this study is publicly available at aledb.org (https://aledb.ucsd.edu/

ale/project/52/) and in the NCBI SRA under GSE205017. The RNAseq data is submitted to NCBI as

GSE205017 and is publicly available there.

d Code used for this project is publicly available and cited in their relevant method sections. No additional

custom code was created or used for this project.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact, Dr. Bernhard Palsson (palsson@ucsd.edu), upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

JCVI-syn3A (NCBI accession no. CP016816.2) strains were used for all of this study.

METHOD DETAILS

ALE and growth characterization

ALE experiments were conducted with automated devices9 that serially propagated batch cultures of JCVI-

syn3A between growth tubes with 15 mL of SP4-KO medium (containing 17% v/v KnockOut! Serum

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

JCVI-syn3A JCVI NCBI accession no. CP016816.2

Chemicals, peptides, and recombinant proteins

KnockOut! Serum Replacement [GIBCO] Thermo Fisher

PicoGreen fluorescence Thermo Fisher

Critical commercial assays

Kapa HyperPlus Library Prep Ki Kapa Biosystems

Illumina HiSeq 4000 Illumina

Deposited data

Sequencing Data this study GSE205017

RNA-seq Expression Data this study GSE205017

Software and algorithms

Bowtie https://bowtie-bio.sourceforge.net/index.

shtml

Langmead and Salzberg24

HTSeq https://htseq.readthedocs.io/en/master/ Anders et al.25

pymodulon https://pymodulon.readthedocs.io/en/latest/ Sastry et al.17

Sklearn https://scikit-learn.org/stable/ Pedregosa et al.26

Pandas https://pandas.pydata.org/ McKinney27
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Replacement [GIBCO] in lieu of fetal bovine serum in SP4), well aerated through mixing and kept at 37#C.

Ten replicate lineages were started from the JCVI-syn3A ancestor and for each lineage 150 ul of culture was

passed to a fresh tube once daily (!6.6 generations/day), switching to 30 ul passage volume (9 generations/

day) after 200 generations and continuing for a total of 400 generations.

Strains were isolated for characterization by plating of evolved populations and random selection of indi-

vidual clones. Clones were inoculated into SP4-KO medium at 37#C and sample timepoints were taken

regularly during the cultures’ period of exponential growth. Samples were centrifuged, cells were lysed,

and DNA content was quantified via PicoGreen fluorescence (Thermo Fisher) as described previously.2

The slope of log(DNA fluorescence) vs. time was then calculated to determine culture growth rates; all

growth curve data had a line of best fit with R2>0.99.

Whole genome sequencing

Evolved populations were streaked onto agar plates and single clones were selected for DNA sequencing.

Genomic DNA was isolated using bead agitation in 96-well plates as outlined previously.20 Paired-end

whole-genome DNA-seq libraries were generated with a Kapa HyperPlus Library Prep Kit (Kapa Bio-

systems) and run on an Illumina HiSeq 4000 platform with a HiSeq SBS Kit (150 base-pair (bp) reads).

The generated DNA-seq FASTQ files were quality-controlled with AfterQC v.0.9.721 then processed with

the breseq computational pipeline22 according to standard procedures (https://barricklab.org/twiki/

pub/Lab/ToolsBacterialGenomeResequencing/documentation/) and aligned to the JCVI-syn3A genome

(NCBI accession no. CP016816.2) to identify mutations. The lack of genome amplifications was determined

with a custom script that identified discontinuities in read depth; all read depth coverage plots and mar-

ginal mutation calls were manually inspected. Genome sequence data supporting this study is publicly

available at aledb.org (https://aledb.ucsd.edu/ale/project/52/) and in the NCBI SRA under GSE205017.

All mutations found are included in Table S1.

Transcriptomics

RNAseq was performed using two biological replicates grown in log phase culture in the same environ-

mental conditions as the ALE experiment. All cultures were immediately frozen at -80#C in growth medium,

per standard protocols for mycoplasma handling. Log phase growth was assessed by taking DNA fluores-

cence measurements on the cultures and comparing results with those obtained for the growth rate char-

acterization assay to check that they match log phase rather than stationary phase values. Total RNA isola-

tion, rRNA removal, and sequencing library preparation was performed as previously described.23 Libraries

were run on an Illumina NextSeq.

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw transcriptomics sequencing reads were mapped using Bowtie,24 and reads were counted using

HTSeq.25 Libraries were normalized using transcripts per million (TPM). Analysis of the RNA-sequencing

data was done using pymodulon,17 sklearn,26 and pandas.27
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