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ABSTRACT: To better understand cellular life, it is essential to
decipher the contribution of individual components and their
interactions. Minimal genomes are an important tool to investigate
these interactions. Here, we provide a database of 105 fully
annotated genomes of a series of strains with sequential deletion
steps of the industrially relevant model bacterium Bacillus subtilis
starting with the laboratory wild type strain B. subtilis 168 and
ending with B. subtilis PG38, which lacks approximately 40% of the
original genome. The annotation is supported by sequencing of key
intermediate strains as well as integration of literature knowledge
for the annotation of the deletion scars and their potential effects.
The strain compendium presented here represents a comprehensive
genome library of the entire MiniBacillus project. This resource will
facilitate the more effective application of the different strains in basic science as well as in biotechnology.

KEYWORDS: MiniBacillus, genome reduction, Bacillus subtilis, essential genes, strain compendium

■ INTRODUCTION

The MiniBacillus project was initiated to study fundamental
processes of a cell, based on the well-studied model organism
Bacillus subtilis.1 To this end, it is critical to simplify the cell as
much as possible without compromising its viability in the
desired growth medium. The genome reduction can be
achieved by bottom-up and top-down approaches.2 Bottom-
up approaches use chemically synthesized genomes to generate
an organism with a defined gene set. This strategy has so far
been applied to construct the artificial minimal organism
Mycoplasma mycoides JCVI-syn3.0.3 In contrast, the top-down
approach used in the MiniBacillus project utilizes the naturally
occurring genome sequence of a well described strain. Genome
complexity is reduced by consecutive deletion of genes and
genomic regions, which are not considered to have an essential
function.4 Although time-consuming, the major advantage of
the top-down approach is its iterative nature, which allows
direct causal inference from, for example, dead-end constructs
and the affected genes, thus enabling adaptation of the deletion
strategy and providing clues to the possible functions of the
deleted genes. Thus, the genome-minimized strains cannot
only serve as a promising basis for more efficient biotechno-
logical applications but additionally provide valuable informa-
tion for a deeper understanding of the physiology of the
organism under study.

Here, we describe a compendium of 105 strains that have
been generated in the MiniBacillus project.5 This collection of
strains is a valuable basis for further use in basic research as
well as biotechnological utilization for the production of
biogenic compounds. For example, the MiniBacillus strain
PG10 has been proven superior for the production and
secretion of difficult-to-express proteins and lantibiotics.6,7 In
order to make this collection of strains available to the
scientific community and to provide the required information
on the genome reduction steps, we here extend previous
publications on the MiniBacillus project5,8−11 and all deletion
steps as well as their possible effects and polymorphisms of key
strains in detail. This information is deposited as a complete
genome compendium to make it available for wide use by the
synthetic biology and industrial biotechnology communities.

■ RESULTS AND DISCUSSION
Resequencing of Key MiniBacillus Strains. Important

strains in the MiniBacillus project such as B. subtilis Δ68 or B.
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subtilis PG105 have been sequenced previously using short-
read sequencing technology (Illumina) and assembled using a
mapping approach against the B. subtilis 168 sequence.12

However, a short-read based genome assembly is error-prone
in de novo assemblies with respect to genome segments
containing repetitive highly homologous regions and often
results in incomplete genome assemblies with multiple contigs
per genome.13 Therefore, hybrid whole genome sequencing
(WGS) approaches that use a combination of long and short
reads are advantageous because genomes can be fully
assembled and are better resolved regarding repetitive regions
in the assembly process.14 Here, we used Illumina and Oxford
Nanopore (ONT) sequencing for resequencing of B. subtilis
168 (Göttingen) and the Δ6 and PG10 strains, as well as for
first sequencing of the so far terminal MiniBacillus strain B.
subtilis PG38. Thus, identical techniques based on a
combination of de novo long-read assembly approaches and
high-accuracy short read polishing were used to determine and
compare the genome sequences of the B. subtilis 168 Gö wild
type strain and the three key MiniBacillus strains Δ6, PG10,
and PG38 (see Supplementary Figure S1). With both
approaches of ONT and Illumina sequencing, a depth of
more than 100-fold coverage could be achieved, with error
rates of 5.21% ± 0.013 for ONT sequencing and 0.625% ±
0.261 for Illumina sequencing (see Supplemental Table S1).

The read coverage was almost 100% in all cases, and the
percentage of reads mapped to the final complete genome
assemblies was 99.73% ± 0.29 for Illumina and 96.53% ± 3.61
for ONT sequencing.
In order to provide a complete breakdown of the deletion

steps in the MiniBacillus project and to make the individual
deletion steps easily comprehensible for the community, the B.
subtilis 168 sequence (NC_000964.3) was used for the
uniform annotation of all genomes. In a first instance, the B.
subtilis 168 sequence annotation was curated for misassigned
CDS stop codons (N = 19) (Supplemental Table S2). In
addition, core promoter elements as well as transcribed regions
(S_features) defined by the up- and down-shifts detected in a
large-scale transcriptome analysis15 were added to the
annotations.
This reference wild-type sequence allows for the assessment

of possible artificially introduced transcriptional effects, such as
transcriptional couplings or antisense transcripts, and served as
the basis for the annotations of all 105 MiniBacillus strains.
In total, a genome reduction of 39.65% was achieved from

the B. subtilis 168 to PG38 strain (see Figure 1, Table 1,
Supplemental Table S3). This corresponds to a loss of 1765
coding sequences, 5 rRNAs, 6 tRNAs, 26 misc_RNAs, 2
ncRNAs, and 553 S-features.

Figure 1. MiniBacillus deletion steps are shown linked to the respective genome reduction in percent. Gray dots indicate individual deletion steps,
whereas black dots depict key strains. The genome sizes of key strains and the deleted genomic regions (red) are depicted by the circular genome
plots.

Table 1. Key Summary of Key Deletion Strains That Where Resequenced with a Hybrid Sequencing Approach

sequence name deletion step strain Mb genome reduction in % CDS rRNA tRNA misc_RNA ncRNA S-feature

000_Bs168_Refseq 0 168 4.22 0.00 4325 30 86 93 2 1583
007_Delta6_2 7 Delta6_2 3.88 8.03 3941 30 86 86 1 1482
090_PG10 90 PG10 2.75 34.66 2773 27 86 71 0 1101
105_PG38 105 PG38 2.54 39.65 2560 25 80 67 0 1030
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Genome Alterations in Addition to the Introduced
Deletions. As expected, the genome sequences of the strains
revealed the absence of all deleted regions in the strains.
However, we observed additional alterations of the coding
genome that were caused by spontaneous events or by the
assembly of the remaining genome regions. These genomic
alterations are briefly mentioned below and are detailed in the
Supporting Information S1.
In PG10 and PG38, we observed additional deletions of 4.8

and 5.8 kb, respectively. In both cases, the deletions affect a
genomic region that contains the rrnI, rrnH, and rrnG rRNA
operons. These operons are virtually identical to each other
and are therefore a hotspot for genomic rearrangements (both
deletions and amplifications). In PG10, the central rrnH
operon is spontaneously deleted, and in PG38 a stretch of
tRNA genes as well as the rrnH and rrnG operons are missing.
The loss of these rRNA operons may also contribute to the
slower growth rate of PG10 and PG38 as compared to the Δ6
strain.5

The top-down approach applied in the MiniBacillus project
resulted in the accumulation of deletion scars. These scars may
generate new expression signals or put genes under the control
of noncognate expression signals; moreover, the scars may
result in the emergence of new coding sequences as well as in
the truncation of original protein-coding genes.
Further modifications of the deletion strains were intro-

duced on purpose such as the repair of the tryptophan
auxotrophy and the integration of an inducible comKS
cassette16 and the slrR and f lgM genes5,17 to prevent loss of
genetic competence and cell separation, respectively. Finally,
some sequence polymorphisms emerged during the con-
struction process. These unintended changes are important
and should be considered for future optimization and omics
data analysis of the individual strains.
Availability of Genome-Reduced Strains and Ge-

nome Information. The fully annotated Geneious files for
the genomes of each deletion step can be accessed via a
download option on SubtiWiki18 (http://www.subtiwiki.uni-
goettingen.de/v4/minibacillus). All strains are available from
L.W.H.

■ CONCLUSIONS

With this work, we provide a collection of more than 100 B.
subtilis strains that have undergone consecutive genome
reduction. Moreover, we provide the fully annotated, highly
detailed genome history of the sequential deletion steps
generated in the MiniBacillus project. The polymorphisms that
were detected in this study will certainly be of relevance when
working with the genome-reduced strains. The usefulness of
such strains has been proven by the successful application of
the MiniBacillus strain GP10 for the production and secretion
of Staphylococcus aureus antigens that are difficult to express in
other strains as well as of lantibiotics. In both applications,
strain PG10 was found to be superior as compared to other
expression hosts. With the complete library of MiniBacillus
strains available, it will be possible to select the strain that is
best suited for the planned application. All genome data can be
freely downloaded on SubtiWiki and are thus available to the
broad scientific and biotechnological communities.

■ MATERIALS AND METHODS
Detailed protocols for the extraction of genomic DNA, DNA
sequencing, and genome assembly as well as for the mapping
of genomic features and the analysis of altered sequence
features are provided in Supporting Information S2.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssynbio.1c00339.
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sequencing of the genome-reduced B. subtilis strains and
the annotation of deletions; Supplementary Figure S2,
instable rRNA/tRNA cluster revealed by hybrid
sequencing approach; Supplementary Figure S3, sche-
matic overview of deletion scar events; Supplementary
Figure S4, selected sequence exchange/insertion;
Supplementary Figure S5, location of detected poly-
morphisms (B. subtilis Δ6, PG10, PG38) mapped on the
genome of B. subtilis 168; Supporting Information S1,
genomic alterations in the genome-reduced strains; and
Supporting Information S2, detailed protocols for the
extraction of genomic DNA, DNA sequencing, and
genome assembly as well as for the mapping of genomic
features (PDF)
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(XLSX)
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